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CHAPTER 1. INTRODUCTION

I took this course in winter 2005 at Univ. Of California, Irvine (UCI). This was an under-
graduate course in the mechanical engineering dept.

The course is mainly a hands on course in designing basic control system using basic
electrical and mechanical components. The lab was a lot of work, many times we spent
most of the time trying to get the circuit to work after building it. Knowing how use the
oscilliscope is really usefull for this course.
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1.1 Links

1. Course web page [http://www.eng.uci.edu/~dreinken/MAE106/mael106home . htm|



http://www.eng.uci.edu/~dreinken/MAE106/mae106home.htm
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1.2 Syllabus

Catalog Data:

Textbook:
References:

Coordinator:

Goals:

Prerequisites by Topics:

Lecture Topics:

Required for Mechanical & Aerospace Engineering

MAE106: Mechanical Systems L aboratory

Winter Quarter 2005
MAE106 Mechanica Systems Laboratory Units: 4
Experimentsin linear systems, including op-amp circuits, vibrations, and control
systems. Introduction to digital sampling concepts. Emphasis on demonstrating that
mathematical models are useful tools for analysis and design of electro-mechanical
systems.
Prerequisites: MAE140 or MAE147; ECE72
Course Overlap: MAE170 provides control theory useful for this course
Cross Listed Course(s): none
Restrictions: none
(Design Units: 2)
Lecture Location: PSCB 120, Tues Thurs 3:30-4:50 Lab Location: EG2102
Modern Control Engineering, Fourth Edition, Katsuhiko Ogata, Prentice Hall, 2002
Supplemental course notes will be at the Engineering copy center ET203. Course
Web Site: http://www.eng.uci.edu/~dreinken/M AE106/mael106home.htm
Professor David J. Reinkensmeyer
Department of Mechanical and Aerospace Engineering
Office: EG3225, 824-5218, dreinken@uci.edu
Office Hours: Tuesday 2-3 PM or by appointment
TA'’s: (Office hours to be announced)
Daisuke Aoyagi daoyagi @uci.edu
Jiayin Liu jiayinl@uci.edu
Sadegh Dabiri sdabiris@uci.edu
This course covers theory and experiments on motor control systems, electrical
filters, amplifiers, structural resonance and vibration. These topics are important for
building robots, mechatronic devices, and structures. These systems will be
described by linear, ordinary, differential equations. A key goal of the classisto
use these equations to predict, understand, and control the behavior of machines.
Introduction to Engineering Analysis Il (MAE140)
Vibrations (MAE147)
Network Theory and Operational Amplifiers (ECE72)

Week 1 (1/6): No lab scheduled

Lecture 1: Overview, Design Exercise, Review of Circuit Analysis
Reading: Section 3-8

Week 2 (1/11): Lab 1: Laboratory Tools and Motor Control

Lecture 2: Time and Frequency Domains

Lecture 3: First-Order Systems: DC Motors and Electrical Filters
Reading: Chapter 2, Sections 3-1, 3-2, 5-1, 5-2

Week 3 (1/18): Lab 2: Electrical Filters and First-Order Systems

Lecture 4: Lab 1 Quiz; Introduction to Control Theory

Lecture 5: Example of Feedback Control: P-type Velocity Control of a Motor
Reading: Chapter 1, Section 3-3

Week 4 (1/25): Lab 3: Feedback |: P-type Velocity Control of aMotor
Lecture 6: Lab 2 Quiz; Second Order Systems: Time domain

Lecture 7: Second Order systems: Frequency domain

Reading: Sections 5-3, 8-1, 8-2

Week 5 (2/1): Lab 4: Vibration |: Lightly Damped Second Order Systems
Lecture 8: Lab 3 Quiz and Midterm

Lecture 9: PD Motor Control

Reading: Section 5-8

Week 6 (2/8): Lab 5: Feedback I1: P and PD Motor Position Control
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Computer Usage:
Laboratory Projects:

Final Project

Design Content
Description:
Grading Criteria:

Lecture 10: Lab 4 Quiz; Systems with Two Modes of Vibration

Lecture 11: Design of a Vibration Isolator

Reading: Class Notes

Week 7 (2/15): Lab 6: Vibration I1: System with Two Masses

Lecture 12: Lab 5 Quiz; Advanced Control

Lecture 13: Advanced Control

Reading: Class Notes

Week 8 (2/22): Lab 7: Advanced Control

Lecture 14: Lab 6 Quiz and Design Exam

Lecture 15: Design Exam Review

Week 9 (3/1): No Experiment This Week

Lecture 16: Lab 7 Quiz/ Final Project Discussion

Lecture 17: No Class

Week 10 (3/8): Lecture-free week for working on final projects

Week 11 (3/15): Finals Week — final project contest on day of scheduled final

For laboratory write-ups and data acquisition.

Laboratory Location: Engineering Gateway 2102

Laboratory times:

Section A: Tues  11:00-01:50

Section B: Tues  06:00-08:50P

Section C: Wed  04:00-06:50P

Section D: Thurs  06:00-08:50P

Section E: Friday 10:00-12:50

Laboratory Exercises. Handouts that describe the experiments will be made
available on the course web site, along with their solutions. 'Y ou should work
through the lab, referring to the solution. The solution is provided to relieve time
pressure and to act as a“consultant” if you get stuck. Y ou can also ask the TA for
help if you are confused. Be creative, explore, and have fun in thelab. Thisisyour
opportunity to build things that move and see how they work.

Lab Pre-Quizzes: There will be abrief quiz at the beginning of each lab testing
whether you have read the experiment handout before coming to laboratory.

Lab Write-Up: Each student will be required to turn in a brief write-up for the lab.
The write-up must be typed. Y ou must use a computer graphing program (e.g.
Microsoft Exel or Matlab) for all graphs. Zero credit if you don’t do this!

L ab Post-Quizzes: There will be a 30-minute quiz in lecture the Tuesday following
each |aboratory.

There will be afinal project competition involving the design and head-to-head
testing of arobotic device. The final project tournament will take place on the day
of the scheduled final exam, and will replace the final exam. There will be awrite-
up due on the day of the final project.

This course requires solution of design problems related to control and vibration, as
well as design and construction of arobotic device for the final project.

The grading scale will be:

Lab Pre-Quizzes: 7%

Lab Post-Quizzes. 14%

Lab Write-Ups: 14%

Mid-term exam: 20%

Design exam: 20%

Final project: 25%

Estimated ABET Category Content:

Engineering Science: 2 credits or 50%
Engineering Design: 2 credits or 50%
Prepared by: Prof. David Reinkensmeyer Date: 1/6/05




1.3. Instructor CHAPTER 1. INTRODUCTION

1.3 Instructor

lhttps://engineering.uci.edu/users/david-reinkensmeyer|



https://engineering.uci.edu/users/david-reinkensmeyer
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1.4 Course and Text book

EngrMAE 106 MECH SYSTEMS LAB

Prerecpuisites: (ENGRMAE 147 or ENGRMAE 1400 and (EFCS 704 or ENGRECE T04)

Code Typ Sec Unt Instructer Time Place Max Fnr WL Reg Nor Ersir Fad Weh Status
16330 Lec & 4  EREINEENSMEYERE I  TuTh 3:30- 4:50p PSCE 120 25 81 0 % 04 Ead OPEN
16351 Lab 1 0  STAFF Tu 11:.00-1:30p EGE2102 17 17 0 17 0 Ead TWait]
163532 Lab 2 0  STAFF Tu &:00- 8:50p EGE2102 1y 1s 1 18 0 Ead TWantl
1635353 Lab 3 0  STAFF W 4.00- 6:50p EGE2102 20 20 0 20 0 Ead WWait]
16335 Lab 5 0  STAFF Th &:00-8:50p EGE2102 1y 14 0 14 0 Ead OPEN
16338 Lab & 0  STAFF F 10:00-12:50p EGE2102 18 1s 0 18 0 Ead OPEN

Figure 1.1: course schedule

MODERN
CONTROL
ENGINEERING

Fourth Edition

KATSUHIKO OGATA

Figure 1.2: textbook
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2.1.1 questions

MAE 106 Laboratory Exercise #1
Laboratory Tools and Control of a Motor

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Introduction

There are two parts to this lab exercise. In the first part, you will learn how to use the
oscilloscope, function generator, breadboard, ohmmeter and potentiometer. In the
second part, you will learn how to use a low power signal and a power transistor to
control the speed of a motor. There are 4 practical exams problems for which you will
have to demonstrate something to the TA. There is also a brief write-up (read the last
page now to see what it is!!).

Note: When making electrical circuits in lab, a mistake in your wiring may result in a
component getting “fried.” If you smell something burning, immediately turn off your
proto-board and “debug” your circuit.

PART 1: Laboratory Tools

The oscilloscope and function generator are useful tools for making measurements and
debugging machines. The solderless breadboard is useful for building circuits.
Potentiometers are a very common circuit element for controlling a voltage or sensing a
rotation.

REQUIRED PARTS:

Qty Parts Equipment
1 50K Potentiometer Trainer Kit (XK-550)
1 150 Resistor Oscilloscope with scope probe

Var. 22 gauge wire

e O+ Fed
DO Dt DD e e blue

i
i

Figure 1 — Trigger and Sweep Rate Figure 2 — Solderless Breadboard




2.1. Lab1 CHAPTER 2. LAB REPORTS

1 The Oscilloscope and Function Generator

The oscilloscope is used to measure and view voltage as a function of time. A voltage
waveform such as v(t)=a sinat will appear on the scope’s cathode ray tube much like
you would plot it on a piece of paper. The voltage at which the trace begins is adjusted
with the trigger level. The duration of the waveform that appears on the screen is
determined by the sweep rate (or time scale) of the scope. You can refer to the HP
oscilloscope user’s guide to better understand its basic operation.

A function generator is a device that produces voltage waveforms such as sine, square,
and triangle waves, all with variable amplitude, frequency, and offset. A function
generator is often used to provide an input signal to the oscilloscope. For example, the
function generator can produce a voltage with the form

V(t) = Vosrset + @ Sinat
where the amplitude a, the frequency w, and the offset vogser are all adjustable.

Connect the oscilloscope channel 1 input scope probe to the trainer kit function
generator output (Freq.), with the scope alligator clip to GND (Note: A BNC connector is
a common type of connector with a bayonet coupling mechanism. BNC stands for
(Bayonet Neill Concelman), because the connector was invented by and named after
Amphenol Engineer Carl Concelman and Bell Labs Engineer Paul Neill. It was
developed in the late 1940's.

Set the function generator to output a sine wave at about 100 Hz. Press the Auto-scale
button on the scope. When you push the button, the scope measures the maximum and
minimum values of the current signal, and sets the screen scaling to match these values.
Get the scope to display the peak-to-peak voltage of the sine wave by pressing Voltage
and then Vp-p (make sure the Source option for the Voltage function measurement is
set at Line 1 — this will use channel 1 as the input line). Now adjust the function
generator to output a 2 Vpp (volts peak-to-peak) sine wave at 100 Hz with no offset (DC
offset button out). On the scope, make sure the Probe setting is 1 (so voltage is
multiplied by 1; as explained, some probes divide the voltage by 10, and if you are using
those probes rather than BNC cables, the Probe setting should be 10X). Make sure the
coupling is set to DC (under channel 1).

P1. Plot the trace on the scope. (You should see the sine wave clearly now). Label
plot with the voltage and time scales.

Q1. Using the utilities on the scope, obtain and record Vmax, Vmin, Vp-p, Vavg, Period,
frequency, and Duty Cycle (under Voltage and Time). Notice that these functions
won't work unless at least one period of the whole voltage signal appears on the
screen.

Q2. Turn the Volts/Div, Time/Div, and position dials on the scope. Does the
Volts/Div dial change the amplitude of the sine wave? Does the Time/Div dial
change the frequency of the sine wave? Does the position dial add a constant
voltage to the signal? What do these dials do?

12
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P2. Adjust the sine wave amplitude to 1Vpp at 200 Hz. Plot (on the same plot as for
P1) the trace on scope using the same voltage/time scales as before.

Q3. Make the grid turn off and on (under Display). Change trigger (under Source)
from 1 to 2. What happened to the sine wave? Change it back to 1. Why does it
do this? Hint: think about what the scope must do to make a sine wave appear
without moving (rolling) across the screen.

Q4. Offset the sine wave by pushing the DC offset button on the function generator
and adjusting the dial. What does the trace do? On the scope, set the coupling to
AC (under channel 1). Now what does the trace do when adjusting the DC offset?
What is the purpose of using AC coupling?

P3. Remove the DC offset (DC offset button out) and get the function generator to
output square and then triangle waves. Plot the traces in one plot.

Practical Exam 1: Ask the TA to come by your station and set the voltage and
frequency of a sine wave on the frequency generator. Demonstrate to the
TA that you can measure the amplitude and frequency of the sine wave. If
the TA is busy with another group, you can go ahead with the lab and ask the
TA to come by later.

2 Solderless (Breadboards)

The electronic breadboard (solderless breadboard) is used to wire up temporary
circuits. Electronic components and wires (use solid wires at 22-gauge thickness) are
inserted into the numerous sockets (holes) on the board. The sockets (dots) are
connected internally (lines) as shown in Figure 2. A good method for wiring complicated
circuits is to connect the source voltage (+5V, +15 V) and ground terminals from the
trainer kit to the long narrow horizontal strips (Figure 2). Electronic chips now have
ready access to power through short wires to sockets along the long strips.

After wiring your circuit to the solderless board, you may use the oscilloscope to
measure voltages at various points on the circuit using the scope probe. Note that the
scope probes will usually divide the voltage they read by 10, so you must compensate
for this by setting Probe (under channel 1, or appropriate channel number) on the scope
to 10 (this will multiply the voltage value by 10).

3 Potentiometer and Voltage Divider Circuits

+ + =
R1 . RL el I
* Vout =
Vin =
R2 Vout
ou Vin R2
BAD IDEA!!

Figure 3A & 3B — Potentiometer circuits, and actual potentiometer. In the circuit diagrams,
the wiper is the wire with an arrow on it. For the actual pot, unless otherwise labeled, the
wiper is usually the middle connector (how could you check this with an ohmmeter?).

13
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A potentiometer (also called pot) is a device that can provide a variable resistance
between 2 of its leads. As you turn the knob of a pot, the wiper moves along a resistive
element. Look at a broken pot in lab and see if you can figure out how it works. Figure
3A shows a pot being used to produce a variable output voltage.

Q5. Derive V, as a function of Vi, ,R1, and R, for Figure 3A.

Q6. Explain why you should never use the circuit in Figure 3B.
102 =10x10°= 1k

Vin =5V
A 1st significant figure
2nd significant figure
R1 Vout [Color _value |Multiplier
Rpot = Black 0 Tolerance
50KQ g;’j‘”” ; Color  Tol(+%
No color 20
R2 Orange 3 Black 20
R =150Q Yellow 4 Silver 10
Green 5 Gold 5
Blue 6 ;
87 — iolet 7 Gr’:;?] 150
Grey 8
hite 9
Figure 4. Circuit for question 9 Figure 5. Resistor Color Code

Using the color code at the bottom of the page, pick out a 150 ohm resistor. Confirm the
resistor value by measuring it with an ohmmeter. Then wire the circuit shown in Figure 4
on the breadboard. With R = « (i.e. an open circuit), measure V. in five approximately
equally spaced potentiometer positions (i.e. full clockwise, full counter-clockwise, the
center, etc.). Repeat the test with R = 1500.

P4. Sketch Vy, vs. pot angle for both cases.

Q7. One plot is linear and one is not. Using your knowledge of circuit theory, show
mathematically that this is the case by deriving the equation for V,, as a function of
0 (don't plug actual values in until you derive the equation!). Note: first derive the
equations that relate R1 and R2 to pot angle (0 < 6 < 6ha). Assume that R1 varies
linearly with 6.  Under what conditions would a pot be a good way of making an
adjustable voltage source? Brainstorm two possible uses for potentiometers on
your final project.

Practical Exam 2: Show the TA that you can calculate the value of a resistor using
the color code, and that you can measure it using the Ohmmeter. Explain to the
TA why you will never wire a potentiometer as shown in Figure 3B. Explain to the
TA how you might use a potentiometer for you final project.

14
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PART 2: Control of an Electric Motor

REQUIRED PARTS:

Qty  Parts Equipment
1 N-type Power MOSFET (IRF510 or NTE2382) Trainer Kit (XK-550)
1 LM324 Quad Op-amp chip Oscilloscope with scope probe
1 50kQ potentiometer Small DC motor
1 470Q resistor Integrated circuit puller
1 1kQ resistor Grounding wrist strap
1 47K Resistor
1 100Q resistor, 2 Watt (with smaller ga. wire

leads)
var 22 gauge (AWG) wire

1 Introduction

Engineers use electric motors for a variety of applications requiring mechanical
movement (robots, automation equipment, disk drives, etc.). A motor is only useful,
however, if we know how to control it. Sometimes we want to control the motor's
position (computer disk drives, CD players, plotters), sometimes its speed (cruise control
on autos, CD players), and sometimes its torque (robots, some heavy machinery). In
this lab, we will investigate controlling the voltage across a motor, which, assuming there
are not external forces acting on the motor, will control the speed of the motor. In other
words, if the motor load is just inertial, then the steady-state speed of the motor is
proportional to the voltage across its terminals.

In this part of the lab, we will investigate two circuits that can control the voltage across a
small electric motor. Each circuit will involve the use of a MOSFET and/or an
operational amplifier (or op-amp). The op amp circuit will utilize “feedback” to control the
motor voltage. So, in this experiment you will gain insight into how DC brushed motors
behave, how to control the power supplied to a motor with a MOSFET, and how to
regulate the behavior of the motor with an op-amp controller.

2 Voltage Follower for Voltage Control

Op amps are often used in analog circuits. They take 2 input voltages at their inputs (the
inverting input (V.) and the non-inverting input (V.)) and produce an output voltage

Vout = K(V, - V), where K=1x10°. 3)

They also have a very high input resistance, so for practical purposes they draw no
current at their inputs. These characteristics of op amps allow them to serve many
circuit functions, such as voltage addition and subtraction, feedback control, and
buffering. The op amps used in this lab can output only tens of mA of current; you will
calculate the exact value in the lab.

In Figure 2, an op amp is used in a voltage follower circuit. In this circuit, the op-amp
attempts to adjust the output voltage (Vout) so that it “follows” (makes it equal to) Vin.
This circuit is also called a buffer or isolation amplifier because the output current does
not affect the input voltage (Vin). The load resistance (R.) draws current from the op-

15
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amp. A small value of R_ is considered a “large load.” A large value of R_ is a “small
load.” Note that large loads can cause a drop in voltage in a voltage source if the
voltage source cannot supply sufficient current.

“U” Cutout

“
U

IN

18

by

4
+12V —
5

£

lo

Figure 1 — LM324 Quad Op-Amp Chip

— -12Vv

+12V

50k Vout

ot
P Vin RL

-12v -
Figure 2 — Voltage Follower Circuit.
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These points electrically common

Figure 3 — Suggested Layout of Circuit on Solderless Breadboard

Construct the circuit shown in Figure 2 (suggested layout is in Figure 3). We will use the
LM324 chip (Figure 1), which has 4 op-amps built on the chip. Power must be supplied
at pin 4 (positive voltage) and pin 11 (negative voltage), else the chip will burn out.

Q1 Using the op-amp equation above, derive the equation of Vout for the buffer circuit.

Q2 There are limitations in the buffer circuit in Figure 2. That is, there are conditions
when the op-amp would not be able to make Vout = Vin. Discuss 2 limitations.

P1 Measure Vout and Vin across the full range of pot angle positions, for several
values of the pot angle. Do this with R_ = 1 kQ and with R = 470Q. Sketch Vout
vs. Vin for both R, values on one plot.

Q3 Which plot follows Vin more closely, particularly at the voltage extremes of Vin?
Explain. Using your results, calculate the maximum current that your op amp can
supply. Is the 470Q resistor close to blowing up (consider its power rating)?

16
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Suppose you replace R, with a motor whose resistance is 30Q2, and you hold the
shaft of the motor still. Would you be able to control the amount of torque that the
motor can generate? Note: When to motor shaft is held still, the amount of torque
that a DC motor generates is proportional to the current going through it.

Q4 THOUGHT EXPERIMENT: If you changed the power input to the LM324 chip to
+5V (pin 4) and OV (pin 11), and adjusted Vin over the +12V to —12V range, do you
think Vout would follow Vin? Explain. NOTE: DO NOT ATTEMPT THIS; IT CAN
BLOW THE OP AMP AND POT!

3 Open-Loop MOSFET Voltage Control Circuit

A MOSFET is a type of transistor that restricts or allows current flow through the source
and drain leads based on voltage applied at its gate with respect to the source (Vgs). It
can be thought of as a variable resistor whose resistance value is determined by Vgs.
For the MOSFET's used in class, the effective resistance between source and drain
(Rps) varies between infinity (with Vgs < 3 or 4 volts) and about % ohms (with Vgs ~5-6
V). These characteristics allow MOSFETS (and other transistors) to be used as either
current amplifying devices (power MOSFETS for motors, etc.) or switches (low power
MOSFETS in computers).

Construct the circuit shown in Figure 4 (make load resistance R. = 100Q at 2 Watt
rating). In this circuit, we directly control the MOSFET gate voltage (V) by turning the
potentiometer (recall that Vgs will vary linearly with the pot angle), which ultimately
controls the motor voltage (Vmetor). 1N this section, we will study how Voo Varies as we

vary Vgs.
Vs =12V
|
47k Ru Vmotor =
(Vs-Vp)
Vo ep
50k Ves G |
o S o) 1711
T GD S
Figure 4 — MOSFET voltage control circuit Figure 5 — MOSFET leads

Q5 Derive the following formula relating the MOSFET resistance (Rps) to Vs, Vp, and
R..
Rps = VDRL/(VS - VD)

Q6 Consider the circuit in Figure 4 and assume that R, is a motor. Explain how turning

the pot (which we control) ultimately controls motor voltage (Vmotor). Include in your
explanation the role of the pot and the MOSFET.

17
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P2 Measure Vgs, and Vp at enough potentiometer positions to produce a nice plot of
Rps VS. Vgs and Vyoor VS. Ves (0N same plot, not Vp vs. Vgs). Take more
measurements in the area of pot positions where Vp changes quickly. Use the
equation above to compute Rps. Plot Voo With respect to Vgs (i.e. the input
voltage). Is this relationship linear?

Q7 Replace the load resistor (R,) with a small DC motor. Slowly increase Vgs from a
value of zero and visually observe the resulting changes in motor speed. Try to
make the motor shaft rotate at approximately once per second. Is it difficult? Does
the speed of the motor relate linearly to the Vgs? Explain why this is so. Would
you say that you are controlling motor voltage well?

Q8 Measure the DC resistance of the motor with an ohmmeter and report the value.
You have just measured R for the equation 1. Disconnect your motor from the
circuit and connect it to an oscilloscope. What is the maximum voltage you can
generate by hand? Describe how B; (in equation 1) can be measured
experimentally. Be precise in describing the experiment you would perform.

Practical Exam 3: Demonstrate to the TA that you can control the speed of your
motor with the potentiometer.

4 Closed-Loop Voltage Control Circuit

+12V Vce= +12V
50k Vin b
pot G
S
12V Vout

Figure 6 — Closed-Loop Voltage Control Circuit. (Note: Power connections to Op Amp not
shown!)

In Part 2, we learned that an op-amp might not provide sufficient current to run a motor.
MOSFET’s may be necessary to control higher levels of current required by devices
such as heaters and electric motors, but they are highly non-linear to the input voltage.
Now we will add “feedback” to our controller. A controller that uses feedback takes
information about some state in our system (voltage, position, velocity, temperature,
etc.) that is measured by a sensor (voltmeter, pot, tachometer, thermocouple, etc.), and
uses it to compute a “control” (an input to the system that we control, often denoted “u”).
The control is designed to make the state of the system be what we want it to be.

Construct the circuit shown in Figure 6.

Q9 Explain how turning the pot (which we control) ultimately controls motor voltage
(Vout). Include in your explanation the role of the pot, op-amp, and the MOSFET.

18
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P3 Make about five measurements of v;, and vy as vi, varies between 0 and 13 volts.
For each pot setting of vi,, measure v, (let the motor shaft spin freely). Plot voy
versus vi, on the same plot as P2.

Q10 Try again to make the motor rotate at approximately one cycle per second. Explain
why it is easier than before. Explain why this is a better voltage control circuit than
the previous one.

Practical Exam 4: Demonstrate to the TA that you can control the speed of your
motor with the potentiometer. You should be able to control it more
precisely than in Practical Exam 3 — Explain why to the TA.

Q11 In this experiment, you focused on controlling the motor voltage, which controls the
motor speed when there are no disturbances on the motor shaft (e.g. when you are
not holding the shaft). In the real world there are often unexpected disturbances
that produce undesired changes in the motor speed (imagine an electric car that
has to go up a hill, or, try stopping the motor with your hand). Suggest an
improved method for controlling motor velocity (hint: consider how you might
design a cruise control system a car using a tachometer).

WRITE-UP

- due at your next laboratory session

- each student must complete his or her own write-up

- make sure to use your own words!!

- include your name and laboratory time on the write-up
- the write-up must be type-written

- Graphs for the lab write-up must be generated using Excel or Matlab, and must
include labels on the axes, voltage and time scales used on the scope, and a legend
for multiple-line plots.

- Page limit = 2 pages, including graph

1. Briefly explain uses for an:
a. oscilloscope
b. function generator
c. solderless breadboard
d. potentiometer
2. Briefly explain how a low-power signal and a power MOSFET can be used to control
the speed of a motor.
3. Briefly explain why the operational amplifier made it easier to control the speed of the
motor
4. Turn in the graph for P2 and P3 from PART 2 of the laboratory exercise

19



2.1. Lab1

CHAPTER 2. LAB REPORTS

2.1.2 key solution

MAE 106 Laboratory Exercise # 1 - Solution
Laboratory Tools and Control of a Motor

Part 1: Laboratory Tools

P1
Q1

Q2
P2

V()

Q3

Q4
P3

Q5
Q6

P4

See below P2 below

Vmax = 1V Vavg = 0V Duty cycle = 50%
Vmin = -1V Frequency = 100 Hz
Vpp =2V Period = .01s

They do NOT adjust the amplitude, frequency, and DC offset, respectively. Rather, they
adjust the voltage scale, time scale, and vertical position for the scope trace, respectively.

AN

The trigger is responsible for making the trace “stay still” on the screen, by capturing the
signal for a fixed duration of time whenever it crosses the trigger voltage, then displaying
the captured signal with a predetermined temporal offset. If the trigger channel is set to 2,
than signals on channel 1 will not be triggered properly because the scope is trying to align
the signal based on the (floating) voltage being input into channel 2.

AC coupling removes the DC offset from the signal.

V(1)

Vout = {R2/(R1 + R2)} Vin

If the pot is turned to the extreme end, there is no resistance to current flow and the pot
will be burned out.

In one plot, show V,, vs. pot angle for both cases.
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5V | — R=
— R=150
Vout
0
Q7 R1=ke; R2 = Rpot - k6; with k=(50K/6max), Rpot = 50K

Vout = Vin {(Rp)/(R1 + Rp)}, with Rp = R2*R/(R+R2); voltage divider rule

Vout = Vin [1/{1 + (R1/R) + (R1/R2)}]

Vout = Vin [1/{1 + (k6/R) + (k6/(Rpot-k6))}]

Vout = Vin[(-k)0/{(-k*/R)6? + (Rpot/R)0 + (Rpot)}]

(linear divided by quadratic)

A pot is a good way of making an adjustable voltage source if its output is connected to a
high resistance. On your final project, you could use one pot to specify the desired angle
of the motor (i.e. the “control knob” you hold in your hand), and another to sense the actual
angle of the motor (i.e. the “sensor” that senses motor angle).

Part 2: Control of an Electric Motor

Q1 Vout = K(V4 - V), but Vout =V, so Vout = K(V. - Vout), so Vout = (K/(1+K)) Vin, and for K
>> 1, Vout ~ Vin.

Q2 R cannot be so small as to draw more current than the op-amp can supply (> 20mA
usually)
Vin cannot be greater than the voltage supplied to the op-amp chip.

P1

— R=1k |Vout 15 ¢
— R=470

Vin

.15 1

Q3 With large Ry, the plot follows better. For large R, Vout can go all the way to 15V (minus
some loss in the op-amp) since lout = 15V/1k = 15mA, which is less than the maximum
current the op amp can supply. The small R draws at a maximum lout = (observed peak
voltage = 9.4V)/470Q2 = 20mA peak, which is the maximum current the op-amp can
supply (or “source”). Note that different op amps may have slightly different peak currents.
Put another way, small R draws too much current for the op-amp to maintain Vout. The
power drawn by the 470Q resistor is I’R = 0.19 W, which is less than the 0.25 W rating,
but near it, so you should feel the resistor warming up.
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Q4

Q5
Q6

P2

Q7

Q8

Q9

P3
Q10

Q11

A motor with a stationary shaft acts like a resistor. A motor with R=30 ohms would initially
attempt to draw way too much current (15V/30Q = 500mA) and the output voltage from the
op amp would be very small (Vout=20mA*30Q=0.6V). You could only control the torque of
the motor across a small range of currents corresponding to 0-20 mA (see Equation 2).

The op-amp can only output ~0 — 5V (minus a small voltage loss) if powered between 0V
and 5V.

Robs = VbR/(Vs — Vp) (ans: use voltage divider rule)

We control the pot angle. The pot allows us to adjust Ve. The MOSFET allows, through a
corresponding change in Rps the adjustment of Vp. Motor voltage is (Vs — Vp), where Vs
is a constant, so we ultimately control Votor.

Vmotor IS NOt linear with respect to Vg

15V
RDS Vmotor - RDS
- Vmotor
1 Vin - Vout

It is difficult to make the motor turn at 1 Hz. The motor speed is not linear to Vgs. This
results from non-linear input/output characteristics of the MOSFET (i.e., Rps is not linear to
Vess). Since we are unable to control motor speed easily, and motor speed correlates with
motor voltage in the steady state, it seems that we are able to control the voltage, but not
easily.

The voltage Vp increases when you stop the motor shaft since the back EMF term no
longer contributes to the voltage across the motor. Specifically, when the motor is allowed
to accelerate to its no load speed, the back EMF builds up proportionally to angular
velocity until i = O (i never goes completely to zero because some torque is needed to
overcome the motor’s friction). If i ~ 0, then Vp ~ 0. If you stop the motor from turning, the
back EMF term goes to zero, and more current is allowed to flow through the MOSFET,
increasing Vp.

We control pot angle, so we control Vin. The op-amp, having negative feedback, takes
Vin and adjusts Vgs so that Vout = Vin. That is, Vgs is altered in such a way as to make
the MOSFET's Rps change so that Vout=Vin.

See P2 above.

It is easier due to feedback. The op-amp, since it has negative feedback, will try to adjust
Vs so that Vout is equal to Vin. In this way, the op-amp can “correct” for nonlinearities in
the MOSFET and makes Vout linear with respect to Vin. Since we are able to get Vout to
more closely parallel Vin, this is a better control system.

An improved method for controlling motor velocity would be to actually sense the motor’s
velocity (for example, with a tachometer), then to make feedback adjustments to the
current supplied to the motor based on the difference between the actual and desired
velocity. We will explore this approach in a subsequent lab.

22



2.1. Lab1 CHAPTER 2. LAB REPORTS

2.1.3 Lab post quizz solution

SoLuTion

MAE 106 Post-Laboratory Quiz
Laboratory Exercise #1: Laboratory Tools and Control of a Motor
In Lab 1, you learned how to use the oscilloscope, function generator, breadboard, ohmmeter and
potentiometer. You also learned how to use a low power signal, power transistor, and operational
amplifier to control the speed of a motor.

28 ‘51 s 1. Match the instrument with its use.
5 a. Oscilloscope € 1. Building circuits
5 b. Function generator € 2. Controlling a voltage (bis o K.>
S c¢. Breadboard ¢l 3. Measuring a resistance
S d. Ohmmeter O— 4. Measuring voltage as a function of time
S e. Potentiometer b 5. Producing sine, square, and triangle waves

2. Draw a circuit for controlling power to a motor, using a low-power input and a MOSFET. Make
25’915 sure to label supply voltage, low-power input, ground, motor, MOSFET, gate, drain, source, motor.
p g
s ovplv vattage
~ motor

Low ower input
P . P MoSFET

Zg f'\S 3. Prove that V. = V_ for the following voltage follower circuit, using the fact that V, = K(V,-V.) for
an op amp, with K = 10,000. \ a l_So OK -

+12Vv Ve = K (\/“ -V

Vour = KV =V = VL Vv Moo, o
| [ e i
gg:( _ ? Vout < VJ’ = [/ "’ K BV.. L?Y+E,:”~J

1 K - ,
12V = V—’ /:;: V;_ “an ‘{l— ée(am Kis bly

¢ [64. Shown below is a 10 K potentiometer wired incorrectly. Assume the potentiometer has a ¥ watt
25°¢ power rating (remember power = IV). Assume that Vi, = 10 Volts. When the pot’s shaft angle =
0°, thenR1 =0 and R2 =10 KQ. When the pot’s shaft angle = 180° then R2 =0 and R1 = 10 KQ.

Assume that you start with the pot angle = 0°, and slowly turn it toward 180°. At what angle will
the pot begin to smoke?

2 wWhewn
YN ov 0
* P Mo -L:—w.cﬁ z OMR'?_) = %:7#2’—' Y00 52
' " Vout R2 , fower M‘M‘\S
Vn (R At what aw\# y RZ=tpot 15 exceeded
: e _ dsoe _ Qgoyacda)
BAD IDEA!! -/Tg"g = IOJQDQ .;) g - WW ‘{7’;%}
_ '/M.R:i _';;Z‘ ,
172.8 .
{724
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2.1.4 my solution

LAB #1 report. MAE 106. UCI. Winter 2005

Nasser Abbasi, LAB time: Tuesday 1/11/2005 11:00 AM-1:50 PM
January 18, 2005

1 Answer 1.

1. Oscilloscope: This is a device to allow one to analyze and display the electric signal in the circuit. One can use
it to display the electric signal trace on the screen and to measure different properties about the signal. One
can use it to display different properties about the voltage, such as the max/min, vpp. In addition it is used to
measure the frequency properties of the signal.

2. Function generator: This device is attached to the training kit, and was used to generate electric signals of
different time-domain shapes, such as square, triangular and sinusoidal signals. One can also adjust the frequency,
amplitude and phase offset at which these signals are generated.

3. Solderless breadboard: This makes it convenient to quickly build and connect simple circuits since it eliminates
the need to make soldering to connect different parts of the circuits together.

4. potentiometer: Also called 'pot’. This allows one to adjust the voltage entering one branch of the circuit by
allowing one to adjust the resistance by turning a knob. It is a Voltage divider.

2 Answer 2.

The MOSFET has 3 ports. G, D, S. We control the voltage supplied to the gate G by using a pot. When Vi changes,
this causes voltage at port D to change (Vp) as well. But voltage across the motor depends on Vp hence we can
control the voltage across the motor.

By controlling the voltage across the motor, we control the torque generated by the motor.

Note that the change between Vi and Vp is not linear. As Vi changes, the internal MOSFET resistance Rps
changes, and this causes Vp to change.

The voltage across the motor depends on Vp by the relation V,ot0r = Vs — Vp where Vj is the fixed source voltage.

By using MOSFET only to control voltage to the motor, it acted as an approximation to an on/off switch. This
is because a small increment in Vi caused a sudden large increase in V;,, to appear. However, as Vi continued to
increase, V, did not continue to increase as well, but remained steady. See plot of V,,, vs. V. This shows that the
nonlinearity of MOSFET makes it hard to use to control the speed of the motor.

On the other hand, a small voltage at the gate caused a large voltage to appear across the motor, so this shows
that MOSFET acted as a device that can be use to supply power to other devices.

3 Answer 3.

When we used just the MOSFET to control the speed of the motor, it was hard to slow down or speed up the motor
shaft spin. The motor will either spin or stop by changing the pot dial across the range of the dial. This is due to the
nonlinearity of the MOSFET. So, to use MOSFET to supply power to the motor, we need to be able to better control
the voltage it generates, and to do this, we use an Op-Amp.

By using an OpAmp, using negative feedback, we feed the voltage output from MOSFET back into the opAmp.
This causes Voltage at the gate Vi to adjust so that voltage output from MOSFET follows voltage input to the opAmp.

So, by changing the input voltage to the OpAmp via the use of the pot, and having negative feedback, the voltage
output from MOSFET follows the input voltage more closely. Since output voltage from MOSFET is linearly related
to the speed of the motor, we are now able to better control the speed of the motor. This circuit is shown in figure 6
in LABI handout.
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4 ANSWER 4

I have written a simple program to generate the diagrams required from the data collected in the Lab. This is the
final plot output. First, this is the data collected:

Jut[4E]0TableForm=

TEE (Volt) RDE (Ohm) Umotor (Volt)
1 5.77 0.0525276 11,3937
4 5.23 0.0592017 11. 9929
3 4,33 0.0817334 11. 250z
4 3.21 33.3333 o,
3 Z.21 10802.1 o.11
[ 1.18 10802.1 o.11
7 0.1 l080%2.1 o.11

Jut[47 )T ableForm=

Vin (Valt) Vout (wvaolt)
1 11.% 7.52
2 10.82 7.52
3 7.8 7.52
4 4.45 4.5
a3 2.4 zZ.14
[ 0.155 0.155

<) Figure 1 o ]

File Edit Wiew Insett Tools Desktop ‘Window Help L'
DeEd& hRANB|EL|0H| 80
LABT final result plot
10000 ' ' ' ' - Rds
Vmotor
— — — Vout

RDS ohm
1
=
“rnotor™out Wolt

WEEMNIN Vaolts
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2.2 Lab 2
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2.2.1 questions

MAE 106 Laboratory Exercise #2

Electrical Filters and First Order Systems

University of California, Irvine
Department of Mechanical and Aerospace Engineering

REQUIRED PARTS:

Qty Parts Equipment
Breadboard
2 1 kQ resistor Oscilloscope with scope probe
1 1pF capacitor LabJack
Var. Cables Small DC motor
Var. Wires BNC T-Adapter
2 BNC cables

Female BNC-to-Alligator clip breakout
Digital Multimeter, 1 or 2/lab section
Two scope probes

IC puller

1 Introduction

Filters are an important part of electrical signal processing. They are often found in stereos (cross-
overs, graphic equalizers, etc.), control systems (to clean up sensor readings from strain gauges,
tachometers, potentiometers, etc.), and many other applications. In control systems, filters can
help remove unwanted high-frequency noise that may adversely affect the controller.

Filters are important conceptually because we can view any system as a filter. For example, you
can view the steering system of a new car in terms of how it responds to low, medium, and high
frequency inputs. Understanding how systems respond to different input frequencies requires
understanding how filters work.

In this lab, we will study the RC circuit, which can be used as a low-pass or high-pass filter. Low-
pass filters attenuate high frequency signals (i.e. reduce them in amplitude), but leave low
frequency signals relatively unchanged. High pass filters attenuate low frequency signals.

Low pass filters are often useful for filtering out high-frequency noise (due to electromagnetic
interference from the lights or radio signals, for example.) Also, many objects and systems in the
world act like low-pass filters. High pass filters are used to filter low frequency noise from signals.

This lab also provides a chance for you to understand how first-order systems behave in the time

and frequency domains. The RC circuit is a first-order system (i.e. it is described by a first-order
differential equation).
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2 Low-Pass Filter

vin € pVou

Figure 1 — RC Circuit Used As a Low-Pass Filter

Consider the response of the circuit in Figure 1 to a square wave input. The capacitor acts as a
charge bucket, which is alternately charged (filled) and discharged. The capacitor (C) is charged
by Vi, (input voltage) until the voltage across the capacitor matches that of Vi,. If Vi, is then
switched off (or to a lower voltage value) C begins to discharge through R so that V., heads toward
Vi, again. It takes time, however, for the capacitor to charge and discharge through the resistor.
That is, the capacitor has dynamics that slow down V,,; and prevent it from exactly following Vij,.

Q1 Write down the differential equation relating Vo and its derivatives to Vi,. Assume Vi, is a
constant input and that V.(0) = 0, and solve this equation for V. as a function of time. Given
C =1 uF and R = 1KQ, what is the time constant (t) of the system?

P1 Draw the theoretical response (i.e., solve the differential equation above) to a square wave
input to this circuit. Assume the period of the square wave is large compared to t.

Construct the circuit in Figure 1 on the breadboard. Use R = 1KQ and C = 1.0 pF.

Q2 Use the function generator to apply a square wave input (4Vpeak-to=peak-p) and measure
the filter's response to the square wave. Display both Vi, and V, on the oscilloscope. Adjust
the input frequency and the voltage and time scales on the scope so that a nice waveform is
displayed and record these values. Measure and record the time constant of the system by
using the cursors on scope to find the time it takes for Vo to change 63% from its initial value
to its final value. Explain using the equation from Q1 why the time constant corresponds to
the time at which the output has gone 63% to its final value.

P2 Record the waveform that you see on the screen using a LabJack.

Q3 Changing the amplitude of the square wave you use as the input affects the amplitude of the
output. Does it affect the shape? This is a property of a linear system.

Q4 Increase the frequency of the square wave and observe the amplitude of V.. Explain briefly
why this is a low-pass filter.

P3 Now lets consider how such a filter might be useful in cleaning up the signal from a sensor.
Replace the function generator with the output of a DC motor, which will serve as a makeshift
tachometer (velocity sensor). Spin the tachometer by hand to produce a voltage and display
both Vi, and V. from the filter on the scope. Why does spinning the tachometer produce a
voltage (remember the motor voltage equation?). What effect does the low pass filter have
on the tachometer? Sketch and label the difference between the input and output voltage
signals.

PRACTICAL EXAM 1. DEMONSTRATE TO THE TA THAT YOU CAN FILTER THE
TACHOMETER OUTPUT.
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V() At

Figure 2 — Phase Shift Between 2 Sine Waves

So far we have been looking at the time response of systems. Frequency response is the response
of a system to a sine wave input over a range of frequencies. It is an important measure of how a
system behaves, especially with respect to how it filters signals. For a linear system, the response
to a sinusoidal input at some frequency is always a sinusoidal output at the same frequency, but
with a different amplitude and a phase shift. In other words, linear systems don't create new
frequencies in the output, they only scale and phase shift their input frequencies.

We will now characterize the frequency response of the low pass filter by inputting a sine wave
over a range of different frequencies. On the oscilloscope, we will directly measure time shift (At)
by placing the cursors (t; & t;) on 2 corresponding points on the 2 signals (Figure 2). Phase shift
can then be computed using the following formula, where T is the period (sec.), f is the frequency
(Hz), and ¢ is phase shift (rad.).

At/T=¢/2rnand f=1/T

Q5 Switch the function generator from square wave to sine wave. Record the ratio of the output
amplitude to the input amplitude and the phase lag of the output for input frequencies of 100,
200, 500, 1k, 2k, and 4k Hz.

P4  Plot the amplitude ratio vs. frequency. Plot the phase lag vs. frequency. On a third graph,
plot the log(amplitude ratio) vs. log(frequency) — This log-log plot is called a Bode plot, and is
a common way to display frequency responses. Which of the two amplitude ratio plots
makes it easier to see why this circuit is a low-pass filter and why?

P5 Now, read the output voltage across the resistor instead of the capacitor, as shown in Figure
3. Record the ratio of the output amplitude to the input amplitude and the phase lag of the
output for input frequencies of 100, 200, 500, 1k, 2k, and 4k Hz. Repeat the plots that you
did for P4. What type of filter is this?

Q6 What happens if you provide a triangle wave input into the circuit in Figure 3? Explain based
on the transfer function for the circuit.

Figure 3 — RC Circuit Used As Another Type of Filter
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WRITE-UP

- due at your next laboratory session

- each student must complete his or her own write-up

- make sure to use your own words!!

- include your name and laboratory time on the write-up
- the write-up must be type-written

- Graphs for the lab write-up must be generated using Excel or Matlab, and must include labels
on the axes, voltage and time scales used on the scope, and a legend for multiple-line plots.
- Page limit = 2 pages, including graphs
1. Briefly explain what the time constant of a first-order system is.
2. Briefly explain what the cut-off frequency of a first-order low-pass filter is.
3. Explain why a mass (i.e. a rock, a ball, a robot arm) acts like a low pass filter, if force is
considered its input and position its output.
4. Turn in the graph for P2, with an overlay of the theoretical step response. Label the time
constant.
5. Turn in the graphs for P4 and P5, with an overlay of the theoretical frequency responses.
Hint: To plot the theoretical frequency responses, you must derive the transfer functions
H(S) = Vou(S)/Vin(s) for the circuits shown in Figure 1 and Figure 3. Find the magnitude and
phase of the transfer function evaluated at s = jo. Plug in C = 1uF and all R = 1KQ to get
the actual values. Label the cut-off frequency on the graph.

How to read - Capacitor codes

This is for the reading of smaller capacitor codes, for example
when you are confronted with a capacitor marked 103J etc.
Some capacitors just have a two digit number printed on them,
e.g. 47 printed on a small disc would usually be 47pF. The
majority have a three digit number, this works in a similar
manner to the resistor colour coding sytem, the first two
numbers refering to the value in pF with the third digit being the
multiplier or how many 0's follow. e.g. 104F is 10 with 4 more
zeros 100000pF which is .1uF The letter refers to the tolerance
value of the capacitor, so in the example above,104F is +/- 1%

oot g?ir_d multiplier Letter tolerance
digits igit symbol
xx  Jo |1 D [+/- 0.5pF
xx 1 Jio F [+/- 1%
xx |2 [100 G [+/- 2%
xx 3 [1000 H [+/- 3%
xx |4 [10000 N [+/- 5%
XX |5  |100000 K +/- 10%
XX 6 not used M +/- 20%
XX 7 not used = &200%’ B
+ 80%, -
XX |8 |.o1 z 0%
XX |9 |1
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2.2.2 key solution

MAE 106 Laboratory Exercise #2 (Solution)

Electrical Filters and First Order Systems

Q1 Vout = Vin(1-e™R%)

1= RC = (1uF)(1kQ) = .001 sec

P1

V() f

ﬁﬂ

L

TR ~ (1p ~. sec; when t = t then Vout = A(1-e™) = 0.
Q2 RC = (1pF)(1kQ) ~ .001 h hen vV A(1-e™) = 0.63A

P2 Record the waveform that you see on the screen.

Ans: Same as P1.

Q3 No - for a linear system, scaling the input just scales the output. Avin = AVout

Q4 The output amplitude decreases as we increase frequency—a low pass filter.

P3  You get a noisy and a less-noisy trace.

Q5 Output should decrease in amplitude at higher frequencies.

P4
Log(A)

|

The bode plot makes it easier because the curves become lines.

—

Log(

P5 -/

Q6 G(s) = RCs/(RCs + 1)

At low frequencies, RCs << 1, so G(s) — RCs (a differentiator). The derivative of the triangle

wave is a square wave.
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2.2.3 Lab post quizz solution
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MAE 106 Post-Laboratory Quiz
Laboratory Exercise #2: Electrical Filters and First-Order Systems
In Lab 1, you learned how simple RC low-pass and high-pass filter work, and how first-order systems

behave in the time and frequency domains.

5%3 _g}?’&l.

R

; fw o) (0
- ygﬁ

5

Sketch V,if V; is a 1 Volt square wave input at 0.5 Hz for the low-pass filter circuit shown below.
Assume R = 1 kiloohm and C=1milliFarad. Assume that square wave turns on at t = 0.0 sec.
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time [sec]

% g}%g 2. How does the circuit filter a low frequency input? Specifically, find what the resulting scaling and

phase-shift would be for an input sinusoid with a frequency of —2—1- =0.16 Hz?
v 4
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MAE 106 Post-Laboratory Quiz
Laboratory Exercise #2: Electrical Filters and First-Order Systems
In Lab 1, you learned how simple RC low-pass and high-pass filter work, and how first-order systems

behave in the time and frequency domains.

3. Sketch V,if V;is a 1 Volt square wave input at 1.0 Hz for the low-pass filter circuit shown below

. o i i
i‘%@ Assume R = 0.5 kilo-ohm and C=1milliFarad. Assume that square wave turns on at t = 0.0 sec
R
-2
} A?f"f‘*&g;: s5 % s:}gﬁf (0" 5 sec
Vi ¢ Vo

S

.
Pl
&

time [sec]

4. How does the circuit filter a low frequency input? Specifically, find what the resulting scaling and

0 |
phase-shift would be for an input sinusoid with a frequency of P 0.08 Hz? -
/ d W= 2mM%
P
i =% o
Hay

44

R

25 Scaling: %;ﬁ@g’
T o
25’ Phase Shift: =gy ,25 = - 147 o - 248 %fjf



2.2. Lab 2 CHAPTER 2. LAB REPORTS

2.2.4 my solution

LAB #2 report. MAE 106. UCI. Winter 2005

Nasser Abbasi, LAB time: Thursday 1/20/2005 6 PM
March 27, 2005

1 Answer 1.

Explain time constant: This is the time the output will take to reach 63% of its final value.

2 Answer 2.

Cut-off frequency is the frequency at which the output amplitude (Such as voltage) is 70.1% of the input. This
corresponds to a drop of —3db from the input. It is also the frequency at which the output power is 50% that of the
input. This frequency is usually taken as the boundary frequency between the highpass region and the low pass region
of the frequency response plot.

3 Answer 3

A heavy object has large inertia. Which means it will take time for it to accelerate when subjected to the same force
as compared to an object of low mass. When the force fluctuates very quickly, the object will be slow to react due to
its high mass, and by the time it starts to move in response to the force, the force will change its direction quickly,
and the object will have to start to reverse its direction again in the direction of the force, and will again be slow in
doing this new movement. So this mean the object will have a small motion amplitude of the same frequency as the
input force. This is a low pass filter.

4 Answer 4.

I collected the data using LabJack. This below shows the first few lines of the text file collected:
LRSS
;11 e

chanme i, JE U, G=l, y=u:
chanmelB, FE 1, €2, ¥y—¥F
charmels, 78 0, 8=, you,
shamme D, 3E U, O, yew:

Tims wa 4 channe L8 channs LD channell chanoe._ [} pLel

3.0000 2 1, 308504 ETL Ll E LY 3414888 i 30aSe 1. 690216 1 €
1.0m3% 1. 7785 & 1. TRFRE0 1 THR2ROE 1743037 1. TS K 1 TRIEC 1. = r
douwr Lorsv 1.l s 1. ThEbEs L.ushuz LTSl 1. Tl dZ 1.7bhEb4s L
J.0Loe L. 1.7878.2 1.78781:z 1. 782852 1.7E2835 L7872 1.757812 1.7832455 C

Now I wrote a small script to plot the data and the theoretical response V;,, (1 — e’ﬁ> on the same plot. this is

the result. I normalized both amplitudes to 1.
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5 Answer 5.

For the circuit in figure 1, the ODE is V, = V; — C’Rd(}f . Take Laplace transform, we get V,, (s) = V; (s) —CRsV, (s) =

Vo (s)[1+ CRs] = Vi (s) = ‘é‘:f:; = ﬁ hence | H (jw) = m hence, |H| = \/ﬁ and phase is ¢ (H) =
—tan™! (WCR) = —tan~! (wWCR)

, —10-8F . — 103 _ 1 | 1
Hence for C = 107°F, and R = 10° we get |H| = W(EPETEITOE —

and ¢ (H) = tan™' (w1075 x 10%) =/ — tan™" (0.001 w)

The following is the data collected for P4, and the theoretical data based on above Laplace transform. This is a
low pass filter.

Input Freq. (Hz) | Vpp input | Vpp output | At T d = %2# %(degrees)

100 590 mV 662 mV 1.04 ms | 10 ms —THor B0 = .37.44°

200 1.7V 1.156 V 740 ps | 4.9 ms %Qw 180 = _54.367

500 1.59 V 562 mV 390 pus | 1.99 ms %2? 180 = —70.553

1K 1562V [ 312 mV 244 ps | 990 ps | pt2m B0 = —88.727

2K 1.56 V 171 mV 126 pus [ 515 ps | Z202r 150 = —88.078

4K 28V 500 mV 65 us 242 ps | S22 180 = —96.694

Theortical:

Input Freq. (Hz) | |H| ¢ (H) (degrees)

100 L =0.84673 -tan~T (0.001 x 27 x 100) B9 = —32.14°
\/1+(27x100)?1.0x 10—6 &

200 L — = 0.62268 ~tan~ " (0.001 x 27 x 200) =¥ = —51.488
\/14(27x200)%1.0x 10

500 L _ = 0.30331 -tan~—T (0.001 x 27 x 500) B9 = _72.343
\/1+(27x500)?1.0x 106 “

1K L _ =0.15718 -tan~1 (0.001 x 27 x 1000) B = —80.957
+/1+(27x1000)?1.0x10-6 i

2 K L — =7.9327x107? | —tan~" (0.001 x 27 x 2000) B0 = —85.45
/14 (27X 2000)?1.0x 10

4K I =3.9757 x 1072 | —tan~T (0.001 x 27 x 4000) B¢ = —87.721
\/1+(27x4000)?1.0x 106 4

I now wrote a script to plot the needed plots as required by P4. This is the result. This shows that the amplitude
plot involving the log is more clear and it shows the low pass filter, this is because when using the log scaling, the
becomes straight lines.
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The following is the data collected for P5.
Since ¢ = CV, for the capacitor, and for the circuit in figure 3, we get Vi, — V, — & = 0. Take derivative, we get

avi dv,

dt dt

cdt

sVi(s) — sV, (s) — VI‘%—(E) =sVi(s)=Vo(s)[s+ 55| = Vols)
and ¢ (H) = % — (tan~

Let s = jw, = H (jw)

JwRC

= JwRC+H1

1d9 — 0 but % == %, hence ODE becomes

= |H| =

V(WRC)2+1

avi _ dVe _ 1V _
dt dt C R
s _| _sRC
Vi(s) = st4s | sRC+1

wRC

0.001w

1 wRC’)

Hence for C = 1076F, and R = 103 we get |H| = T :
. w N

and ¢ (H) =

% (tan " 0.001w) |

This is a high pass filter

Input Freq. (Hz) | Vpp output | Vpp input | At T D= %Zﬂ'% (degrees)

10 800 mV 10V 38 ms 97 ms %27‘1’%ﬂ = 144.0

50 3V 98V bms [20ms | 322r8 =270.0

100 5V 9.18'V 824ms [ 10ms | 5212w 80 = 296. 64

200 6.6 V 825V 434 ms | 5.07 ms | 212780 = 308.17

400 73V 7TV 24ms | 252ms | Z52ri0 = 342.86

1000 74TV 74TV 48 ps [ 989 ps | 52n B0 =17.472

2000 75TV 74TV 8 ps 500 ps | =2-2m 0 =5.76

4000 75V 73V 4 ps 247 ps | 2722 =5.8300
Theortical:

0, take Laplace transform we get
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Input Freq. (Hz) | [H] ¢ (H) =% — (tan"10.001w)
10 Q001X 27X 10 =6.2708 x 1072 | (% — tan~1(0.001 x 27 x 10)) &2 = 86.405°
V/1+(27x10)%1.0x10-6 2 i
50 J.00127 x50 =0.17983 (Z —tan=1(0.001 x 27 x 50)) B2 = 72.559
V/1+(27x50)%1.0x10-6 2 i
100 O.0012nX 00~ —().319 21 (Z —tan=1(0.001 x 27 x 100)) 2 = 57.858
V/1+(27x100)?1.0x10-6 2 4
200 O.U0L2% X 200 =0.46949 (Z —tan~1(0.001 x 27 x 200)) 220 = 38.512
\/1+(27x200)?1.0x 10—6 2 ™
400 Q00T 100 =0.55749 (7 — tan=1(0.001 x 27 x 400)) B =21.697
\/1+(27 x400)?1.0% 10-6 2
1000 Q00125 X 100 = 0.59254 (Z — tan=1(0.001 x 27 x 1000)) 8% =9.0431
+/14(27x1000)%1.0x10—6 2 7“
2000 DO 27 X 000 =0.59811 (5 — tan™1(0.001 x 27 x 2000)) B = 4.5499
/1427 % 2000)1.0x 106 2 i
4000 O.00I2mX 9000 — (.599 53 (Z — tan=1(0.001 x 27 x 4000)) & =2.2785
+/1+(27x4000)?1.0x10-6 2 4
x x
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2.3.1 questions

MAE 106 Laboratory Exercise #3
Feedback I: P-type Velocity Control of a Motor

University of California, Irvine
Department of Mechanical and Aerospace Engineering

REQUIRED PARTS:
t

Oty Parts Equipment

3 1KQ resistor Breadboard

1 10KQ resistor Oscilloscope

1 LM324 Quad op-amp DC Power Supply

2 100KQ resistor Function generator

4 Banana —to-alligator-clip cable Motor-tachometer-amplifier combo
2 Banana-to-banana cable IC puller

var.  Wires wrist grounding strap

scope probe

1 Introduction

Engineers sometimes want to control the speed of a motor (for example, auto cruise
control). In this lab, we will construct a circuit that will control the speed of a DC (direct
current) motor using P-type (or proportional) velocity control. The resulting control
system will be described by first order dynamics (i.e a first order differential equation). In
the frequency domain, the system will behave like a first-order, low-pass filter (where
desired velocity is the input and actual velocity the output). Thus, this lab not only
shows you how to control the speed of the motor with feedback, it also shows you in
general how a first-order control system respond.

The velocity “control law” for the motor is:

u=-K (U)actual - 0)d) (l)

where

u = the control (our input to the system)

K = feedback gain

®actual = @ctual motor speed

g = desired motor speed
A control law is an equation that computes an input (u, something we control that
influences the system, sometimes called a “control”) to the system. In our circuit
implementation of this controller (Figure 2), the motor speed variables are represented
as voltages. wq is represented by a voltage produced by the function generator. ®actal iS
represented by a voltage produced by a tachometer. Since this controller determines
the input to the controlled system using sensed information about some state in our
system, measured by a sensor (the tach), it is said to use “feedback.” Many types of
sensors produce a voltage that is proportional to the variable that they sense.

Notice how equation 1 looks much like F=kAx, the equation for a spring. Think of
this controller as a spring, only in the motor velocity world instead of position world. Just
as a spring constantly tries to return to its unstretched length, this controller drives the
motor towards some desired speed. A bigger K is like having a stiffer spring. Given the
appropriate system dynamics, this controller can drive waeua t0 ®g, Which is what we
want!
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2 Proportional Velocity Control System

Amplifier DC supply 1 U 14
motor tach 2 |13
o o +15vH sy
Feedback 2 10
signal
Cantrol . 24VDC supply 8 W_f
circuit . for amp S .
Command signal for

motor (to “REFV”)

Figure 1 Motor-Amplifier set up Figure 2 — Top view of LM324 Quad-Op Amp
The motor in this experiment is attached to a built-in tachometer, which is really just
another motor that is turned by the powered motor. The tachometer measures motor
speed by producing a voltage proportional to rotational velocity (remember the back
EMF term in the motor equation). The motor is connected to a relatively expensive
amplifier (the motor was about $20 and the amplifier about $300) that is set up in “torque
mode" which means that the amplifier takes an input voltage and passes a proportional
current through the motor windings. The amplifier has an internal feedback loop that
makes the current proportional to the input voltage. The resulting motor torque is
proportional to the input voltage to the amplifier, independent of the motor's

speedr = av,, where o = BC , with B = the torque constant of the motor and C =
calibration constant of the amplifier. Assuming that the motor drives an inertial load (i.e.
the inertia of its own shatft), its dynamics are: 7 = Jo where J is the shaft inertia. The
amplifier and motor thus together implement the equation: Jo=av,. By taking the
Laplace Transform of this equation, we can find the transfer function of the

- (s a K :
amplifier/motor system: Q =G(s) =J— =—" Where K, is a constant. Remember,
v,(s S S
the transfer function relates the input (voltage) to the output (motor speed) in the
complex frequency domain. We can now use this transfer function to draw a block

diagram of the feedback system:

-K(®actua-0dq)

+ '(Coactual‘(od)

Function
Generator

Amp ‘(motor <¢:(tach< Qectal

Figure 3 — Block diagram and circuit implementation of P-type velocity control
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The transfer function of the closed loop system shown in Figure 2 is

mactual(s)/ (!)d(S) = KKm/(S + KKm)
where wea IS the measured angular velocity of the shaft, and wqy is the desired (or
“reference”) angular velocity that we input to the controller. The transfer function has the
form of a first-order low-pass filter with a time constant of t = 1/KK,

Q1 Figure 3 shows a control circuit that can implement the block diagram for the
controller. The key thing to remember is that variables such as velocity and
desired velocity are represented as voltages in the circuit. Describe the specific
purpose of each op-amp. Find the equivalent K from the circuit diagram in terms of
the resistor values. What physical features of the motor/amplifier does the K/s
term represent? (Hint: what does a 1/s term represent in the time domain and what
is K, equal to?)

Construct the circuit in Figure 3. Copy the pin numbers for the LM324 op amp chip onto
the Figure 3 diagram. Note: The motor/amplifier boards have room for a position
sensing potentiometer to be coupled to the motor shaft: you do not need this pot for this
lab — make sure it is not connected as you an easily break it. Important: wire your circuit
neatly! A neat circuit requires little extra time to wire, and it's easier to debug. In
general, circuits take much more time to debug than they do to initially wire!

With R, = 1KQ and R = 10KQ, set the function generator to pass a 2Vpp (1V amplitude)
10 Hz sine wave to the system and to the oscilloscope. Also capture the tachometer
output on the scope. If all is well, the motor’s velocity should follow the sine wave. If the
motor doesn’t turn at all, the power supply to the amplifier may not be set up to provide
enough current to the motor. Make sure the current switch on the power supply is set on
“high,” and adjust the current knob to provide “enough” current to the motor. If the motor
is running at full speed, something may be wrong with your circuit (for example, you may
have implemented positive feedback instead of negative feedback). Turn off the power
to the motor. Debug your circuit systematically, considering what each voltage should
be. Verify that op-amp 1 is inverting and op-amp 3 is following. Verify that the output of
op-amp 2 changes as you adjust wg With wacwa CONstant.

Practical Exam 1: Demonstrate to the TA that your motor follows the sine wave.
Q2 Changing Rf changes the feedback gain of the system. Try to get intuition about

how the gain affects system performance by experimentally determining the
following information. Report the results in a table such as this:

Ri= Ri=1 KQ
10
KQ

1|f

2| t=1o,

3|z

4 €ss

5] Kn

6 | Open loop gain

1) The “cut-off” frequency. At this frequency, the output amplitude is .707 of the
input amplitude and the output waveform lags the input by 45 degrees.
frequency at the -3db point (w.34,). The cutoff frequency is used by engineers to
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P1

Q3

Q4
Q5

Q6

describe when the frequency at which the control system performance starts to
degrade. Sometimes this frequency is called the 3dB point. dB stands for
“decibels” and is a unit commonly used by engineers to describe frequency
responses. Amplitude in dB = 20log;o(amplitude). The amplitude is decreased
by 3dB at the cut-off frequency, since 20log;0(0.707)=-3.0dB.

2) Compute time constant (t = 1/w;) where o, (in rad/sec) is obtained from part 1.
In other words, infer t from the measured cut-off frequency. Memorize the fact
that . [in radians] = 2xf, [in Hertz]

3) The time constant (t) measured from the time response of the system. Display
both the input square wave and output exponential response on the scope.
Measure t on the scope using the cursors.

4) The steady state error. Input 10V DC from the function generator and record
the difference between the input and output voltages.

5) The predicted value of K, (Knowing K and knowing t you can compute what
Km ought to be).

6) The magnitude of the open loop gain of the system = K*K,/s

Using the Labjack, record the input voltage for the function generator (which
represents the “desired motor velocity”) and the output voltage from the tachometer
(which is the “actual motor velocity”) at three input sinusoid frequencies: .1* w, o,
and 10* o..

Get the function generator to pass a small constant (DC) voltage to the system and
try to move the motor shaft by hand. Why is it difficult to change its rotation?
Power down the system and make Ry = 1KQ. Turn the system back on. Can you
stop the motor from turning now? Explain the difference.

How does the system behavior change as you changed R;in question Q3?

What do you think caused the steady state error measured above? Integral control
is one way to get rid of steady state error.

In a previous lab, you implemented a voltage controller for a motor. In this lab, you
implemented a velocity controller. Explain why the two control circuits achieve the
same thing (controlling velocity) if the motor load is constant. If you want to design
a rotating sign that you can adjust the speed (e.g. UNOCAL 76 rotating ball), which
circuit would you use? Consider the relative costs of the two circuits, and which
circuit would be better for an indoor sign versus an outdoor sign where there are
gusts of wind.

WRITE-UP

- due at your next laboratory session

- each student must complete his or her own write-up

- make sure to use your own words!!

- include your name and laboratory time on the write-up

- the write-up must be type-written

- Graphs for the lab write-up must be generated using Excel or Matlab, and must

include labels on the axes, voltage and time scales used on the scope, and a legend
for multiple-line plots.
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- Page limit = 2 pages, including graphs

What type of filter does the motor velocity control system act like?

2. Turn in a graph for P1, overlaying the desired velocity and the actual velocity at the
three input frequencies for several cycles of the input.

3. One of the major benefits of feedback is its ability to cancel the effects of unmodeled
“disturbances”. Disturbances are outside influences that affect the output of the
system you are trying to control, keeping it from achieving the desired behavior. In
the case of the system you built, the desired behavior was for the motor to track a
desired reference velocity. Sometimes you tried to prevent the shaft from rotating at
the desired velocity by using your hand. The forces applied by your hand can be
viewed as a disturbance F4, and can be incorporated into the block diagram in the
following way:

Lo

Fd

*t  -(oactual-0q) »L

o ‘ Mactual

Derive an expression that relates wacua t0 @g and Fyq. Explain why high-gain feedback
(i.e. big K) was able to cancel the effects of the “hand disturbance” on the motor shaft.
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2.3.2 key solution

Q1

Q2

Q3

Q4

Q5
Q6

MAE 106 Laboratory Exercise #3 (Solution)
Feedback I: P-type Velocity Control of a Motor

Op-amp 1 inverts wq to -0q. This is necessary to get the correct sign for mgq on the
controller. Op-amp 2 adds ®acwa @nd -og and multiplies by a gain. Op-amp 3 is a
buffer, necessary so that little current is drawn from the tachometer. K = Rf/Rin.
The Km/s term represents the dynamics of the amplifier and motor, and relates
input voltage to the motor to output speed of the motor. The amplifier produces a
current proportional to its input voltage | = Av, and the motor produces a torque
proportional to its input current, T = Bl, and the motor accelerates proportional to its
torque a = t/J = B/J*l = B/J*A*v = Kv. Taking the Laplace transform gives o/v =
Knw/s.The 1/s term is an integration term, and represents the fact that the motor
integrates torque to get angular velocity.

Rf= 10 KQ Ri=1KQ

fadb ~30-40 Hz ~2-4 Hz

T = 1wsgp ~5ms ~50 ms

T ~5-10 ms ~50-60 ms
€ss ~0 ~1.3V

K ~10-20 ~10-20
Gain ~100-200 ~10-20

Km = 1/7K
Gain =K K,

The small DC voltage has commanded the motor to move slowly. When you try to
move the motor shaft by hand, you create a disturbance, which the controller tries
to compensate for. At a lower feedback gain (Rf = 1k), the controller is less
sensitive to disturbance, so you are able to disturb the shaft more easily.

The lower feedback gain resulted in a more sluggish controller: the —3dB point is
difficult to find, as the motor does not follow the desired velocity profile well. The
time constant is larger for small gain, and the steady state error is larger.

The steady state error was caused by coulomb friction.

The voltage controller controls velocity because motor speed is proportional to
velocity for an inertially loaded motor. The velocity controller explicitly tries to
control velocity based on sensing from the tachometer. The voltage controller is
cheaper because you do not need a tachometer, but would not perform well if there
are external disturbances such as the wind since it does not sense velocity
changes. (i.e. as long as the motor voltage is at the desired value, the circuit is
“happy” and doesn't try to change anything).
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2.3.3 Lab post quizz solution

s

b

.

L.

N

MAE 106 Lab 3 Quiz and Midterm Exam
Winter 2005  , |, . . ,
lab3 Quizs /o0 pts

University of California, Irvine '
Department of Mechanical and Aerospace Engineering
Part 1: Lab 3 Quiz
In Lab 3, you built a motor velocity controller, using a proportional feedback control.

1. Write the velocity control law that you used for the motor in the box, where:
u = the control input into the motor
K = feedback gain
Wacral = actual motor speed
wy = desired motor speed

W= = K (Waetvel - w4

L s 7% . N‘ ‘\:j
2. inputFor the Lab4 motor amplifier, the motor /27 was proportional to the = ;: 2| ALso
. ok AL

3. Below is the control circuit that you used to implement P-type velocity control. Briefly
explain the purpose of each op-amp.

5
]

.,

Op Amp 1: ;"‘ﬂueg"fé,ai;?@g Wi ﬁé: -} g?mm»‘i? whf
4

o ¢ ER e AN

Op Amp 2: T nplesment s contrdt faps s Hf B gtend - wﬁgﬁ}

s

T
P oo 7 e
OpAmp 3: [Bef lore tachometer so that vest ol civeuit does not drnw
P p hd ¥ 2
100k R Corte st hesan dak,

Function Oactuat
Generator
= = Op-amp2 =
Op-amp 1
Op-amp 3 f+1
4. Fill out the below chart based on your experience in lab:
Increasing R;will (circle one)
s»j”afn a decrease f Cutoff frequency
“Tho rdécrease’ T = Vg Time constant
increase orﬁcrea’se}} = Steady state error
5. The controlled motor behaved like what kind of filter? £ s pass & He
e W .
6. At the cutoff frequency of the motor, the output amplitude was - 797 of the input

amplitude and the output waveform lagged the input by 4%~ degrees.
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Part 2: Midterm
Problem 1 (10 Pts Extra Credit)

An oscilloscope is used to measure this:
i Answer fz a) resistance b) voltage c) current d) power

The time constant of a first-order system tells when the output has gotten how far along the way
to its final value?

Answer & a)37% b) 10% ¢) 63% d) 90%

If you put a sine wave into a linear system, you get the following out
% Answer _¢ a) square wave
b) sine wave at different frequency
c) triangle wave
d) sine wave at same frequency, scaled and shifted

A filter scales a sinusoidal input. The amount of scaling is determined by:
7. Answer & a) the magnitude of the transfer function, evaluated at s=j®
b) the magnitude of the transfer function, evaluated at s = @
¢) the phase of the transfer function, evaluated at s=jm

A low pass filter attenuates
. Answer b a) low frequencies
b) high frequencies
¢) a band of frequencies
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Problem 2 (25 pts)
How close is Vo to Vi, for the following voltage follower circuit, if the op-amp gain is 1,000?

(Hint, use the fact that V, = K(V.-V.) for the op amp)
+12V ,

ivge
Vour = £ Vi, = —— Vi
S } cé . K tn jee i
Problem 3 (25 pts)
How does the following circuit filter a low frequency input? Specifically, find what the resulting
scaling and phase-shift would be for an input sinusoid with a frequency of —21- =0.16 Hz.
/4
Assume R = 1 kiloohm and C=1milliFarad.
R - £ oL
lrarstey S o wi%@‘i ém@g daneds .
Vi ¢ Vo § ) 5!? ¢
Vo= ‘55: Vi = —— W
e ﬁg [+ Le s
’ 5
;4' ( EY 14£es
‘ ‘ i
5«@.&{,‘;&@ (/50 g?‘??@
< . ' o y xﬂj N mgf
Scabmy = é‘f{gwﬁg m Q@1 )5 )F = Yo
/ V4 @e f»% : |
e ; Re = 1 see
| RS e %
o f??é S— (0 gt
- ; . Ny B, b
prese = p o= fau! ﬁi&i‘fﬁﬁ : ~tan' few e ~tad |
f / e T ]
;j 2 HE e ‘?” f;
D /
5., ‘ 47
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Problem 4: 25 pts

5 a. Shown below is a diagram of a DC brushed motor. Assume that the commutation stops
working, such that current flows only in the direction shown. At what angle 6 will the
armature come to rest? Assume
the armature is initially at
6 = 0° as shown when the
commutation fails, and that

positive 0 is defined clockwise
looking into t}li: page, as shown.

F; LZXB f‘n
6= 70° —

5 b. For the rest of this problem, assume the commutation is working. Draw the circuit model,
and write the circuit equation describing the motor:

. R L
. V= Riv L% 486
v Be

_ B

( S’ b. Solve this differential equation for the current through the motor as a function of time when:
e the shaft of the motor is held fixed :
e aconstant voltage v is applied across the motor at time =0
e the initial current i(t = 0) through the inductor is zero

Shaft fixed 2 6 =D
de ‘

LJ_’,‘ + RL - \/

Soln h howi?- eqn’

-t L
’-R --:') ‘:: AC {T‘-'-'—é
al-i I '
f’urf Soln:
: v
(= R
. .Y .
7.;'/‘&' Soln. L % Ae 4“2 bt L/o\-:o
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Problem 5: 25 pts

1) You want to control the speed of a motor. You are using a current amplifier with the motor,
so the speed is related to the input voltage to the current amplifier by the following transfer
function:

motor

R o e
Ki/s

where v is the voltage input to the motor and ® is the angular velocity of the shaft and Ky, is a
constant.

f@ ,%5 a) Shown below is a block diagram of an open-loop (i.e. feedforward) controller for the motor,
where ) is the desired output of the motor. What transfer function should the controller box
have to make the output equal the desired output? Write this function controller box.

feedforward motor
ontroller
@, 5 | o,
gm K./s

3 égfsg b) One of the major benefits of feedback is its ability to cancel the effects of unmodeled

“disturbances”. Assume you build a feedback controller, but there is a disturbance force Fy
affecting the motor:

-

d
+  ~(Oactual~0) l«

Derive an expression that relates Mycna to Wy and Fy, then prove that the disturbance is cancelled

if K is large enough Yoy L T
S ¢k Nz Kmff + I f
A we g{ é“ . L= 7 t e
g{ 9 Léf @%éo@gﬁg 1 ; % ,;ﬁg g; ﬁg 4 ég i) 45
%?; = ﬁ}f = gim&f*,%ﬁf@@{} ;5’? ?5‘;{:‘;5 é gjgé‘éiﬁi’é 7 e &ig ’3‘;‘” o ;1;52
g T S VY
J g % o ﬁ’% j % '\ ‘vig éf W“' P .
Wactal = E—;‘”ﬁ* ’:%‘" {?ﬁi{g&fﬁ@%zf%{ﬁr}%g&g 'y S > O

Py
B . 2 7 5 s
S vl = Koy K f = KK i b £y /| Motk =3 %5
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2.3.4 my solution

LAB #3 report. MAE 106. UCI. Winter 2005

Nasser Abbasi, LAB time: Thursday 1/27/2005 6 PM
March 27, 2005

1 Answer 1.

The motor velocity control system acts as a low pass filter.

2 Answer 2.

The cutoff frequency used was 44 Hz

From the 3 data files, I generated 3 plots. One for 0.1w,. and one for w. and one for 10w,.

From looking at the 3 plots, I see that the output of the tachmeter shows the amplitude is decreasing as the input
(function generator) frequency is increasing. This means the controller acts a a low pass filter.

Below are the 3 plots geneated showing on each the actual and the velocity.

Velvage Uelte, f genezaver and Tachometer Uetags with Time.0.1

z

1.5

1

—8—— Tachometer

Time (=ec)
0.4

- — - — - Fanezater
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Tole ol
eltage Ye ﬁn’\ct ion generator and Tachometer Wotage with time.l L

b l’\ ' f, -
a ' ,“& ' !

1.5 I.f

o.s /af\ Iy /Vl\ /3—\ /\ | — B Tachometer

_Dj | | I Il, | . == Fensator
1. / .L . \ fI

-1s | W . f 1|, l\f

Woltage Uoi\?rshct ion generator and Tachometer Wotage mwith time 10 w

b ’ A

——f8——— Tachometer

|

L \ I '
] - R ' + Time (=ac)

) 0.0l D_D? o_oz 0.0%
| f |

[ ‘ . lL J‘I l\ f ----- Feneator
-0_5; ' f ‘\f IL/ II\,J'

To make more clear, I also plot on the same plot, how the actual velocity changes as the input frequency changes.
This is the result.
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Joltagse Uol&:

Zchometer measuzed spead axr function of changing frequency

— s 0.1 u,

Time (==c)

3 Answer 3

[k(wd—w)—O—Fd]?m = w
[kwdkaJ#»Fd]ﬂ = w
s
k k:m k km F d km
d = W
s s
w (l + k km) = k kmw,i + Fa ki
s s s
- k_km
Divide by (1 + T)
L L . Fy
e DR
for k> 1, (1 + %) ~ % hence we get
 hkug, Pk
WS iy T Eka
S S
+ Fd k'm
w = w
Tk ke
Fy
W= watge
But for k> 1, £ —0
hence
W — Wq

Hence this shows that by using feeback, and by using very large gain k we can eliminate the effect of the disturbances.
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2.4.1 questions

MAE 106 Laboratory Exercise #4

Vibration I: Lightly Damped Second Order Systems

University of California, Irvine
Department of Mechanical and Aerospace Engineering
Required Parts:

QTY PART
1 50kQ2 Potentiometer Oscilloscope
Breadboard
EQUIPMENT Vibrating beam experiment fixture
BNC to Alligator Clip Breakout Accelerometer
BNC Cable Accelerometer Amplifier
Scope Probe 24V DC Power Supply

Strobe Light
1 Introduction

In this laboratory exercise you will look at the dynamic response of a cantilevered beam that
supports a motor with an unbalanced load attached at its end. If you use your imagination, this
system represents many typical problems in vibrations. For instance, a large rotating machine
attached to a building floor can be analyzed in the same manner as this experiment, with the floor
taking the place of the cantilevered beam. Alternatively, a building shaking during an earthquake
can also be represented by the same equations, with the building acting as the beam itself.

This lab is also the first lab that deals with a second order system. In other words the differential
equation that describes the system has second derivatives, and the transfer function has s? terms.
Many mechanical systems behave as second order systems because of Newton's second law (F =
ma) because acceleration is the second derivative of position. In fact, you can view a vast number
of mechanical and control systems as second order linear mass, spring, damper systems. Thus,
developing intuition about how second-order systems behave is very important. One key
difference between second and first order systems, as you will see in this lab, is that second order
systems can oscillate. First order systems cannot oscillate.

Instrum.
Amp

Scope

DC Supply

Figure 1 - Vibrating Beam Fixture: Be gentle with the beam fixture. The accelerometer can
be easily damaged by impulsive forces. Also, place the beam fixture on the floor, being careful to
not to pull any short wires.
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2 Time Domain Analysis (Transient Response)

In this part of the lab, you will measure how the beam responds to an impulsive input. This is
known as the “transient response”, and more specifically, as the “impulse response” of the beam,
and is a typical way to look at the time-domain response.

An accelerometer is mounted at approximately the center of mass of the vibrating load at
the beam end. For all the subsequent analysis, assume that the length of the beam is from the
clamped end to the center of the accelerometer. The following analysis also assumes that the
acceleration of the beam is a good measure of its position. The reason for this assumption is that
the equation of motion of the unforced system has the form

mx +cx+kx =0,

and if ¢ = 0, then i:(—k/m)x.

Q1 Compute the theoretical natural frequency of the system. The motor weighs about 2.25 Ib.,
the beam is made of carbon steel of dimensions 0.125 in. by 2.0 in. in cross-section. You
need to measure the length of your beam as the distance from the base to the center of the
accelerometer. (You can do the calculations at home but be sure to measure the length of
your beam, since they are all different!)

Connect the accelerometer to the instrumentation amplifier. Attach the amplifier output to the
oscilloscope and set the amplifier gain to x5.

Q2 You need to calibrate the accelerometer to make sense of its output. “Calibrating” a sensor
refers to the process of measuring what voltage corresponds to what level of the measured
variable. For the accelerometer, you need to know how the output voltage and acceleration
correspond. You can use gravity as your known acceleration, and measure the voltage
output corresponding to gravity. Set the zero voltage adjustment on the instrumentation
amplifier to give zero volts on the oscilloscope. Then rotate the entire apparatus on its side
so that the accelerometer reads the acceleration of gravity (1 g). Report the accelerometer
output voltage corresponding to 1 g. You are now able to calculate actual acceleration by
measuring the accelerometer voltage. Give an example of how you would do this. What
assumptions are you making about the accelerometer and amplifier?

Q3 Twang the beam with your hand and set the oscilloscope so that a nice periodic waveform
appears on the screen. Report the frequency of vibration (both in rad/sec and Hz). Use the
stop button on the scope for this.

Q4 Estimate the damping using the logarithmic decrement method. Use the stop button on the
scope and a slow sweep rate to obtain a good scope trace. After twanging the structure,
measure the initial amplitude, the number of cycles, and the final amplitude. Repeat this
process a few times to be certain of your measurement. Hint: use “Roll” (horizontal mode)
and storage mode of the scope. Report you estimated value of ¢ using both the exact and
approximate formulas in Equation 3 of the notes.

P1 Using the LabJack, record the impulse response of the beam. You will turn this plot in.
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3 Frequency Domain Analysis (Forced Response)

In this part of the lab, you will determine how the beam responds when you apply sinusoidal forces
to it at different frequencies. A key phenomenon that you will observe is resonance. Resonance is
the increase in amplitude of oscillation of an electric or mechanical system exposed to a periodic
force whose frequency is equal or very close to the undamped natural frequency of the system.

You will use a motor with an off-balance load to apply the sinusoidal forces to the beam. The
motor is driven by a high gain, velocity control system. The voltage into the amplifier and controller
produces an angular velocity of the motor with a gain of about 300 rpm/volt (but you need to
measure this to find the exact value). So if you input zero volts (a short) to the amplifier, you should
get zero rpm out, while a 2 volt input would give 600 rpm out. Use a potentiometer in a voltage
divider circuit on the breadboard, or the function generator, to provide a variable voltage input to
the motor velocity control system.

Q5 Itis important to know the relation of the motor’s velocity to input voltage accurately for the
system (i.e. to calibrate the motor). Using the strobe light and an input voltage of 2 volts,
determine the actual rpm of the motor. Be sure to hold the beam so that it does not vibrate
much. Repeat the measurement with an input voltage of 4 volts. Based on these
measurements, what is your estimate of the gain that relates voltage to velocity? State your
answer in rpm/volt and in (rad/sec)/volt. Now that you've calibrated the system, you can
estimate the motor velocity by measuring input voltage. Conversely, you can adjust motor
velocity by adjusting the input voltage.

Q6 Try to estimate the natural frequency, o,, for the system by getting it to resonate. The motor
angular velocity corresponding to the maximum amplitude response gives the resonant
frequency (o, = op). Try not to let the system shake too badly, i.e. do not let the system stay
in resonance too long. Record the accelerometer voltage amplitude at resonance. What is
the corresponding maximum acceleration? Also, estimate the amplitude of the tip beam
motion in inches at resonance with a ruler as shown in Figure 1.

Q7 Increase the voltage to the motor controller so that you are exciting the system well past its
resonant frequency, but not to the point where new, higher frequency resonance is occurring
(you can hear other things begin to shake). Record this input voltage. As above, record the
accelerometer amplitude voltage and estimate the amplitude of the beam tip motion, Apigh,
with a ruler by eye.

PRACTICAL EXAM: Demonstrate to the TA that you can drive your beam into resonance.

3  Problems to Consider at Home
You are now done with the experimental part of the lab. The rest is analytical.

Q8 It was shown in lecture that the forcing function on the mass has the form
f (t) = aw’sin(at).
Therefore, the output must be of the form
aa)z\G(ja))\sin(a)t +¢), Q)

W2

n

where G(s) = .
®) $* + 2w, s+ of
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Q9

Q10

Q11

Q12

Q13

Q14

Q15

Q16

When the beam is vibrating near resonance,

G(jw,)|=1/(2¢), and the amplitude of the
output wave (that you measured with a ruler) is

2
aw
Ares = .

=

In Q12, below you will prove that at higher frequencies, as w — «,

aw’(G(jw)|—> aw!.
Therefore, the amplitude of the output wave (also measured with a ruler) is A, = aw’ .
From these two facts, the damping ratio { can be estimated as

Cx D )
ZAES
Using this formula and the amplitudes measured by eye in Q6 and Q7, estimate the damping
ratio, C.

Prove that the resonant frequency o, which is the frequency of maximum output vibration

amplitude, is given by
o, = w,A1-2%, ¢ <0.707.

Show that
. 1
G(jw,) =—F—.
0 i
Show thatas { — 0, o, = @, , and that
. . 1
IG(Jw)I—>|G(an)|=—2(.

Show that as @ — «, ®*(G(jw)| > ;.

Make a table of the estimates of the natural frequency w, that you computed using the three
methods (Q1, Q3, and Q6) and compare them. Which do you think is the most accurate?
Why?

Make a table of the estimates of the damping ratio ¢ that you computed using the methods of
Q4, and Q8 and compare them. Which do you think is the most accurate? Why?

Using your measured values of £, o,, and m, estimate the viscous damping constant ¢ from
the notes. Be sure to state your units.

Show that if you know the natural frequency, w;, for one beam of length I;, you can estimate
the natural frequency for any other beam of length I, with the equation

| 3
2 _ 1 2
a)z—(l ja)l.
2

Use this formula to estimate the natural frequency of a 15-in. long the beam with the same

properties. Note: To use this equation, you must assume that tip mass is constant or that the
beam is massless.
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WRITE-UP
- due at your next laboratory session
- each student must complete his or her own write-up
- make sure to use your own words!!
- include your name and laboratory time on the write-up
- the write-up must be type-written
- Graphs for the lab write-up must be generated using Excel or Matlab, and must include labels
on the axes, voltage and time scales used on the scope, and a legend for multiple-line plots.
- Page limit = 2 pages, including graphs
1.  Plot the impulse response of the beam for several cycles (Plot P1).

A schematic representation of the accelerometer used in the experiments is shown in Figure 2.

< T

y :FC

Figure 2 Schematic of accelerometer. Note the way in which the x-axis moves

with the y-axis, i.e. if the entire accelerometer moves, the mass must move with it.
The variable y is the position of the housing relative to a fixed reference frame, and X is the
position of the internal mass relative to the housing. The position of the internal mass with

respect to a fixed reference frame is, therefore X + y + constant. The acceleration y causes

the internal spring to deform some distance x. The spring deformation X is measured
electrically with a capacitive distance sensor, and this voltage is output to the instrumentation
amplifier.

Derive the differential equation of motion for the accelerometer in terms of X, y, and their
derivatives.

These acceleration measurement dynamics can be represented by a transfer function with

acceleration, s°Y as the input and spring deformation x as the output, as shown. Determine
the transfer function G(s) .

s2Y_ I G(s) 4 X(s)

The manufacturer's data sheet for the accelerometer is attached. The model we used is the
(+/-)2-g nominal range unit. Determine the values of k/m and c/m for this accelerometer
from the data sheet.
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SETRA SYSTEMS,INC. ———
HIGH OUTRPL " FOR VIBRATION, SHOCK, IMPACT

i : Ranges from: £ 2g to +600

LINEAR ACCELEROMETER h Extrnal Aoy Galleti

With External Rpg; Callbration |
1.

Description

The Modsl 141 is a linear accalerometer that produces
a high leval instantanecus DC output signal proportional
to sensed accelerations (ranging fram static acceleration |
up to 3000 Hz as reportad balow). !

Sefra acceteromaters are unigque in their zhillly to
withstand exceedingly high g overlead without damage.
The Model 141 incorporates the super-rugged Setra
capacitance-typs senscr and a new miniaturized

electronic circuit.
Features Ha exceilent dynamlc response |5 maintained by air

damping, which varies with temperatiire ar:pmximately
= Excellent alatic and dynamie rasponse one-tenth as much a3 the bast fluld damp ng.
8 Temperature-Insensitive gas damping (0.7 crtical) The afectrical characteristics are compatible with
® High output slgnal tonventional strain-gage type signal conditioning,

o put aig including the use of shunt R,y over any salected range
® High overload capabltity, {2000y static) up to 100% full scale.
® Low transverse sensitlvity {0.005 g/g) Tha sfainless aiesl case is O-ring sesled, has a well .
® Wids-range Rny type calibration defined base plans, is guite insensttive to maunting :
& Epsy-to-replace cable attachmant strain. . )
f

u Compact, lightweight Cross axis interferance is excesdingly low. The

sxternal easy-fo-replace cable attachment facilitates
installation &no sarvics.

Full Scale Ranges

For each of the evailabls g ranges, tha linearity 15 charecterizad by Ihis ranga chart:
(Mon-tinparity as % full range, best strarght hre).

I
' Nen-Linsarity r Natural Fraquancy Flat Response
' Nominsi Rangs o o T ) {Nominal) {=3db) 8 Hz to:
i * 0.5% 1% | 3%
r2g +1.50 g ; =28g | 275 Hz 200 Hz
' + 40 +13g =dg x50 330 K2 260 Hx
x+ 8g =z fig x 8y = 10g 350 Hr 300 Hz
+ 15g + 10g =185 +=20p B Hz 400 HE
+30g +20g | x30g & 409 1150 Hz2 700 Hz
+ 80g 409 + 809 + Big 1600 He 1000 Hz
* 150g =100 z150g | +200g .| 2800 Hz 1800 Hz '
+ 8009 + 4009 = B800g | xBOOg | 5000 Hz 3000 H2
— . 4 .

Outline Drawing :
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S
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S
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i nreg o . L Alin Canner ai Bravaly ul '
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Stwraticd Stk Sorhul et T80 S P rada [ 0 128 Com 1o 03
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Mota: Al dimenaane acd in nches.

'\-—-— 45 Nagog Pari, Acton, Maszachuseits (H720 ! Telephane: (§17) 2631400

59



2.4. Lab 4 CHAPTER 2. LAB REPORTS

Model 141 Specifications

Ranges, Non-Linsarity, Fraqusncy Dats. Pioasa refer to chart on front page.
Other Accuracy Date

Hystaress <£0.1%

Non-Repeatability <t0.05% Maominal range

Transverse Acceleration Responsa <x0.00% g/g

Damping Approximates second order systern with 0.7 critical damping.

The frequency band for ali ranges is flat from static to
approximately §0% of the naturel frequency. Damping i ¢as
squesze-film, 0.7 +0.2 of ¢critical at 77°F Damping ratio
increasas approximately 0. 15%/°F.

Rasolutlon Infinite, limited only by output noise level.
Thermal Effects Operating tamperature  -10°F 10 150°F
Zero shitt <1{).02% Nominal Range/°F

Sengitivity shift <t0.02% Nominal Range/"F
Slightly higher tharmal effects when 1414 13 nparated
at axcitation voltage helow 10VDC,
Mode! 141A (apecial ordery —85°F 1o 220°F

Zerg G Output <25 my (factory calibrated at designated excitation)
Naise Level <£(.01% Mominal Range {RMS, in-band)
Calibration Data Each unit is supplied with a full scale continucus plot of autput

¥s. accelgration {centrituge), at & designatad excitation
voltage. Sensitivity |8 reported at Nominal Range.
Maodel 141A calibrated at 10VDC excitation.
Model 1418 calibratad at 24VDC excitation.
Elscirical Data

Electrical Circult Thrae-terminal eguivalent, commaon -excliation and -output
signal.
Gircuit is capacitively isclated fram case. greater than 100
megohm isolation.
FPower applied to output, or ahorted output. will not damage
unit. No revarse excitation protection, Operates &t internal
fraquancy approximately MHz. Model 1418 operable on
requlated EGPVDC aircraft power, {racommend high vollage

! transient protection to prevent damage by emergency powear
candltions as defined in MIL-5TD-704A, and voltage reguiation
ter attain highest accuracy}.

Calibration Signat {Agqi Available up to 100% Nominal Rangs by shunting external
calibration resistor from calibration lead to -zignal lead.

Voltages and Currents Two varslons are availabla, oHaring your choice of units for
differant gxcitation voltages, Dutputiis proportional to
axcitation veltage. Output impedance 8K ohms (nhominal).

! Typical perfermance for nominal G range:

T Exeltation M Excitation
Modal Range Voltage of: Excliation Gurrant Output lopen circull)
1414 SVDO-18VDC 107 5 millimmparas +500 milllvotts |
| 1418 | 10VDG-28VDC 24v 10 milllamparan £ 1000 millivolts |

Cable, Weight, Case

Elsetrical Connaction 2 foot muliconductor cable
Weight 30 grams {not including cable)
Casa Stainleks aleal. O-ring sealsd

Ordering information

Spacify. Model 141A or Model 141B ,
Specify G Range; Nominal Range (tspecific g} '
Spacify: Excitation voltage for calibration

{If non-standard, at extra chargse}

Specifications subject to change without notice ,

Id

K——— 45 Nagoq Perk, acton, Massachusetts 01720 / Telephone: (617] 2631400
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2.4.2 Kkey solution

MAE 106 Laboratory Exercise #4
~. Solution

Q1: For a beam with a length of 8 inches:

1
I = —bht
12
(2in)(.125n)®
12
= 3.26 x 107%in*
3EI
NES
(3)(30 x 10°24;)(3.26 x 10~*in?)
(8in)?
b ib
= a7.25_686.6ﬁ
ib
= 283—
P 83in3
m = (.283)(2)(.125)(8)
= .5660b
Miotar = 2.25lb+ .283(.5661b)
= 241
Elb»s2
— T 322 ft

Ib-s?
= 0.07
0.075 Ti

These computations are slightly easier when using SI units. When you use english units, you must be very careful
to make sure that you get the correct units (namely siT) for wn. The most common problem is to forget to convert
from pounds (which is a unit of force) to a suitable unit of mass or to convert from pounds when it is not necessary.
It is also not a good idea to call the unit of mass a “slug”, instead call it a ”}':2 so that you can be assured of
cancelling the correct units as I did in the above problem.

Q2: Typical accelerometer voltages are in the 100 to 300 mV range. This measurement, plus the assumption that
the relationship between output voltage and acceleration is linear allows us to compute acceleration. For example, if
the accelerometer read 250 mV at 1 gravity, then we use the following formula to compute acceleration:

e ft [V
0‘32'25302 25V

where V is the output reading (in Volts) of the accelerometer.

Q3: Typical damped natural frequenciés are in the 7 to 20 Hz range.
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Q4: Run at least two tests and find ag, a, and n for each test. Example:
Test 1: ap = 306 mV, a, = 1406 mV, n =15
Test 2: ag =222 mV, a, = 97 mV, n =15
d=In (a—0>
an
) é

Use this data and the formula:
V02 4+ 4n2n? ~ 2mn

to find exact and approximate £ values for each test run. Then average these values to obtain the best estimate.
A sample solution:

6:

.78

= TE ram(iaye 008

£

Q5: This is different for each motor, but typical values are in the range of 450 to 500 revolutions per minute for a 2
V input signal and 950 to 1000 revolutions per minute for a 4 V input signal. We can combine these data points in
order to develop a formula that relates the speed of the motor to the input voltage.

Example data: 495 rpm at 2 V, 968 rpm at 4 V. Converting rpm to radians per second:

min 60sec revolution sec

495revolutions (lmin) (27r radians) _ 511‘ad

gﬁgrevolu.tions 1lmin 27 radi(.ms _ 101@
min 60sec revolution sec

From this data, we see that the gain is approximately 25&%‘ We can multiply this gain by the input voltage

to obtain the frequency of the forcing function in radians per second.

Q6: We asked you to record the input voltage at resonance. Typical values are in the 1.8 to 2 Volt range for the
input voltage. You can now convert this using the results of Q5 to obtain the frequency of the forcing function at
resonance. You can also get the frequency by examining the frequency of the accelerometer output trace on the
scope.

The amplitude of the accelerometer output, combined with the formula in Q2 will yield the maximum accelera-
tions. If you measured the peak to peak voltage of the accelerometer output, you need to divide by 2 before using
the formula in Q2.

The estimated tip motion could be anywhere from 1 inch (very small) to 4 or more inches depending upon how
close you got to the actual resonance value. This estimated tip motion was denoted A,., in the lab.

QT: Exciting the system at a frequency well past resonance should result in very small tip motions. A typical value
is % inch. This tip motion was denoted Apgp in the lab.

Q8: Combine the estimated tip motions from Q6 and Q7 to find an estimate of ¢ using

_ Apign
$T o,

A typical result might be
_ 0.0625in

¢ 2(2in)

=0.0156
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Q9 The transfer function is given by

2

- Yn
Gl = 8% + 28w,s + w2
2
Glw) —w? 4 2bwnjw + w2
) w2
IG(w)] = =

VW] = w?)? + (2wnw)?)
Resonance occurs when the output is the maximum. This occurs when the denomenator of |G (jw)| is minimum:

% (W2 —w?)? + (26wnw)?) = —4(w2 — ww + 86%wiw = 0

Solving this equation for w yields the resonance frequency:

Wy = wpy/1 — 2£2

¢ must be |essthan -707 to insure that the square root does not yield an imaginary number.

Q10

2
Wn

52 4+ 28wps + w2
2

G(s)

wﬂ
—w2 + 2w jw, + w2
) v
G(jw = n
Gor —w3(1 - 262) + 26w2j/1— 262 + w2

1
2651/1 - 2€2 + 2¢2
1

480 +4£2(1 - 282)
1

1

26V1-¢

G(jwr)

IGGwr)| =

Q11 It is fairly obvious that as £ = 0, w, = wy, using the result of Q9.

From above we have ,
ki3

—w? + 2wnjw + w?

w.

Gljw) =
Now, as w — wy,, we have:

2
n

—w? + 26w2j + w2
1

265

1

2

w,

G(jwn)

G Gw)| =
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Q12 As w — o0,

2

— wn
Glo) = 82 + 2fwns + w?
2
) = Y
2 2
o B Wil
wGw) = (W2 — w?) + 2wnjw
w2

n

(% - 1) + Mool

As w — 00, any term with w in the denomenator becomes zero, so

CGw) = T+
= —wi
IGUw)| = wy

Q13 Normally the Q6 values are the most accurate, since Q1 contained several assumptions about the mass distri-
bution. Q3 values can also be as accurate as the Q6 values depending on how well you read the scope. I accepted
any reasonable answers since several groups had problems or bad data associated with some tests.

Q14 For this problem, the values from Q4 are most accurate. The values from Q8 involved an “eyeball” measurement
of the tip motion which is nearly impossible to obtain with great precision.

Q15 Use the formula:
c=26Mw,

where M is the total mass of the system.
Example solution:

o M =0.075% from Q2

e £ =.0083 from Q4

® wy from your best run (either Q3 or Q6)

b s? rad b sec
— =.122
ft (98 sec ft

c = 2(.0083)(0.075

Note that the units on ¢ match the notes.

Q16 From Q1, we know that for a beam of length I;:

3EI
M

Wy =
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For another beam of length I, we have
3EI
M3

Wy =

Combining these two equations gives:
w_% _3EI(MB)
w% - 3EI(1M2[%)

For a beam of similar properties, we know that E and I are the same for each beam. If we also assume that M, = M,

we have ) 3
wi _ b

2= 73
wi o3

We can now plug in the length of our beam from Q1 and the natural frequency obtained from Q13 to find the
natural frequency of a beam with a length of 15 inches.

L\ 3
2 _ (aeTod, [ 8in
wy = (98 sec) (151'71)
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2.4.3 Lab post quizz solution

SovvTioN

MAE106 Mechanical Systems Laboratory
Quiz for Laboratory Exercise 4: Vibration I - Lightly Damped Second Order Systems
In lab 4, you measured the impulse and frequency responses of a beam.
l 0 1. Write in the box the differential equation that describes the beam dynamics, where:
m is the mass . .-
¢ is the damping MX+ cx+ kx:#
k is the stiffness
f is the input force
X is the beam deflection
10 2. What is the transfer function for the beam in terms of m, ¢, and k, given force as input and
position as output? T

f&:H(;): ms?rcs ¥ K (%4 cs */‘)( = £

10 3. How would you calculate thb&ﬁﬁ?ﬁfé,l frequency of the beam, given m, ¢, and k?

RN:/_K_—

h =
™
lo 4. How did you measure the natural frequency of the beam in lab? ‘

Either Measured peviod between osciflahons Jov impulse response -(: > Geriad
avswer ﬂ ' ‘
s ok = changd motor spud (ie. Heens Lrearemesy untl beam respnated

1o 5. Was the beam overdamped, critically damped, dr @ideYdamped (circle one)

5] 6. Given the equation of the transfer function for the beam, how would you mathematically solve

for the exact resonant frequency @ for the beam? (You don’t need to do it, just briefly explain
how). . , .
W) gt Y smﬁmi Lacts, = /6(J w)/ is maximal = devornipglor Jg
=> -F\'ml Y M o(ottnomml)fbrdg Hane bor icn, ‘CVM(() ;" fFjw /6(,1“9/ 0 m,n,mJ

'Dfm) MMM o, /Qv)zf- 3Twpuy + m,“)z = find i ¢

/an" ‘v’)z“' ( =
2t Uty
Y (374

o 7. schematic representation of the . SRR N
accelerometer used in the experiments is moves withy - ‘ \ ol
shown in the figure. \ f | i ‘

You found the transfer function of the - ’Q“i_’;“’h” 9€
UL %Y
accelerometer to be: G(s):z_—m 4 0n) W )
ms~+cs+k So dev, vuue
What are the input and output for the =D

transfer functior}?
Input: Giceelerethon

. /
Output: dle[ACeM 1h prory ( 3 Credidt for ”Vy[;‘% ”)
10 8. How is the output measured inside the accelerometer?

A CA,oau"h ve Sensor Measurrs Am‘o!nwm‘f’ rf the sprivg”

(o 9. The accelerometer does not provide an accurate output signal for hl?é input

frequencies because it acts like a _/fow pass /72

|0 10. In lab you calibrated the accelerometer’by finding the calibration coefficient. The calibration
cocfficient relates d inputto ___¥o output.
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2.4.4 my solution

LAB #4 report. MAE 106. UCI. Winter 2005

Nasser Abbasi, LAB time: Thursday 2/3/2005 6 PM
February 4, 2005

1 Answer 1.

Foelvage Vol®s 4 i)lacions generaved by beam when hit by an impulse

o.z

|

Time (sec)

-0.1

-o.z

2 Answer 2.

Using Newton’s law F' = Ma, then we get, when the origin of the coordinates systems is taken as the center of the
mass, and taking the upwards motions and forces as positive and downwards forces as negative
dz — ]\[ﬁ
dt dt?

Where Mg is the weight of the mass. This is the force that causes the mass to be displaced from its initial position.
Let me call this force as F' (which is constant in this case)

When we take the origin of the coordinates system as the inertial reference of frame, whose origin is distant y from
the center of the mass, then we get

—Mg+kx+c

d*(z+ [ . . -
where 7((;7” =4 (Lz+y)=2L(@E+y) =3+

Hence the equation of motion becomes

dx
F:ﬂf(:i+,ij)+(:d—:+ kx

3 Answer 3

Apply Laplace transform to the above ODE, we get
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F(s) = M(s$*X(s)+ Y (s)) +csX (s) + kX (s)
F(s) = Ms*X (s)4+ Ms®Y (s) +csX (s) + kX (s)
F(s) = X(s)[Ms®+cs+k|+Ms*Y (s)

So, to find the transfer function between Y (s) and X (s) , set F (s) = 0 we get

Y (s) _]L182+C’8+k7_s2+%s+%
X(s) Ms? N 52

4 Answer 4

For the 0.2 g nominal range, the specification sheet says that the natural frequency w, = 275 Hz and £ = 0.7

Hence since w,, = \/ﬁ then

k
= = 2752 = 75625
m
and
L= 2%w,
m
= 2x.7Tx275
= 385
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2.5.1 questions

MAE 106 Laboratory Exercise #5
PD Control of Motor Position

University of California, Irvine
Department of Mechanical and Aerospace Engineering

REQUIRED PARTS:

Qty Parts Equipment

2 1kQ resistor, ¥4 W (brown/black/red) Breadboard

2 10k resistor, ¥a W (brown/black/orange)  Oscilloscope

2 100kQ resistor, ¥4 W (brown/black/yellow)  Function Generator

1 LM 324 quad op amp chip Motor-Amp-Tach Console
4 1uF capacitors Position-sensing “pot”
1 BNC cable IC puller

1 breakout (BNC to alligator clips) wrist grounding strap
2 banana-to-banana cable (1 black, 1 red) multimeter

2 banana-to-alligator clip cable (1 black, 1 red) scope probe

var  wire, 22AWG

1 @1/4" shaft coupling (c.1/2"Ig)

1 Introduction

In this lab you will build a control system to make a motor shaft move to a position that
you command. Controlling motor position is a common goal in automation (e.g. multi-
joint robot arms, radars, numerically controlled milling machines, manufacturing
systems). In addition, you will need a position controller for your final project.

The controller that you will build is called a “Proportional Plus Derivative (PD) Position
Feedback System,” and is the most common controller found in industry. The PD control
law is:

r=-K,(0-6,)-K,0 1)

Where 6 = actual motor angular position

64 = desired motor angular position

6= actual motor angular velocity

K, = position error gain

Kq = derivative gain

t = desired motor torque
Note that the controller has two terms — one proportional to the position error (the “P”
part), and one proportional to the derivative of position (i.e. velocity, the “D” part). Thus,
it is called a “PD” controller.
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-Kn 6 0
(e ed) ( d) -Kp(e ed) Kde
ewo—»-\ :
. 1/Js —>
Kde
-Kp(6-64) - Kqd
Function Amp 9
Generator motor pot

Figure 1 — PD Motor Position Control System (Block Diagram and Circuit)

Figure 1 shows the block diagram and op-amp circuit that you will implement to make
the PD control law for the motor. J is the inertia of the motor shaft.

The lab has the following four parts. You can do Parts 1 and 2 before coming to lab.

Part 1: What is the theoretical behavior of the controlled system?

The key point to understand here is that the controlled system obeys the same
differential equation as a mass-spring-damper system. Thus, the controlled system acts
dynamically like a mass-spring-damper system. The control gains K, and Ky determine
the equivalent stiffness and damping of the system. The desired angular position of the
motor (64) is equivalent to the rest length of the spring.

Part 2: How can a circuit implement the control law?
Op-amp circuits (adder, gain, inverter derivative circuits) can be used to implement the
control law. The resistors and capacitors set the control gains K, and K.

Part 3: What is the step response of the actual system?

One way to characterize the system behavior is to measure how it performs when it is
commanded to move rapidly from one position to another (i.e. to follow a step function
input). You will find that the motor will overshoot and oscillate if the damping is too small.

Part 4: What is the frequency response of the actual system?

Another common way to characterize the system behavior is to measure how it performs
when it is commanded to follow a sinusoidal position. You will find that the controller
acts like a low pass filter. It tracks low input frequencies well, and high frequencies
poorly. Also, if the controller has low enough damping, it will resonate just like the
spring-mass-damper system you experimented with in Lab 4.
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2

What is the theoretical behavior of the controlled

system?

In this section, you will derive the theoretical behavior the PD position controlled motor.
In the time domain, the theoretical behavior is described by a differential equation. In
the frequency domain, the theoretical behavior is described by the frequency response.

Q1

Q2

Q3

Q4

P1

P2

3

Derive the dynamical equation that describes how 6 evolves with time when the
controller is attached to the motor. Assume 0y is the input.

Derive the differential equation for a spring-mass-damper system (assume force is
the input and position is the output). The differential equation for Q1 should be
similar to the equation for Q2. This means that the PD position control system has
the same dynamics as a spring-mass-damper system; i.e. it follows the same
equations of motion. Thus, you can use your intuition about how the spring-mass-
damper system works to design the PD controller. Explain what the mass (m),
spring (k), damper (c) in the mechanical system correspond to in the PD system.

Derive the closed-loop transfer function, G(s), for the controlled system (the input is
04, the output is 0). Use either block diagram algebra (applied to the block diagram
from Figure 1) or take the Laplace Transform of the differential equation that you
derived in Q1.

Express the damping ratio and natural frequency of the system in terms of the
control gains and motor inertia. The damping ratio is important because it
determines whether the system oscillates. The natural frequency determines the
frequency at which it oscillates.

Plot the predicted response of the system to a step change in 64 from 0 to 1
radians, for damping ratios of 0.1, 1.0, and 2.0.

Plot the predicted frequency response (both scaling and phase shift) for damping
ratios of 0.1, 1.0, and 2.0. Do this on a Bode plot by plotting {20log(output
amplitude/input amplitude)} vs. {input frequency on a log scale}, and {phase shift}
vs. {input frequency on a log scale}.

How can a circuit implement the control law?

To implement the PD control law, you need to build the circuit shown in Figure 1.

Q5

By applying the op-amp golden rules, show that the input to the motor amplifier is:

R .
Vout=—-—2(0-6,)-R,CO

Rl
The derivation will be easier if you substitute the impedance 1/sC for the
capacitor then treat it as a resistor in the frequency domain, then transform back
to the time domain.
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Q6 Compare this equation with the control law of equation (1). What are Kp and Kq in
terms of the electronic components (resistor and capacitor values)? How would
you increase the damping of the system?.

Q7 Briefly describe the specific purpose for each of the op-amps in Figure 1.

Part 3 What is the step response of the actual system?

Construct the circuit in Figure 1. Important: wire your circuit neatly! A neat circuit
requires little extra time to wire, and it's easier to debug. Circuits often take much more
time to debug than they do to initially wire!l Make sure to hook up the potentiometer
correctly! The wiper of the pot should not be connected to the power supply!

If your circuit works correctly, the motor position should follow whatever input signal you
provide with the function generator (square wave, sinusoid, constant voltage...).

IMPORTANT: Sometimes the circuit will not work and the motor will run uncontrollably
at a very high speed. This wrecks the pots. If this happens, turn the motor off right
away by turning of the DC supply to the motor. First, try to fix the instability problem by
reversing the polarity across the sensing pot (you may have positive feedback instead of
negative feedback). If this doesn’'t work, debug your circuit. Do not try to debug your
circuit with the motor running! Debug your circuit systematically.

Here are some debugging hints:

e Compare your wiring diagram to your circuit to make sure all of the connections are
correct.

e Make sure you don’t have any loose connections.

o Verify that your output pot is working properly by connecting the scope to the wiper
and moving the motor shaft by hand. The scope trace should move up and down.

e Verify that op-amp 1 is inverting and op-amp 3 is following.

o Verify that the output of op-amp 2 changes as you adjust 64 with 6 constant. You
can adjust 64 using the function generator or another pot.

Q8 Provide a step-input by using the function generator (4V peak-peak, 1 Hz square
wave). Is the system underdamped or overdamped? Does the observed response
agree with the theoretical one? Why is it different? What is the frequency at which
is oscillates (the damped natural frequency, © gamped)-

PRACTICAL EXAM: Demonstrate to the TA that your motor is following the step
input.

P3 Suppose you didn’'t want your motor to oscillate so much. This is an important
issue! PD controllers are used in many applications such as NC milling machines,
plotters, etc. You usually want your motor to go to a desired value quickly and
accurately without oscillating! Which variable would you change in your differential
equation for the PD system to increase damping? Increase the total capacitance
to 2uF by adding another capacitor (recall that capacitors add in parallel). Observe
the response to a step input. Repeat this for a total capacitance of 3 uF and 4 pF.
Record the step response using the LabJack for C =1, 2, 3, and 4 puF.
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P4

In a mechanical system, if you wanted to the system to respond more quickly, you
would increase the natural frequency (w,) by picking a stiffer spring (higher k).
Double o, for the PD system by changing the appropriate resistor value. Keep C
= 4 pF. Record the step response of the system using the LabJack, and plot it on
the same plot as P3.

Part 4. What is the frequency response of the actual
system?

The goal of this last part of the lab is to characterize the frequency response of the
system. In particular, you will explore how well the system tracks the desired input
position when the input is a sinusoid, across a range of frequencies. Remember, you
can view linear systems such as this one as “filters”. The PD controller acts like a low-
pass filter, although it has a resonant peak if the damping is not great enough.

Q9

PS5

Change R1to 1 KQ, R2 to 10 KQ, and C =1 uF. Now input a 1.0V amplitude sine
wave. Start at a low frequency. Keep the voltage scale on the scope the same for
both input and output. What is the output amplitude and phase shift at 1, 2, 4, 8,
16, 32 Hz? Does the system have a resonant frequency? The amplitude should
increase dramatically at this point. What is the resonant frequency and the output
amplitude at resonance? Do you notice any high frequency oscillations in your
output signal? What do you think might be causing those? Note: Don't let the
motor oscillate for a long time at resonance.

Make a Bode plot of the frequency response of the system. Plot {20log(output
amplitude/input amplitude)} vs. {input frequency on a log scale}, and {phase shift}
vs. {input frequency on a log scale}.

WRITE-UP

- due at your next laboratory session

- each student must complete his or her own write-up

- make sure to use your own words and to type the write-up!!
- include your name and laboratory time on the write-up

- Graphs for the lab write-up must be generated using Excel or Matlab, and must
include labels on the axes, voltage and time scales used on the scope, and a legend
for multiple-line plots.

Page limit = 2 pages, including graphs

1. A controller that performs a little better than the PD controller used in this lab is the
following:

r=-K, (0-6,)-K,(0-6,)

a. Derive the closed-loop transfer function for this controller.
b. Provide a reason why this controller performs better in tracking a changing
desired position input.

2. Step Response: Turn in the plots for P1, P3 and P4
3. Frequency Response: Turn in the plot for P2 and P5.
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2.5.2 key solution

MAE 106 Laboratory Exercise #5 Solution
PD Control of Motor Position

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Q1 Dynamics of motor and shaft: Jo=r
Dynamics of controller system: 7 = J& = -K,(0-6,)- Kdé
Re-writing to make input and output clear: J& + Kd9+ K,0=K,b6,
Q2 ME+BO+KO=F

Mass = motor inertia (m = J), spring = Proportional control term (k = K,) damper =
Derivative control term (c = Kg)

K

3 G(s -0
Q ©) Is?+ K s+K,
K
Q4 o, = —+ §:
J
P1 P2
20 ‘
. \A// ¢=o0.
/\ _rt=02

n /ﬁ:§;4—5=03
db O 1 T¢=0s8
=2
\\Ak \;—1=ov
/
2
i

NN
A\l

Asymptates

_—

—
S L\
‘*_gc.* t=01-" >\§ AN
F——t=02< A" R
P i —

t=03 >
—180° - / R

t=05

\ \ \
\

=07

-
t=10"

|

l L L
ol oz 0.4 0608 1 2 4 & 8 10
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R L
Q5 Hd +g — _Vout 7 = ! SC — Rl
R, Z R, R . L 1+Rgs
1
sc
RZ
Voutz—E(e—Hd)—RZCse
1

Converting back to time domain:

Vout = —%(e—ed)— R,CO

1
Q6 Kp=Ry/R; Kyg=R,C; Increase damping by increasing R, or C
Q7 Op amp 1 creates -64for use in the control law

Op amp 2 implements the control law equation as in Q5
Op amp 3 is a buffer so that the motor potentiometer is not loaded by the rest of the circuit

Q8 Underdamped: fgamped = 24 Hz ® damped=27 T gamped

P3 As you add capacitors, the damping increases and the oscillations decreases. With 2 C's
you should have about 2 oscillations, 3 C' gives 1.5 oscillations, 4C’s gives about 1
oscillation.

P4 Rise time and peak time should be much faster now.

Q9 Resonant frequency should be around 24 Hz, output amplitude should be about 1.5 times
input amplitude at resonance.
Possible cause of the high frequency oscillations: compliance in the coupling between the

potentiometer and motor.

P5 See plot on P1.

76



2.5. Lab b CHAPTER 2. LAB REPORTS

2.5.3 Lab post quizz solution

MAE 106 Laboratory Exercise #5 Post-Quiz  JpD Fn‘; 'oasg,z,/e_
PD Motor Position Control System
In this lab you built a control system to make a motor shaft move to a commanded position.

) O 1. What do “P” and “D” stand for in “PD Motor Position Control”?
f’" "Fo'f’m‘”e Devivative

] O 2. Write a PD control law in the box, where

Where 6 = actual motor angular position
64 = desired motor angular position T= "'(P{Q &I) (,;/Q
6= actual motor angular velocity
K, = position error gain (K;>0) T - .
K4 = derivative gain (Ks>0) Kp (9 € ) &l &

T = desired motor torque

o T: ko (0463 Kb
/ 5 3. Identify three errors in this attempt at a PD control circuit.” 1~ Fp (©d- 60+ kA{S4- & )

TI’NF OP amp 15 wirgd wirongq —
Kp(eed) ké 1+ has Pﬁsrhw’ ‘;exébauc,

LL/L_..,@( b
- The oveter af-H\-c,

Motoe 4 awp are rc.mf(Q

Function
Generator

There shoul) be o .
Cupacrlev‘ N Fa'alw
w) Rl to dake deviyehve

o ©

{ O 4. A key point of the lab was that the controlled system acted dynamically like what kind of a
mechanical system?

Mﬂjs- ;Frzhjn 4*/@(“4{3@.(’ f)/;gffm

/D 5. The gains K; and Ky determined the equivalent < Hn €55 and 0’4 MDI"’Q of
the mechanical system.

/ O 6. The desired angular position of the motor (84) is equivalent to the vaf l;/)jq r es? / €n/q'j¢|

/D 7. Inthe lab, you measured the \S'hg response and the 'pr £veic response
Qv o
Sinvsoi 43

of the system.
Y tene

5 8. Inlab, what type of circuit element did you change to increase the damping of the system?

Chfa ¢ for
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/ O 9. Shown below is the predicted response of the system to a step change in 84. In four of
the boxes provided, label which response correspondsto {=0,({=0.7,{=1,{=2.

20 Q X:D ) \

50 [ /e | Nheald

: % / \
/4 /

Any of w9 i
%Xj%iru ' =7

/s OK f" elr) 1

1= o s \
. A

k|

NN \&

0.2 \ N
(o] 1 2 3 a9 5 GL_/7 B8 =) 10 H 12
wpt
/ f) 10.Shown to the right is the = |
predicted scaling and phase e /
shift for a sinusoidal input, for _"J’:,
0.1 < {<1. In three of the 0 /\\‘/
boxes provided, label which : L £’ “ - “¢
response corresponds to (= e éﬁxg G- e”l@( s
01. =058 C=1. & i Y Pr, OK So
\\k - wif? o —
#>‘ 7 j - 4 ‘:4'
~10 [+ ———Asymptotes Q (; ,
Benas —F .
R 8 il s " \\
| | A i N
G‘nJ a‘( i v S N
“fhese 1§ OK | oo = >
(: W& ////
,(@1‘ f: ‘g /,/
8
0.1 0.2 0.4 0608 1 2 4 6 8 10
2
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2.5.4 my solution

LAB #5 report. MAE 106. UCI. Winter 2005

Nasser Abbasi, LAB time: Thursday 2/10/2005 6 PM
February 14, 2005

1 Answer 1.

a) 7 =K, (04— 0)+ Kq (9(,70
The output is 6 and the input is 64
But 7 = Jé
Take Laplace transform we get

Js%0 (s)
520 (s) + K0 (s) + Kas0 (s)
0(s) [Js* + sKq+ K, |

Kpfa (s) — K0 (5) + Kq (s8a (s) — 56 (5))
erd (6) + Kgs04 (é)
()d (S) [Kyp + de]

Hence the transfer function 0 KoK
G (g) (?) _ p + Kas

- 04(s)  Js2+sKq+ K,

Compare this transfer function with

0(s) K,
Gy (s) = = )
1) = 50 T Tt skt K,
the one we used in the Lab. We see that new G (s) has a zero at s = —%whilc G1 (s) has no zero. This controller

will perform better as it tracks speed error as well as position error. This will make it more sensitive to changes.

2 Answer 2.

For pl, we are asked to plot the predicted response of G (s) m for a step input for ¢ =0.1,1,2
“ P

el

w2

Write the equation in standard form, we get G (s) = L LR TNy
— /K _ K4

Hence w, =/ and { = iR

Where K, = £ = 2% — 10 and Ky = RoC =10 x 10° x 1 x 107 = 10

I will use J = 1hence the transfer function becomes

524

10
Gls)= —— —

()= T 20es 710
The following are the plots generated by a small program
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et -ioixd
File Edit Yiew Insert Tools Desktop Window Help L
Ded&| kefame €| 0FE o0
step response for different zeta
18 T T T T
— - = zeta=.1
16 “ ——1 B
L 2
14F 10 g
[
2 121 II | e 4
Z coo o -
= | ' -
N B e
= ; | .
@ . LT R
£ 08f Vo N
2 , [
@ AN
= 06 - K 4
i
nati/ .~ 1
il
02" B
I
i I I I I I
1} 2 4 5 g 10 12
tirme (gec)

For p3, we are asked to show plots for step input response for C' = 1,2, 3,4uF These are plots:

for p4, we are asked to plot the step response with higher k on top

result

TR -l
File Edit “iew Insert Tools Desktop ‘Window Help N
s kaaOe | 0E a0
p3. C=1 microFarad p3. C=2 microFarad
4 4
2 1 2 1
o o
= =
= =
z 0 ] z 0 1
£ £
< | <
2 2 ]
-4 L L L -4 L L '
0 0.5 1 15 2 0 0.5 1 15 2
time(sec) time(sec)
p3. C=3 microFarad p3. C=4 microFarad
3 3
2 1 2 1
o 1 1 o | 1
= =
= =
=0 1 &0 1
b= b=
< 9 i < E
2 ] 2 ]
3 . . . 3 . . A
i 0.5 1 15 2 i 0.5 1 15 2
time(sec) time(sec)

of the step response using original gain. this is the

80



2.5. Lab b

CHAPTER 2. LAB REPORTS

File Edit Wiew Insert Tools

Desktop  Window  Help

=10l ]

Dedae haRame | 03 oo

pd plat. C=4 microF arad

o
T
drrsas

Armnplitude

rllarsen

higher k
lovwer k

_4 1 1 1 1 1 1 1 1
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We see that with higher k, then the system responded more quickly.
3 Answer 3
Here we are asked to plot the frequency response for the predicted response. p2:
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This is the result for p5
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2.6.1 questions

1

MAE 106 Laboratory Exercise #6
Vibration II: System with Two Masses

University of California, Irvine
Department of Mechanical and Aerospace Engineering

REQUIRED PARTS

QTY PARTS Oscilloscope
1 50k Potentiometer Breadboard
Vibrating beam experiment fixture
EQUIPMENT Accelerometer
BNC to Alligator Clip Breakout Accelerometer Amplifier
BNC Cable 24V DC Power Supply
Scope Probe Strobe Light
Spring

Introduction

The purpose of this laboratory exercise is to observe the free and forced dynamic response of a
system of two, vibrating, cantilever beams connected by a spring. This experiment uses the same
apparatus as the first vibration laboratory with a spring connecting the two vibrating masses. Our
goal is to demonstrate that, although the mathematics that represent the vibrations of the system
may appear complicated (4" order system, as opposed to the 1% and 2™ order systems that we
have been examining), the non-intuitive, predicted results are very real and extremely useful for
machine design. You will observe that the system has two dominant modes of vibration, and that
there is a frequency at which forced vibrations of one mass can be completely eliminated. Many
mechanical systems, including your washing machine, use the type of vibration isolation
demonstrated in this experiment. Mathematically, the vibration isolation frequency corresponds to
a zero in the transfer function.

2 What are the Theoretical Resonant and Vibration Isolation

Modes for the Beam System?

You can do this part before coming to lab

Q1

Q2

Q3

Derive the transfer function for the beam system, in matrix format. Note that this system has
two inputs (the external forces applied to each beam), and two outputs (the position of each
beam).

Derive the equations for the 2 resonant frequencies, o; and w,. Show your work clearly.
Then plug in numbers to obtain their values (in Hz). Assume that the second mass weighs
2.5 Ib. and the spring constant of the center spring is 14 Ib./in. You must also measure the
beam lengths for the calculations.

Derive the vibration isolation frequency, o, (in Hz), corresponding the zero in the transfer
function. Show your work clearly.
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3 What are the Experimentally Measured Resonant and

Vibration Isolation Modes for the Beam System?

You will now use a motor attached to one of the beams to create a sinusoidal forcing function.
You will vary the frequency of the forcing function much as you did in the last vibration experiment.
You will try to find the three frequencies of interest: the resonant frequency corresponding to the
first mode, the frequency at which vibration isolation occurs, and the resonant frequency
corresponding to the second mode of vibration.

Q4

Q5

Q6

Q7

Q8

Q9
Q10

Q11

Calibrate the accelerometer. Set the zero voltage adjustment on the instrumentation
amplifier to give zero volts on the scope. Then rotate the entire apparatus on its side so that
the accelerometer reads the acceleration of gravity (1 g). Report the accelerometer output
voltage corresponding to 1 g. Explain the purpose of doing this task.

Using the strobe light and an input voltage of 2 volts from the function generator (with zero
amplitude), determine the actual rpm of the motor. Be sure to hold the beam so that it does
not vibrate much. Repeat the measurement for an input of 4 volts. Based on these
measurements, what is your estimate of the average gain? State your answer in hertz/volt.
What is the purpose of doing this task?

Measure the resonance corresponding to the first mode by slowly increasing the speed of the
motor from rest. Report the motor voltage at this frequency and the corresponding frequency
(in hertz).

Determine and report the vibration isolation frequency (in Hz) by increasing the frequency of
the forcing function beyond the first resonance. Describe the behavior of the system at this
frequency and estimate the frequency of at which this behavior occurs.

While leaving the system operating at the vibration isolation frequency, what happens when
you hold the second mass from vibrating with your hand? Explain why this behavior occurs.

Determine and report (in Hz) the second resonance by slowly increasing the motor speed.

There is a third mode of vibration not predicted by the mathematics. Find it experimentally
and describe it in words.

In a table, report the two resonant frequencies and vibration isolation frequency as derived in
your theoretical analysis and as measured from the forced response. Explain what might
cause any observed differences in the experimental and theoretical values.

PRACTICAL EXAM: Demonstrate to the TA the first two resonant modes, the vibration

isolation phenomenon, and the third mode of vibration not predicted by the
mathematics.
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WRITE-UP

- due at your next laboratory session

- each student must complete his or her own write-up

- make sure to use your own words and to type the write-up!!
- include your name and laboratory time on the write-up

1. A more realistic model of the system has some damping represented for the beams. Suppose
that the two dampers are placed in parallel to the springs that represent the beams k; and ks
in the notes. Denote them as c; and c; respectively.

a. Draw a schematic of the system and the necessary free-body diagrams. Derive the
modified equations of motion for the system.

X(8)

F(s)

c. Show that it is no longer possible to get perfect vibration isolation of x;, but that if the
damping is small as in our case, the amplitude of vibration of x; can be made small.

b. Determine the transfer function

, Where X, is the displacement of the forced mass.

2. A planar model of an automotive suspension is shown in Figure 1. The position of the center of
mass, X, is zero when the springs are not deformed. The pitch motion, 6, is positive in the
clockwise direction and is zero in the undeformed spring position. You can forget about gravity in
the following questions since its effect only adds constant offset displacements to the equilibrium
positions.

a. Derive the equations of motion for this system, assuming that the pitch motion is small.

k—u?taﬂ |
ki V w

Figure 1 A planar model of an automotive

Denote the mass of the car as m and the inertia about the center of mass as J. (Hint:
Assume x and 0 are both positive and draw a free-body diagram.)
b. Set up the eigenvalue problem for this system, i.e. write the equations in the form

il

c. Determine the natural frequencies and their corresponding mode shapes for a 2500 Ib. car

with
ki = k, = 4000 Ib/ft
|1 =4 ft.
|2 =5 ft.

inertia about the center of mass, J = mr? (m is the mass of the car)
radius of gyration, r = 3 ft.
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2.6.2 key solution

MAE 106 Laboratory Exercise #6 Solution
Vibration Il: System with Two Masses

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Q1

m 0 |X ki+k, =k, | x f, ) )
R = where f; = forcing function, f, = 0 for our system
0 m,| X, -k, k,+k;| X, f,

MX + KX = f in matrix/vector notation; taking Laplace transform:
(Ms?+K)X =F

X =(Ms?+K)™F the transfer function relates the input F to the output X
X =H(s)F H(s)=(Ms*+K)™*

H(s) =

1 m,s® +K, +K,g k,
m,m,s* + (M, (K, +K,) +m, (K, +Kg))s% + KK, +K,Kg + KoKy

2
k, m,;s” +k, +k,

Q2 Resonant frequencies occur where H(jw) blows up (i.e. denominator = 0).
Note that the denominator of H(jw) is of the form:
aw® +bw?+c
with
a=mm, b=-(m,(k, +k,)+my(k,+k;)) c=kk,+kk;+kKk,
So we can use the quadratic equation to find where the denominator = 0 :

»_—b-+b’—4ac a)zz—b+\/b2—4ac

Q:
' 2a 2 2a

Q3 The vibration isolation happens when the transfer function relating f; to position x; has a

zero. l.e. Hyi(jo)=0 where H,,(jo) = -m,a® +k, +k, =0= 0, = ke thy

m2
Q4 The purpose of calibrating the accelerometer is so that you know what voltage corresponds
to what acceleration.

Q5 The purpose of this task is to determine what motor voltage corresponds to what forcing
function frequency.

Q6 At the first resonant frequency, the beams’ vibrations should get large, and the beams should
move in phase with each other.

Q7 At the isolation frequency, the beam with the motor on it will stop moving while the other
beam moves a lot. Imagine the beam with the motor on it is the casing for your washing
machine.

Q8 The beam with the motor on it starts moving again because you are removing the vibration
isolation.
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Q9 At the second resonant frequency, the beams’ vibration should again get large, and the
beams should move out of phase with each other.

Q10 The spring has mass so you can get the spring’s mass to start resonating at higher
frequencies.

Q11 Differences in the experimental and theoretical values could be caused by errors in

calibrating the motor or accelerometer, by errors in estimating the beam parameters, and/or
by no including some dynamics, such as friction and damping, in your model.
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2.6.3 Lab post quizz solution

So[uﬁa}\

MAE 106 Laboratory Exercise #6 Quiz
Modes of Vibration of a System with Two Masses

In this laboratory exercise you observed the free and forced dynamic response of a system of two,
vibrating, cantilever beams connected by a spring. You observed that the system had two
dominant modes of vibration, and that there was a frequency at which forced vibrations of one
mass could be completely eliminated. This vibration isolation phenomenon is used in washing
machines and other vibrating machinery.

( g Ff; 1. The vibration isolation frequency corresponded to a Z€¥® in the transfer function.
/ 5 2. The resonant frequencies corresponded to Po / s in the transfer function.
) S 3. Atthe first resonant frequency, the beams oscillatedor out of phase with each other
(circle one).

i 4. How would quadrupling the stiffness of the center spring alter the vibration isolation frequency,

assuming the stiffness of the beams is relatively small? T u,) J o
w0
w.. ("B [HesEs rkl“F ﬂ o

= = SR solati
0 MZ mz‘ I la lm ﬁ(zm‘i

IS 5. When you included some damping in the model of the system, the magnitude of the numerator
of the transfer function was J(kz +ky; —m,@*)* +(c,w)* , where c; is the damping coefficient

of the unforced beam. Using this information, explain why you could never get perfect
vibration isolation with a damped beam.

B Ceaus)’ | 4
Ceanse (Cowo 1S &\wmjfx posTve and thas
+he ijw'hnh v{ e numershe pever ?%ua\s Zev-o;
2S 6. Derive the transfer function for the beam system, in matrix format. Assume that this system
has two inputs (the external forces applied to each beam), and two outputs (the position of

each beam). You do not need to perform the matrix inversion, but define what each matrix is
before the inversion.

. "2 an kz kz;f’ ks

/\4)(+ K

Mx KX F X
J %&fy[a(e
(Ms> 4 Q)%= F

7' é-ﬂ!ﬁw F-('(. +i'oer
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2.6.4 my solution

LAB #6 report. MAE 106. UCI. Winter 2005

Nasser Abbasi, LAB time: Thursday 2/17/2005 6 PM
February 23, 2005

1 Answer 1.

1.1 part(a)

O f
bal ance k2 k1 k2 k3
| 0ad© (> :> m
f(t) ° Bl ock Ve 13 Ve 13
di agr am Hf(t)
model Mbdel (1)
k1
i k2 k3
e LY
1 Sf(t 3
c c
:%X;L ( ) :%Xz

| I
Model (2) nore realistic

Free diagram for model (2) is the following (assuming m1 is moving to right faster than m2)

K1X1
-~ Ka(X1 — X2) Ko(X2 — X1) <«— e kaxe
- > f(t) +— C3X>o
C1X1
Now derive equations. Take right to be positive.
For m1:
F = ma
—kix1 — 121 — ko (37171'2)+f(t> = miZi
miZ1 + ki1 + e1d +’€2 (I] —1‘2) = f(t)
miiy + kx4 cidr 4+ kewr — koo = f(E)
miE; + 11 (k’l + k72) + 1@ — koxy = f (t)
For m2:
F = ma
—k‘z (IQ — I]) — k3172 — Cgi‘g = mzjg
Mmoo + ko (wz — Il) + ksxo +c3is = 0
Mols + Xo (kz -+ kg) —koxy 432 = 0
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1.2 part(b)

determine transfer function );1((5)

Write the dynamic equations in matrix form, we get

mi 0 I 1 0 T k1 4+ ko —ko
+ +
0 mo i‘g 0 C3 $'2

Above can be written as

1 @)
) - 0

MX+CX+KX=F

—k2 ko + k3

Hence , taking laplace transform we get

Ms?X (s)+CsX (s) + KX (s) = F(s)
X (s)[Ms*+Cs+K| = F(s)
X(s) = (Ms®+Cs+K)  F(s)
mys> 0
Now, Ms? =
0 mas?
c18 0
Cs=
0 c3S
k1 + ko —ko
K=
—ko ko + k3
Hence

(Ms*+Cs+K)™'

Il
/
—
s 2

@

N
§ o
v
o
.

+

—
(e}
OP—‘
V)
o
w O
v

m182+018+k‘1 + ko —ko
*kg m232 + ¢35 + k)g + k3
_ adj(A
Now A~! = dejt((Ag
But for the above,
det (A) = (m152 +c18 + ]{Jl + k/'g) (m252 +c38 + ]CQ + k’g) — (—kg X (—k‘g))

= (m182+61$+k1 +k2) (m252+63s+k2+k3) *k%

m252 + C3S + kg + k3 ]ﬂg
adj (4) =
k2 m152+018+k51+k52
Hence
X (s) 2 -1
= (M C K
F(s) ( s+ Cs+ )
m232 +638+k’2 +k’3 kg
ko mys® + c15 + k1 + ko
T (mas? s+ ki k) (mas? 4 c3s 4 ko + k3) — k3
ie.
Xis) mos? + ¢35 + ko + k3
F(s) (mi1s?+cis+ ki +ka) (mas? + cgs + ko + k3) — k2
and

Xos) ko 91
F(s)  (mis®2+cis+ ki + ko) (mas? + c3s + ko + k3) — k2
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1.3 part(c)
Let s = jw hence
X1(s) —maow? + jesw 4 ko + ks
F (8) (77n1w2 + jclw -+ kl + kQ) (777),20.)2 -+ ngoJ + kQ + k‘s) — k‘%

=0= |—m2w2+j03w+k2+k3} =0

but ‘—mng + jesw + ko + ki3‘ = 0 implies \/(—m2w2 + ko + k3)2 + (03w)2 = 0. ie. (—m2w2 + ko + k3)2 +
(c;;w)2 = 0. But this is the sum of 2 positive quantities. So it is only possible to sum to zero only when each
quantity itself is zero. i.e.

c3w =0

But for non zero w this means that c3 = 0. But c3 (the samping) is not zero, since we do have damping in the

Xi(s)

systems, hence it is not possible that‘ ) | = 0 . In otherwords, there will not be an isolation fequency, and z; will

always be non-zero.

But if ¢ is very small, then csw = 0 and in this case ’);1(;))

= 0 when —mng—I—kg—i—kg:Oorwhemo.z:,/M

ma

2 Answer 2.
2.1 part(a)
Need to derive a mathematical model. First step is to make a block diagram as follows.

L1 L2

Center of

mass Bl ock di agram
Bl ock di agram of systemwith
of systemwith pitch motion
no novnent only

Bl ock di agram
of systemwith
pitch and

verti cal i torque

not i on i T k2

There are 2 motions. One rotational about the center of mass, and one translation, up and down.
Free body diagrams are

92



2.6. Lab 6 CHAPTER 2. LAB REPORTS

tor que

Free body | O M Fr ee body

di agram f or di agram f or
linear motion T K1 T KoX r ot gti onal K

only motion only i

Now the equation of motion for the rotational motion is
T=.Jb

But 7 = k1L;sin@ — koLosinf
Hence we get for small 6, using sin 6 = 0

EiLy 6 —koly 6 = JO
0 (ki Ly — koLo) Jé
JO+ 0 (kyLy — k1 Ly)

|
=

For the translation motion, F' = ma
hence

—kix —kox = mi
a (*kl — k2)

Il
3
SH

Il
=

2.2 part (b)

Write the above in matrix form, we get
m 0- T ]CQ + kl 0 T 0
+ =
o J| |6 0 koLo —kiLi| |6 0
Take laplace transform we get
(m 0
Let M =

0 J

X

0
ko + k1 0

K =

0 koLo — k1 Ly
Hence above matrix equation can be written as
MA+KA=0
Take laplace transform, we get
Ms*?A+KA=0
[Ms? — IK] A =0 where [ is the 2 x 2 identity matrix.
let s = jw we get
[waJ\/[ - IK] A=0
multiply both side by M1 we get
[—wQI — K]Wfl] A=0

T 0
[waIfK]\/ffl] =

Which is what we are required to show.
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2.3 Part (c)

k1 = ko = 40001b/ ft
L =4ft
L2 - 5ft
m = 25000b
J =mr? = 25000 x 32 = 2.25 x 10°

wo = /K = VEIT
0

-1 -1 5 5
[m ] [2500 0 ] {250352*215&10 0 ] {04000 4 0
M- = = = =
5 2500 —6
0o J 0 2.25 x 10 0 TN s 0 4444 x 10
ka + ki 0 8000 0 8000 0

K = = -

0 kaoLy — k1L 0 4000 x 5 — 4000 x 4 0 4000.0

8000 0 0.0004 0 3.2 0 1.7889 0
Hence wg = = =
0 4000.0 0 4444 x 1076 0 17.776 0 4.2162

Hence the natural frequency for the linear (translation) motion is | 1.7889 rad/sec |, and for the rotational motion
it is| 4.2162 rad/sec |.
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2.7.1 questions

MAE 106 Laboratory Exercise #7
Computer Control of a Motor

University of California, Irvine
Department of Mechanical and Aerospace Engineering

REQUIRED PARTS
QTY PARTS
Switching current amplifier
Breadboard
Small Motor
Labjack
Wires

1 Introduction

The purpose of this laboratory exercise is to learn how to use a computer to control a motor. In the
previous labs, you used operational amplifiers to control motors. Op amps are inexpensive and respond
quickly, but require changing resistors and capacitors to change the control gains. Another common way
to implement a control law is to use a computer. One of the major benefits of using a computer is that
you can express the control law and control gains in software. Then, changing the control law just
involves typing in new software code.

The basic idea is to:

1. electronically measure the system performance (e.g. the motor shaft's position with a pot)
2. read this measurement into the computer using an analog-to-digital (AD) converter

3. calculate an appropriate control law in a program running on the computer.

4. generate a voltage output to the motor with a digital-to-analog (DA) convertor

For this lab, you will use the LabJack and a PC for the analog-to-digital conversion (reading the motor
shaft position in), and for the digital-to-analog conversion (sending a voltage command to the current
amplifier/motor). The LabJack is a low-cost ($90) USB-based device that contains a chip in it that does
A-to-D and D-to-A conversion. The LabJack has eight analog input channels (labeled AIO through Al7),
which can read in voltages between -10 and 10 volts, with 12 bit resolution (2*2 = 4096 discrete levels).
It also has two analog output channels (labeled AOO and AO1), which can output voltages between O
and 5 volts, with 10 bit resolution (2'° = 1024 voltage levels). It also has four digital input-output (labeled
100 through i03) channels that can either read in or put out “high” (5 volts) or “low” (0 volts) signals.

digital
signals
analog & analog
signal signal
e e
converter comverter,
Figure B.13 Computer control hardware

Picture from: Ch. 8 Data Acquisition, Introduction to Mechatronics and Measurement Systems, 2nd Edition, David
G. Alciatore and Michael B. Histand, McGraw-Hill 2003
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2 Analog-to-Digital Conversion

In the first part of the lab, you will learn how to use the Labjack to read in a voltage waveform. Wire the
function generator from the trainer kit to generate an approximately —2 to +2V, 2 Hz sinusoid into the AIO
input on the Labjack (use the osilloscope to check it — the amplitude and frequency don’t need to be
exact). To read in the voltage, you need to run the Matlab program readvoltage.m, which can be found
in the directory C:\mae106\lab7. You are going to modify this program, so make a new directory with
your name under C:\mael06 (i.e. create C:\mael106\yourname), and copy readvoltage.m into that
directory. Here is a copy of the program:

eadvoltage.m

r
MAE106 Laboratory Exercise #7
created by Prof. David Reinkensmeyer, 2-21-2005

o o o

%LabJack Parameters

Idnum = 0; % which Labjack you are using -- default = 0

demo = 0; % if > 0, puts software in "demo mode" -- can call functions without a Labjack
ADchannel = 0; % which analog-to-digital channel to read

channelgain = 0; % 0 = gain of 1

numsamps = 100; % how many samples to read

v = zeros (numsamps,l); % initializes an array to hold the voltage samples
t0 = clock; % read the system clock
for i = 1l:numsamps
% read the voltage from the Labjack AD converter
[voltage OverVoltage errorcode Idnum] = EAnalogIn(Idnum, demo, ADchannel, channelgain);

o

v(i)= voltage; % save the voltage in the array
end;
tf = etime(clock,t0); % read the system clock again
samprate = numsamps/tf; % calculate how long it took on average to read each sample
disp(['Samprate = ' num2str (samprate) ' Hz'l);

Note that the “%” in Matlab denotes a comment. This program reads in 100 samples of the voltage on
AlO and stores the values in the array v. It also calls the PC’s clock to calculate how many samples per
second it read.

The program reads in data from the Labjack using the function EanalogIn. The documentation for the
EanalogIn function is appended to the end of this lab so you can see what the its input and output
parameters are. This function was written by the engineers at the company that makes the Labjack, and
makes low level calls to the Labjack through the USB port.

To run the program, start Matlab by clicking the Matlab icon on the desktop. Change the Matlab working
directory to be the directory that you just created. You can do this by entering the following command

into the Matlab command prompt:
>> cd(‘c:\mael06\yourname’)

Now, run the program by typing:

>> readvoltage

If the program is typed in correctly, it should run without an error, show you the sampling rate for the data
you just took (i.e. how many samples per second the Labjack is returning). To see the data that you just

collected, type:

>> plot(v,’.-")

This will show a graph of the sine wave that you read into the computer. The ‘.-* tells Matlab to put a dot
at each sample and to connect the dots.
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Q1 The labjack sampling rate is limited because it takes time to process data in the AD converter, the
USB port, and the Matlab program. What sampling rate did the readvoltage.m program calculate? The
sampling rate is an important parameter because it determines what the maximum frequency is that can
be read accurately. For example, imagine that you are reading data from an accelerometer that is
measuring ground movement due to an earthquake. If you read in the data too slowly (say at 1 Hz), you
would miss some of the oscillations of the earthquake. With your Labjack setup, what is the fastest sine
wave that you can read in from the function generator and still get a reasonable representation when you
plot the voltage? How does this frequency compare to the Nyquist frequency?

3 Digital-to-Analog Conversion

The Labjack can also output a voltage between 0 and 5 volts on its DA channels (AOO or AO1). You
can make a call to the DA channel using the function Eanalogout. The documentation for this function
is included at the end of the lab. Remove the function generator input to AlO, and wire the AOO channel
so that is the input to Al0. Now, you are going to use the computer to generate a sine wave voltage on
DAO, and read it into Al0. Modify the “for” loop in your program so that it contains a call to the DA
converter by inserting the following lines in your program. The required three NEW LINES are marked,
you don’t need to type in the comments.

t0 = clock; % read the system clock
f = 2; % NEW LINE 1 determines how many oscillations of the sinusoid to put out

for i = 1:numsamps
analogOut0 = 1+sin(2*pi*f*i/numsamps); % NEW LINE 2 create a sine wave on ADO
analogOutl = 0; % NEW LINE 3 put 0 volts out on AD1
[Errorcode Idnum] = EAnalogOut (Idnum, demo, analogOut0O, analogOutl); % NEW LINE
% read the voltage from the Labjack AD converter
[voltage OverVoltage errorcode Idnum] = EAnalogIn(Idnum, demo, ADchannel, channelgain);

v(i)= voltage; % save the voltage in the array
end;

Save the program, run it, and plot the voltage that you measured.
Q2: Why did the sampling rate change when you included a call to the DA convertor?

PRACTICAL EXAM 1: Demonstrate to the TA that you can read in a sinusoid with five oscillations
(you will have to modify the code slightly to read exactly five oscillations)

4 Computer Control of the Motor

For the final part of this lab, you will use a Matlab program to implement a feedback controller for the
motor. To provide power to the motor, you will use a low-cost current amplifier. This current amplifier is
conceptually very similar to the one you used previously. You apply a low-power voltage (-5 to 5 volts) to
the amplifier, and it provides a high-power current (0-3 amps, 12-55 Volts depending on the supply
voltage) for the motor that is proportional to the voltage.

There are a couple of details about the current amplifier that are different, however. First, the amplifier is
a switching type amplifier. This means that it creates the desired current by rapidly switching on and off
at an appropriate rate. The switching rate for switching amplifiers is typically more than 10 KHz. The
advantage of a switching type amplifier is that it consumes less power because the power transistors
inside it don’t heat up much when they are fully off (so | = 0 and Power = IV = 0), or when they are fully
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on (so R = 0 and P=I°’R=0). The other common type of amplifier that you used previously, a linear
amplifier, biases power transistors between fully “off” and fully “on” (O<R<inifinity), and thus the
transistors heat up. The disadvantage of a switching amplifier is that the rapid switching adds electrical
noise (and sometimes audible noise — try to listen to see if you can hear the amplifier switching
frequency).

Second, the amplifier has the option to provide a unipolar input between 0 and 5 volts (instead of a
bipolar one between -5 and 5 volts). If you do this, then you must provide a second input — the Direction
input (which is either 0 or 5 Volts). The Direction input tells the motor which way to spin (i.e. it changes
the direction of the current provided by the amplifier). This feature allows the amplifier to be controlled
with two unipolar voltages, instead of one bipolar voltage. This is useful for this laboratory exercise
because the Labjack DA output can only vary between 0 and 5 volts. We will use the second Labjack
DA output to provide the Direction input to tell the motor which way to spin (you could also use a digital
output from the Labjack).

Wire up your motor, amplifier, Labjack, and power supply as follows:

Trainer Kit
Power Supply
GND +12Vv
. Labjack .
AIO
M
GND\‘>< P Current
_ | G A
AOOM ; Amplifier
AO1 L] 2
\
D
+5V
- — | T Motor
ipefr
oV—
Pot

The current amplifier terminals are as follows:

+ = Positive power supply (connect to +12 V on trainer kit)

- = Negative power supply (connect to Ground on trainer Kkit)

P = Input into current amplifier (connect to Labjack AOO)

G = Ground (connect to any Labjack ground terminal)

1,2 = leads through which current is generated (connect to motor)
D = Direction input (connect to Labjack AO1)

The following Matlab program is called controlmotor.m and can be found in C:\maelO6\lab7. Copy it
over to your directory, because you will need to modify it. This program implements a PD position
feedback controller. It reads in the pot signal, calculates the control law, and then sends out the control
signal to the motor amplifier. Notice that the derivative of the error is calculated by taking the difference
between the current error and the previous error.
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controlmotor.m

MAE106 Laboratory Exercise #7

This program implements a PD controller using the Labjack
Written by Prof. David Reinkensmeyer, 2/21/2005

o o° o\ o

%$LabJack Parameters

Idnum = 0; % which Labjack you are using -- default = 0

demo = 0; % if > 0, puts software in "demo mode" -- can call functions without a Labjack
ADchannel = 0; % which analog-to-digital channel to read

channelgain = 0; % 0 = gain of 1

analogOut0 = 1; %// analogOut0 - Voltage from 0.0 to 5.0 for AOO

analogOutl = 1; %// analogOutl - Voltage from 0.0 to 5.0 for A0l

o

% Control parameters
desiredangle0 = 2.5; % can range from 0 to 5 volts, for 0 to angular range of potentiometer

desiredfrequency = 0; % frequency of desired sinusoid to track
desiredamplitude = 1; % amplitude of sinusoid to track

pgain = .4; % proportional gain

dgain = .2; % derivative gain

numsamps = 60; % number of samples to read

samplingrate = 30; % nominal sampling rate in Hz.

% initialize data arrays and other variables to zero

cv = zeros (numsamps, 1) ;
pv = zeros (numsamps, 1) ;
dv = zeros (numsamps, 1) ;
da = zeros (numsamps, 1) ;

poserror= 0;

lastposerror = 0;

poserrordot = 0;

t0 = clock; % read the system clock

for i =1:numsamps
% calculate the desired angle to move the motor

desiredangle= desiredangleO+desiredamplitude*sin(2*pi*desiredfrequency*i/samplingrate) ;

% read in the pot voltage

[voltage OverVoltage errorcode Idnum] = EAnalogIn(Idnum, demo, ADchannel, channelgain) ;

% update control variables

lastposerror = poserror;

poserror = voltage-desiredangle;

poserrordot = poserror-lastposerror;

% calculate PD control law

controlvoltage = -pgain*poserror-dgain*poserrordot;

% save data in arrays

cv (i) =controlvoltage;

pv (i) =voltage;

dv (i) =dgain*poserrordot;

da (i) = desiredangle;

% Calculate direction input for current amplifier
if controlvoltage > 0

analogOut0 = controlvoltage;
analogOutl = 5;
else
analogOut0 = -controlvoltage;
analogOutl = 0;
end
% create the desired output voltages on the DA channels
[Errorcode Idnum] = EAnalogOut (Idnum, demo, analogOut0O, analogOutl) ;

end

% calculate sampling rate

tf = etime(clock,t0);

samprate = numsamps/tf;

disp(['Samprate = ' num2str (samprate) ' Hz'l);
% zero motor ouput

analogOut0 = 0;

analogOutl = 0;

[Errorcode Idnum] = EAnalogOut (Idnum, demo, analogOutO, analogOutl) ;

o

% plot results
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figure(1l); clf;

subplot (221) ;

plot (pv) ;

hold on;

plot(da, 'r') ;

ylabel ('Pot Voltage');

a = axis;

legend('actual', 'desired’) ;
%$line(a(l:2), [desiredangle desiredanglel) ;
ylim ([0 51);

x1im ([0 numsamps]) ;

xlabel ('Sample Number') ;

subplot (222) ;

ylabel ('Control Voltage') ;
plot (cv)

hold on;

plot(dv,'r');
legend('total voltage', 'voltage due to d-term');
ylim([-5 5]);

x1lim ([0 numsamps]) ;

xlabel ('Sample Number') ;
ylabel ('Control voltages')
hold on;

shg; % show the graph

Type “controlmotor” at the Matlab command prompt (or press F5 from the Matlab editor window to run
the program), and the motor should move so that the pot is in its middle position (corresponding to an
output voltage of 2.5 volts). The program should then plot the response of the motor. If the motor moves
all the way to one extreme, then you probably have implemented positive feedback. You can correct this
by changing the sign of the gains in the program, or by switching the 1 and 2 leads from the current
amplifier to the motor.

To measure the step response of the motor, manually turn the shaft away from the desired position, then
start the program.

PRACTICAL EXAM 2: Demonstrate to the TA that your motor is under control.

Q3: Experiment with different proportional and derivative gains and see how they affect the step
response of the controller. Can you make the system behave like an overdamped system? What
happens when you decrease the P gain? What happens when you increase the P gain? What happens
when you decrease the D gain? What happens when you increase the D gain?

Modify the code so that the desired pot angle is a 2 Volt peak-to-peak sine wave at 1.0 Hz. (Hint: you
can just change the desiredfrequency parameter in the program).

Q4: Tune the proportional and derivative gains of the controller to get the best tracking you can for the

1.0 Hz sine wave. Record data showing how well your controller performs. You can use the Matlab
command “save” to save your data to a file (type help save in the Matlab prompt for documentation).
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WRITE-UP

- due at your next laboratory session

- each student must complete his or her own write-up

- make sure to use your own words and to type the write-up!!

- include your name and laboratory time on the write-up

1. Plot the best tracking performance of the 1 Hz sinusoid that you achieved. The plot should show
the desired angle of the motor, and the actual angle for several cycles of the sinusoid. State the
proportional and derivative gains that achieved this performance.

2. If you increased your gains too much, the motor went unstable. This result is not predicted by the
continuous time model of the system (i.e. increasing Kp and Kd should not make the second
order system go unstable). Provide an explanation. Hint: Model the effect of the Labjack as
adding an e in the forward loop of the controller (i.e. a pure delay). Approximate the e as 1-e°
St (1% order Taylor's expansion), and calculate the closed loop transfer function. Show that the
system goes unstable if the gains are too large.

102



2.7. Lab 7 CHAPTER 2. LAB REPORTS

Documentation for EAnalogln and EAnalogOut

%/***********************************************************************************
**************/

%// EAnalogIn

$//

%$// Easy function. This is a simplified version of AISample. Reads the voltage from
1 analog input.

%// Calling this function turns/leaves the status LED on. Execution time for this
function is 50 ms

%// or less.

%//

%// MATLAB Syntax:

$// [voltage OverVoltage errorcode Idnum] = EAnalogIn(Idnum, demo, channel,
gain)

5//

% // Inputs:

$// idnum - Local Id, serial number, or -1 for first LJ found

$// demo - 0 for normal operation, >0 for demo mode. Demo mode allows this
function to be called

s// without a LabJack.

$// channel - Channel command is 0-7 for single-ended, or 8-11 for
differential

$// gain - Gain command is 0=1, 1=2, ..., 7=20.

%//

%// Outputs:

$// voltage - Returns the voltage reading.

$// OverVoltage - If >0 over voltage has been detected on one of the selected
analog inputs

$// errorcode - LabJack error codes or 0 for no error.

$// idnum - Local ID number of Labjack, or -1 if no LabJdack is found.

/************************************************************************************
*************/

// EAnalogOut

//

// Easy function. This is a simplified version of AOUpdate. Sets the voltage of both
analog outputs.

// Execution time for this function is 50 milliseconds or less.

//

// MATLAB Syntax:

[Errorcode Idnum] = EAnlaogOut (Idnum, demo, analogOutO, analogOutl)

Inputs:
Idnum - Local Id, serial number, or -1 for first LJ found
demo - 0 for normal operation, >0 for demo mode. Demo mode allows this
nction to be
called without a LabdJack.
analogOut0 - Voltage from 0.0 to 5.0 for AOO
analogOutl - Voltage from 0.0 to 5.0 for A0l

Outputs:
idnum - Local ID number of Labjack, or -1 if no LabJdack is found.
errorcode - LabJack error codes or 0 for no error.

N N N LI SN N NN
NN N NN
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2.7.2 key solution

MAE 106 Laboratory Exercise #7
Computer Control of a Motor
SOLUTION

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Q1 The sampling rate for sampling a single channel from Matlab using the Labjack is about 63
Hz., but depends on the computer that you are using. The fastest input sinusoid that still looks
like a sinusoid when you plot it is about a 10 Hz sinusoid. The sampling theorem states that to
read a sinusoid of f Hz accurately, we need to sample at more than the Nyquist Frequency
which is 2*f Hz. Since the Labjack samples at about 63 Hz, then we should be able to read in a
31.5 Hz sinusoid accurately. However, the Labjack sampling rate is not fixed — it varies from
sample to sample because of the interference of the Windows operating system. So, in
practice, a 10 Hz sinusoid is about the fastest sinusoid that we can accurately sample using
Matlab function calls to the Labjack.

Q2 The sampling rate halved (to about 31 Hz) because each call to the Labjack takes time. You
are now making two calls, one for the DA and one for the AD conversion.

Q3 One way to try to make the system act like an overdamped system is to increase the D gain.
However, the system goes unstable before it becomes overdamped because of the time delay associated
with sampling. Another way to make the system act like an overdamped system is to decrease the P
gain, and make the D gain small or zero. The system will have a steady-state error if the P gain is small,
due to the friction in the motor.

Increasing the P gain makes the system respond more quickly with more overshoot. Increasing the P

gain too much causes instability due to the sampling delay. Increasing the D gain provides a limited
amount of damping of the oscillations before it causes time-delay related instability.
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2.7.3 Lab post quizz solution

MAE 106 Laboratory Exercise #7 Post-Quiz
Computer Control of a Motor

In this laboratory exercise you used a computer and the Labjack to control a motor. You changed
the gains of a PD controller in software and observed their effect on position tracking.

2 '1%1' Assume you are using a 10 bit A-D converter to reads in a voltage between ~5 and 5 volts.
O P What s the smallest voltage change you can detect? 2 °_ |po4 ouels é%}‘?g?;% 298wV L mV
1024 Gpuels
20 2. In order to accurately reproduce a sine wave at 10 Hz, the Sampling Theorem states that you

must sample the sine wave at at least _2¢& Hz.

20 3. Below is a sine wave. lllustrate how a sampled version of the sine wave can be interpreted as
arising from a slower sine wave (i.e. aliasing), if the sampling rate is too slow.

N N 7\ N n a n N Semp les shev 0

be m—cﬁs s;mceo@
{}.Vvus) {;gvm»g_mfté ‘uJ?

o~ va;mgé

26 4. In the first part of the lab, you read in a sine wave generated by the function generator through
the AD converter. In the second part of the lab, you generated a sine wave with the DA
converter and read it into the AD converter. Why was the sampling rate slower when you used
the DA converter to generate the sine wave? )

Mat (gb had Jo anke dwe sofdwave calfs 4 Fhe La&?gank nstead of one,

7.0 5. Below are the parts you need to make a computer-controlled feedback system. Connect the
parts with arrows that show the flow of information. Draw a thick line to indicate the connection
that is typically made by the laws of physics rather than by a wire.

computer {&——__

//

4

DA Converter

kY

sensor

megl actuator
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2.7.4 my solution

LAB #7 report. MAE 106. UCI. Winter 2005

Nasser Abbasi, LAB time: Friday 2/25/2005 10 AM
March 2, 2005

1 Answer 1.

I have tried a number of runs with different proportional and derivative gain constants running at 1
Hz. This plot below shows few of the tests I've run, and below them the one I think achieved the
best tracking.

Derivative gain=0.4

Proportional gain=0.4

Mol e deseed, 3,00 60 FLad a0 deared b B0 Mg

Bonrolvotagen
0 -y =

P vohags

i 2 €
Sampn Numiar
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2 Answer 2

First I need to derive the transfer function. I can decide to control the speed of the motor shaft, or
its angular position. I need to decide on this since this affect what the transfer function will be. i.e.
wither I will select the position or the speed to be the output. In both cases I will take the motor
voltage supply as the input.

I selected to use position as the controller variable.

First, I show the model of the motor itself, then the block diagram. Next I show the block diagram
with a delay element added in the feedforward path, and the compare the transfer functions with
and without delay and show that with delay, it is possible for the output to become unstable.

Mot or
C shaft
9 danpi ng

v o T
Back enf \//bg torque

From the diagram below, using Kirchoff law around the motor circle, we get

di
V.i=L— + Ri+V,
dt+ 1+ Vi

Take Laplace transform we get

Vi(s) = sL+ RI(s) + Vi (s) (1)

Now, we know that the backemf voltage V; produced is proportional to the angular speed of the
shaft. Let this proportionality constant be called B, then we write

V, = B—
b dt

Take Laplace transform of the above, we get
Vi (s) = Byst (s) (2)

Substitute equation (2) into (1) we get

Vi(s) =sL+ RI (s) + Bysf (s) (3)

Now consider the dynamic equation for the motor shaft, we get

Where .J is the moment of inertial of the motor shaft around its axis of rotation. Take Laplace
transform of the above we get

T —cs6(s) = Js%0 (s) 1Q7)
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We also know that the torque produced is proportional to the current in the motor. Lets call the
proportionality constant B; hence we write

T = Byi ()
Take Laplace transform of (5) we get
T = B (s) (6)
Substitute (6) into (4) we get

B (s) —csf(s) = Js%0(s)
Js%0 (s) + csb (s)

I(s) = B,
o 0(s)(Js*+cs)
-t @
Now substitute (7) into (3) we get
Vi(s) = sL+ R9 () (J;j + cs) Bysb (s)
— SL+0(s) [R(‘]SBf cs) B] (8)

Now L is usually very small compare to R so equation (8) can be written as

Vi) = 00 [T )

Hence the transfer function between V; and 0 is

0 (S) B 1 B Bt

Vi(s) % +sB, R(Js?®+cs)+sByB,
B
RJ

@ (5 )

This transfer function is in the standard form. It is a second order system. The above is the
transfer function of the plant itself. Now I put the above into the loopback block diagram, assuming
the controller we used is PD controller of the form K, 4 k;s we get this

B
Og — Ky 4K YO m
+ 52+s(%+—b t)
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Bt
Now we do block simplification to obtain the closed loop transfer function. Let P (s) = ﬁ,
S S RT
hence the feedforward transfer function is G, (s) = (K, + K4) P hence the closed loop transfer func-

iom — Gy _ _(Kp+Ka)P
tion is G. (s) = 17&- = TR, )P

Let K, + K4 = K then we write G, (s) = 1+II(DP
The charaterstic equation is 1 + K P = 0. The closed loop poles are the roots of this equation.

Replace P above to be able to solve for the roots, we get

\ )

1+ K ) =0
s+ s §+BbB‘)

the roots are

_ b VP —dac - (5+ %) i\/(3+3§5‘)2—4f(§3
2a 2 2

We see from the above, that independent of the values under the \/Sign, the system will have its

poles in the left hand side. This is because the quantity < + Bﬁ?‘ is positive.

Hence the system is always stable no matter how large the gain K is.

Now let see what happens when we add the effect of Labjack into the system, model this effect
as a time delay, which in the Laplace transform becomes e~*7 where T is the time it takes Labjack
to sample one data point, i.e. T is the sampling period. Hence now the block diagram becomes

Va(®)|__ &

d RJ

04 " &) Kp + Kgs V(s) g sT 5 /¢ BpBt 0
- S+S<3+W

Where I wrote V; as the output from the labjack. (delayed voltage).

. 2 3
Now, since e” =1+z + 5 + 5 — -+~

Thene_ST:1—|—(—sT)+@+(_§7r{)3_...:1—5T—|—"”22TQ—5353_...

Now for very small T', all terms with s™ for n > 1 can be ignored. Hence we get an approximation

Hence the above system becomes
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Bt
&) V(s Vd(s) ]
Od _i‘—> Kp + de ( ) 1 — ST SZ+S<£+ BE]Bt> 0

Now obtain the closed loop transfer function.
The open loop transfer function is G, (s) = (K, + K4) (1 — sT') P (s)
As before, let (K, + K;) = K, hence we get G, (s) = K (1 — sT) P (s)

Then the closed loop transfer function is

G,  K(1-sT)P(s)
C1+G, 1+K(Q1—sT)P(s)

Ge(s)

The characteristic equation is

1+ K(1-sT)P(s) = 0

B
1+ K (1-sT) 1] ~ = 0
2+ (5 + 5%7)
2 C BbBt Bt
K(l—-sT)— = 0
S+S(J+RJ>+ ( S)RJ
52+s<§+B}%§t>+K]§}—KsT = 0
9 C BbBt Bt
— — KT K— =0
s +S<J+ RJ )—i— RJ

The roots of this equation (i.e. the poles of the closed loop) now can be found as

c 2 t
_ chEVP—dac - (5+ 5 - KT) | \/(3+ BB KT) —4KZ
2a 2 2
Now we clearly see the effect of the delay of the closed loop poles.

S

We see that the real part of the pole can occur at the positive side of the s plane, and this will
happen when < + 28t — KT < 0 or when KT > < 4 28

hence we see that as K is increased, the closed loop pole will move to the right until it will cross
the imaginary axes making the system unstable. In addition, for a fixed gain K, as T is increased the
system can become stable. An increase in T implies that the sampling frequency becomes smaller,
since f = 7.

This is what we are asked to show.
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3.1.1 Review sheet for midterm

University of Californiaat Irvine
MAE106 Midterm Review Sheet

The Midterm is scheduled for Tuesday, February 1, 2005. There are several practice midterms on the course web
site: http://www.eng.uci.edu/~dreinken/M AE106/mael06home.htm

Circuit Analysis
Charge, voltage, current
Kirchoff’s current and voltage laws
Power
Resistors
Ohm'slaw
Parallel and series resistances
Voltage Divider Circuit
Potentiometers
Operational Amplifiers
Input/output relationship (i.e high-gain differential amplifier)
Golden rules (true only if op-amp has appropriately-connected negative feedback and is not
saturated)
Design of op-amp circuits for amplifier, inverter, buffer, addition, subtraction, filters
Capacitors, Inductors
RC circuits, time constants, cut-off frequency for low-pass and high-pass filters
Solving a Linear Differential Equations
Generals: Finding general solution to homogeneous equation
Particular: Solving particular equation
Initial Condition: Finding total solution by solving for initial conditions
Doing the above steps for a 1% order differential equation
DC Brush Motors
How they work (Lorentz force law, commutation)
Torque/ Current Relationship
Mathematical model, back EMF, use as tachometer
Torque versus velocity relationship, stall torque, no load speed, mechanical power
Power Control
MOSFETS - (n-type) voltage controlled resistor characteristic; gate resistance
Use as a voltage-controlled switch
Physical structure, basic description of how it works
Control Theory
Block Diagrams
Basic concepts of feedforward control and feedback control
Using negative feedback for disturbance rejection and to compensate for plant variations
Positive feedback/instability
Time Domain Analysis
Time constant of afirst-order system
Frequency Domain Analysis
Basic idea of frequency response; sine wave in = sine wave out, amplitude scaled and phase shifted
1% order low-pass and high-pass filter characteristic, corner frequency and relationship to time constant
Complex variables
Laplace Transform (of step function, exponential, sinusoid, derivative, integral)
Transfer Functions (what are they how do you find them?)
Impedances (of resistors, capacitors, and inductors)

Y ou should also review your lecture notes and laboratory exercises 1- 3.
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3.1.2 my exam

Part 2: Midterm 9
Problem 1 (10 Pts Extra Credit) ek

An oscilloscope is used to measure this:
Answer _b& a) resistance b) voltage c) current d) power

The time constant of a first-order system tells when the output has gotten how far along the way
to its final value?

Answer & a) 37% b) 10% c) 63% d) 90%

: If you put a sine wave into a linear system, you get the following out

,“' Answer o a) square wave

b) sine wave at different frequency

¢) triangle wave

d) sine wave at same frequency, scaled and shifted

A filter scales a sinusoidal input. The amount of scaling is determined by:

Answer (A a) the magnitude of the transfer function, evaluated at s=j®
b) the magnitude of the transfer function, evaluated at s = @
c¢) the phase of the transfer function, evaluated at s=jw

A low pass filter attenuates
Answer Yo a) low frequencies
b) high frequencies
¢) a band of frequencies
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& Problem 2 (25 pts) K
How close is Vou to Vi, for the following voltage follower circuit, if the op-amp gain is 1,0007
(Hint, use the fact that V, = K(V,-V.) for the op amp)

+12V Gk (\/+~ V-)
sine  nesahis f“"‘( back~

pat Vin %HL V@ =\
-12v = ‘gdv;K(v‘.'.—Vo )%K):Kv_r"FVa
=V, (1'\"3‘-)3 A
P ey, (14 Vi
S s 1< e fc?ﬂﬂ —_ J
?g: T e TooT rl

Problem 3 (25 pts) b 1, alsmst Sama S Vig.
How does the following circuit filter a low frequency input? Specifically, find what the resulting

scaling and phase-shlft would be for an input sinusoid with a frequency of ZL =0.16 Hz. y=RA
\g 43 e =5 7 i
Assume R = 1 kiloohm and C=1milliFarad. ¢ 7
e
( R l ?2. s : 7:-CV
71_.‘“4; v{"RA‘Va = i".’ dv
Vi ==C Vo at C

Vi =R 4 ) v =

%-iﬁ,é_ kgisin(ﬂizcﬁm 3

\/4(;) o ZIM - W4ty =
~+ _ _L- es I = V,f,)CS
Vil - B (-0 2 2

s ) .
o A S S, N (. R

k2 W00, JHGW | =0 s,/T—;;J Pass | hem O=m
ro v o )]H('w) ] 2%

1H(J“§) | = — . L Hm) < i T |0

{rr(Rcw)" '(l’r(f) ‘l"’?l’f* TRy )
{7 g

s e ~ & R 115
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Problem 4: 25 pts F

a. Shown below is a diagram of a DC brushed motor. Assume that the commutation stops J AL
working, such that current flows only in the direction shown. At what angle 6 will the B
armature come to rest? Assume
the armature is initially at
0 = 0° as shown when the
commutation fails, and that
positive 0 is defined clockwise
looking into the page, as shown.

&=/

b. For the rest of this problem, assume the commutation is working. Draw the circuit model,
and write the circuit equation describing the motor:

4
QI Vin_Lj—é-Fz,'c*Bé:‘?
B P d e EE

| €T E [ madar
??E’i

S o

ol gile

e e e,

P
b. Solve this differential equation for the current through L‘E‘ITI%HJr as a function of time when:
e the shaft of the motor is held fixed
e aconstant voltage v is applied a across the motor at time = 0
e the initial current i(t = 0) through the inductor is zero

Wham shefrt fired = é‘—‘a'
N LA\ — PR

N
=12) L;"L‘;.‘.R,‘::Vﬂ% .;’ﬁ—"{—
4+ ﬁ_
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Problem 5: 25 pts

1) You want to control the speed of a motor. You are using a current amplifier with the motor,
so the speed is related to the input voltage to the current amplifier by the following transfer
function:

motor

o P S
Ku/s

where v is the voltage input to the motor and ® is the angular velocity of the shaft and K, is a
constant.

a) Shown below is a block diagram of an open-loop (i.e. feedforward) controller for the motor,
where @y is the desired output of the motor. What transfer function should the controller box
have to make the output equal the desired output? Write this function controller box.

feedforward .
controller oxiisid shee V= Wy f;:
/ Wy 2 v w
/ T R (] R o o w= V Ensly
A

B
(AYE
3
b) One of the major benefits of feedback is its ability to cancel the effects of unmodeled

“disturbances”. Assume you build a feedback controller, but there is a disturbance force Fy
affecting the motor:

B
=

igﬂa

= A

Fat)
+  -(Oactual-©d)

ChiCaa L S TN o

Derive an expression that relates Macral to @y and Fg, then prove that the disturbance is cancelled
if K is large enough.
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3.21 Question

MAE 106 Mechanical Systems Laboratory
Winter 2005 Design Exam

You have been hired as a control engineering consultant for NASCAR, the car racing organization. Your

job is to design a control circuit for a robotic camera that will ride on a rail _along the straightaway (i.e. the

straight part of the raceirack). The camera control system will receive a measurement of the velocity from

a selected car. The veloc1ty information will come from the car’s own speedome[er via a wireless link.

Your job is to firake the camera tre é car, So that television viewers worldwide can “ride along” next

to the driver on thié straightaway. You are given the following information:

e The motor that drives the robotic camera along its track is a DC brushed motor with a current
amplifier. It produces a force on the camera in response to a voltage input with a calibration Al
coefficient of Cl N/volt. (' ton balley need b e :u'-"'?. ‘(CM- [k Lgrms et v G .? & dff -2

e The robotic camera has a mass of M. F=wma ‘F’ =M 7 B
There is a tachometer on the robotic camera, which returns the linear velocity of the camera as a
voltage with a calibration coefficient of Cg volts/meter/sec

e The robotic rail system has some static friction, which can be modeled as constant force Fr. Dynamic
friction is negligible. fle

® The wireless link begins working when the car 1s,D.]meters away from the camera. The robot should

be moving at the right speed, right next to the car, after it moves D, meters. o 7peed s carr o o
e You may assume that the sl(ilﬁnoves at a constant velocny in the straightaway, and the maximum rf s D,

——

velocity that it moves at i g Spanss
e You are to design the controller with the] [owest ains possible/because NASCAR plans to update

your controller next year using a computer-based system. They believe the computer-based system

will work better if the controller you design has as low-as-possible gains, because of possible time

delays in sampling with the planned computer-based system. B 28T e

Design an analog circuit to control the robotic camera. You will get full credit if you:

1) Show your control law, in MKS units.

2) Provide appropriate control gains with units.

3) Show your control law, in units of volts

4) Draw an op-amp circuit that can implement your controller. Label what the inputs and outputs of your
circuit should be connected to.

5) Choose appropriate values for the resistors and capacitors in your circuit

PLEASE ENTER YOUR ANSWERS ON THE ANSWER SHEET - B Da ] =
find ace. a-comeies dime= HTEE
Uoharn B0 nezA e : (=02 |
S S{D—0) O gt St ‘!-———-«ﬁ_...____s_ )
7)1 Tl 9«139_
straightaway
_ i 1
‘_DL.'_ 7
L T ]
camcra \ Rail for camera
whe
3 : 7 5 ; WO
o) Camera is tracking by this location e —
iy L s F :
A-Kd 2 ‘_f_i
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3.2.2 Detailed description

MAE 106 M echanical Systems L aboratory
Final Project Details 2005

HOME RUN DERBY
You will design arobotic system to play baseball. You will design arobot to bat, and arobot to pitch. The setup will be:

4 feet

Home run
Home run

Pneumatic
cylinder

4 feet

Foul ball

Foul ball

Control
Electronics

N

Computer

Computer

Kfotion Signal

The pitching robot will be a pre-built pneumatic cylinder with an integrated, with a6” stroke length, and alinear potentiometer
to sense position. Theair into the cylinder will be controlled with a pneumatic servovalve. You don’t have to build the
pitching robot, but you must write a Matlab computer program to control the servovalve, allowing air into the cylinder so that
the pitching robot moves and pitchestheball. Theinterface to the cylinder will be through a Labjack. Y ou will not be
allowed to take the pneumatic cylinder, valve, or Labjack home with you. There will be several pratice fields set up in the lab
for testing.

Y ou will make the batting robot using a DC brushed motor and other itemsin a starter kit. 'Y ou can control the batting robot
using an op-amp circuit, using the Labjack, or using both —it’s up to you. Y ou can use acomputer agorithm to control the
batting robot, or teleoperate it with a potentiometer —it’s up to you. To help time the swing of the batting robot, it will receive
acopy of the signal from the linear potentiometer on the pitching robot. Y ou will receive asmall current amplifier to use with
the batting robot (the same one that you are using in Lab7).

Teams: You will work in teams of two or three. If you do not have ateam, email Prof. Reinkensmeyer at dreinken@uci.edu
and he will assign you to ateam.

Competition Time and Place: On the day of the scheduled final (Tuesday, March 22, 4-6 PM) there will be a tournament
testing your robotic baseball player. The tournament will be held in the MAE106 Laboratory (EG 2102).

Lab Hours: Thelab will be open from 8-12 A.M. and 1-5 P.M. on school days starting February 28" until the contest. If the
lab door islocked, you must sign-in with Dave Hartwig in room EG2118 before the lab will be opened. For safety reasons,
there must always be at least two students in Iab for the door to be opened for you, so bring apartner. While you arein lab, do
not leave the room unattended. Y ou are responsible for all laboratory equipment while you arein the lab. Sign-out with Dave
Hartwig when you leave.

Contest Rules:

1) The contest will be a single-elimination, head-to-head tournament. Two teams will take turns batting and pitching, each
getting 10 pitches. The team with the most homeruns will advance to the next round.

2) The approximate dimensions of the course are shown in the figure.
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3) You may not modify the mechanical structure of the pitching robot, only its software.

4) The only actuator allowed on your batting robot is the DC motor provided in your kit.

5) You will be given three minutes to set-up your robot.

6) The strike zonewill be 4" wide.

7) Therewill be nowall inthe outfield.

8) Therewill be aconnector that can quickly plug the Labjack into your protoboard on the trainer kit. The connector will
provide 2 DA channels, 2 AD channels, ground, and the pitching signal.

9) You will receive a specification sheet describing the pneumatic cylinder and valve.

10) The batting robot must be stationary when the “ pitch” signal is given (i.e. it can’t spin continuously)

Starter Kits: Starter kits may be purchased from David Hartwig in EG2118 for $20 beginning Monday February 28, 8 AM —
12 PM, 1 PM —=5PM. You may pick up the motor today. IMPORTANT!: You must return the kit in order to receive your
final grade. If the motor or trainer kit is carelessly damaged, you will be required to pay for them (~$200).

Other Parts: Y ou may wish to purchase other components for your project. Suggested vendors are:

e Radio Shack: 4716 Barranca Parkway, Irvine (949)552-1091 (and other locations)

e Marvac Electronics: 2001 Harbor Blvd., Costa Mesa (949)650-2001

e Fry’sElectronics: 10800 Kalama River Ave., Fountain Valley (714)378-4400 (and other locations)
e C&H Sales (Pasadena), Ultimate Hobbies, Hobby Shack, Gyro Haobbies, Wright Hardware

e Digikey: www.digikey.com

e Newark Electronics: www.newark.com

Grading: Thefinal project isworth 25% of your grade. Y ou can score a maximum of 120 pts on your final project. Your
points will be based on:
1. The performance of your robot on the day of the contest
e +10ptsif you have aplausible circuit and robot, but it doesn’'t work
e +20 ptsif your robot works
e +30ptsif you finish in the final four
e +40 ptsif you win the competition
2. A written fina project report (80 pts maximum)
e Thegoa of the written final project report is to describe your design as clearly as possible, and the effort you put
into building and testing the robot.
e One write-up should be turned in per project group.

e Your fina project write-up should have the following sections:

Overview (brief summary of the design project and your controller design) (10 pts)

Block diagram of the controlled system (10 pts)

Circuit diagrams for the circuits that you built (10 pts)

Equations relating circuit and block diagram to controller (10 pts)

Methodology for choosing controller gain values (10 pts)

Mechanical design features (10 pts)

Parts list (10 pts)

Testing (Any tests that you performed to calibrate/verify/improve performance -- with graphs) (10 pts)

> INTRODUCTION LL\ Mot G

PN~ WNE

=

. There it sits, glistening in the morning sunkght. Representing weeks of tears and
tedium, a P-controlled car capable of maintaining constant velocity sits upon the drywall
track. Every battery has been charged in full, every MOSFET has been tested and retested
and even Op-Amp has a particular gleam to it. The gauntlet was tossed down ten weeks '
before, and nf)w this tiny warrior is ready to meet the challenge: steady velocity control.

' The signal is given. The little racer is off! With calculated precision it accslera[es- 10
1§ predetermined velocity. It passes the first photo gate as it's tires meet the edge of the
cliff, the 30 degree sheer incline that must be traversed. The motor screams with all its will
as the small warrior climbs the mountain before it. Like the Little Engine that Could, the j
puffs its way to the summit. T
. At the top there is a brief flat rest and beyond, the treacherous downhill, The car
begins its decent, nearly slipping on the slick drywall surface. At the bottom il'mana es to
clen.r- the second photo gate and is free to head for home. Like the finish of a .maratho: the
hcx;mmal:ion of a long journey, or the closing scene of a romance novel, the little fightelz
drives to victory. Its motor purrs with the satisfaction of a task completed and well done.
The end of the track is cenumeters away; almost within reach.... WHAM!!! l
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3.2.3 key solution

MAE 106 Mechanical Systems L aboratory
Winter 2005 Design Exam

Y ou have been hired as a control engineering consultant for NASCAR, the car racing organization. Y our
jobisto design acontrol circuit for arobotic camerathat will ride on arail along the straightaway (i.e. the
straight part of the racetrack). The camera control system will receive a measurement of the velocity from
aselected car. The velocity information will come from the car’s own speedometer, viaawirelesslink.

Y our job isto make the cameratrack the car, so that television viewers worldwide can “ride along” next
to the driver on the straightaway. Y ou are given the following information:

The motor that drives the robotic cameraalong itstrack isa DC brushed motor with a current
amplifier. It produces aforce on the camerain response to avoltage input with a calibration
coefficient of C1 N/volt.

The robotic camera has amass of M.

Thereis atachometer on the robotic camera, which returns the linear velocity of the cameraas a
voltage with a calibration coefficient of C, voltsmeter/sec

The robotic rail system has some static friction, which can be modeled as constant force Fr. Dynamic
friction is negligible.

The wireless link begins working when the car is D; meters away from the camera. The robot should
be moving at the right speed, right next to the car, after it moves D, meters.

Y ou may assume that the car moves at a constant velocity in the straightaway, and the maximum
velocity that it movesat is S.

Y ou are to design the controller with the lowest gains possible, because NASCAR plans to update
your controller next year using a computer-based system. They believe the computer-based system
will work better if the controller you design has as low-as-possible gains, because of possible time
delaysin sampling with the planned computer-based system.

Design an analog circuit to control the robotic camera. You will get full credit if you:

5)

Show your control law, in MK S units.

Provide appropriate control gains with units.

Show your control law, in units of volts

Draw an op-amp circuit that can implement your controller. Label what the inputs and outputs of your
circuit should be connected to.

Choose appropriate values for the resistors and capacitorsin your circuit.

PLEASE ENTER YOUR ANSWERS ON THE ANSWER SHEET

straightaway

camera M Rail for camera

Camerais tracking by thislocation
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3.2.4 my solution

Home Run Derby.

Final project report.
MAE 106. UCI. Winter 2005.

By Nasser Abbasi
March 22, 2005
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1 Overview
This is the report for the final project for MAE 106 course, UCI, winter 2005.

The project objective is to design a robotic system to play baseball for the final project for MAE
106. The project description and rules can be found at professor's Reinkensmeyer web site

http:/ /www.eng.uci.edu/~dreinken/MAE106/mael06home.htm

Below is the general setup diagram taken from the project description document found in the
above we site:

There are 2 main components to the project: the pitcher and the batter.

For both parts we used Labjack with Matlab to communicate between the PC and the
mechanical components of the project (Piston and Motor). We used Matlab as the main tool to
implement the control laws.

The basic design criteria we wanted to achieve are a fully automated and controlled batter with
no manual nor visual control. This implied the restriction on the use of a manual controller to
control the motor. We have started with the assumption that one is now allowed to use the
keyboard once the game starts.

Due to this restriction we imposed on our design, the final solution consisted of software
program where the controller was written in Matlab with heavy reliance on the LabJack Matlab
interface calls. This solution produced some technical problems on its own, since this
controller in essence in an open loop controller, we needed to have a good timing analysis
done earlier and impede these timing estimates in the controller software. In addition, the
sampling rate of Labjack was not fast enough to allow us to obtain more readings of the ball
position as it is being hit by the piston; this resulted in less than optimal estimates being made
on the position of the ball. Since it is not possible to track the position of the ball itself,
implementing a feedback control system based on tracking the ball position is not possible
(this would have been the optimal solution).

On the pitcher side, we controlled the speed of the piston by adjusting the voltage delivered to
the piston actuator.
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On the batter side (which was the more complicated controller), we detect when the ball was hit
and at what speed, this in turn correlated to the amount of time delay before we issue the
signal to start the motor to swing the bat. We also added logic to the bat controller to avoid
attempting to hit balls with low enough speed which we calculated earlier (by running many
tests) to be at such low speeds that the ball will most likely not be arriving in a straight line
and hence will not hit the strike zone.

In addition, on the batter side, we added a mechanical stop mounted on the motor to be able to
set the initial position of the bat to be at a fixed location before the start of each swing. This
was critical to the mechanical design of our batter, since the bat controller is an open loop;
hence having accurate timings is the most important aspect (by definition, an open loop
contains no feedback and must rely on initial accurate timings). Hence, being able to set the
bat at a fixed location before each swing allowed us to achieve this objective.
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2 Block diagrams of the controlled system

2.1 Pitcher controller block diagram

The pitcher is an open loop proportional controller with a gain of one. The desired voltage is
supplied, and the controller simply interfaces with Labjack to send this voltage to the piston
(the plant). We add logic to the controller to add some delay and to move the piston back and
forth before the voltage signal is send to the piston (the plant) to try to confuse the batter
controller, but the final voltage send to the piston is the same as the desired voltage.

Desired Pitcher W _ Pressure

- i .
voltage controller Piston

Open Loop Pitcher controller

2.2 Batter controller block diagram

The batter is also an open loop proportional controller with a gain of one. The input to the
batter controller is fixed at 5 volts (which is the maximum voltage labjack can send). This
voltage moves the motor head at the maximum speed.

Initially we wanted the controller to control the speed of the motor. For fastballs, we wanted to
speed up the motor, and for slow balls we wanted to slow down the motor.

However, after some testing, we discovered that the current amplifier we were given to use on
this project was not designed for this purpose, it was only able to generate a constant current
to run the motor at the same speed regardless of the voltage that was sent to it. (Actually the
motor would run at a fixed low speed for voltages below 4 volts, and at fixed high speed for
voltages over 4, but the point is that it was not possible to change the speed of the motor in
direct proportion of the voltage being sent to the current amplifier we used)

For this reason, we designed the controller to delay more for slow balls and to delay less for fast
ones, but to run the motor at the same speed for both cases. The block diagram for this open
loop controller is shown below. In this diagram we show how the controller reads the piston
head position signal from the piston in order to decide when to issue the command to the
motor to start.

. Current
Desired Batter v I Bat
— - ifi - —
voltage controller amplifier Motor swing
{actuator)

A

Yoltage signal
corregponds to pliston
head position

piston

Open Loop Batter controller
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3 Circuit diagrams

The following diagram shows the full hardware configuration used with all the connections
needed at the batter side

the piston

PC running . :
MATLAD Trainer Kit power supply
uSE GHD +12 ¥
conrnection
= A0
+
GHD P
G
1
AOD 5
A1 » D
Current
amplifier
Lgl2
Labjack

Yoltage signal from
piston. The position of

128



3.2. final exam (design) CHAPTER 3. EXAMS

The batter reads the piston position signal as it arrives at the AIO port of labjack. The following
diagram combines both the pitcher and the batter circuits to better illustrate how the
connection is achieved.

) ) Bir supply
Pitcher side

30 psig

Diagram showing the
mechanical and
electrical connection
hetween the pitcher and
the batter

piston
Cylindax
[T | position
: az
Ifius5) gie0,q<0 (extension of piston)
if (u<E) ql<0, qi>0 (contrackion of pisten)
if(n=5) ql=q2=0
il
i}
Batter side
= nTO
Voltage signal from piston. The GND .
position of the piston -
Roo B j
. T
RO1 & ]
1
2
LU12 "o
Carcuaes.ves Labjack
R — Recmns
Mmccn 13,2003 Current
Ampldfier
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4 Equations used

Since the controller we used is a proportional controller with fixed gain of one, the control law
is obviously very simple. However, the complexity came about in determining the amount of
delay and in the calculation of the ball speed and in forcing labjack to use a fixed sampling rate
so that our calibration will remain valid across different play stations.

So in what follows we describe how we performed the calibration.

We used a linear relation between the speed of the ball when it was hit and the amount of delay
required before we swing the bat. We performed many experiments, hitting the ball at different
speeds and determined the amount of delay needed to obtain a good swing for this speed
(Please see the testing section for additional data on this).

The result of this testing is a number of data points. We then did a linear straight-line fit of the
data and obtained the equation of the line. This line equation was used by the controller to
determine the time delay needed based on the ball speed.

“«ﬂ\\.
Delay in second T,
before motor '531“‘/’_“xkstraight
swing from it line fit
initial position q\!‘
'I-._E
"i-..\‘\
R

Speed of ball (m/s)

THE LINE EQUATION

y=m+cx
Used in the controller is

delay = .525 — [(?J(Speed -5 1)

In the above we assumed that the ball speed does not change greatly from the time the
controller detected that the ball was hit until the time the ball arrives to the strike zone. Since
the distance between the pitcher and the batter is small (three feets), and the ball is fairly
smooth, this assumption is reasonable. In addition, the actual speed calculation itself is not
very accurate due to the low sampling rate used by Labjack, which did not allow us to obtain
more accurate estimates of the ball speed.

The speed of the ball was calculated as follows. The batter controller monitors the position of
the piston head continuously by reading the piston head position signal which can vary from O
volts upto 10 volts. The ball is situated half way between a fully extended and fully contracted
piston. Hence a voltage reading of around 5 volts will indicate that the piston has hit the ball.
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The batter controller keeps track of the last 2 positions read from the piston and the amount of
time elapsed between these 2 readings.

When it detects that the piston position has passed the half way mark, indicating that the ball
was hit, it will calculate the speed using the equation

currentPosition — LastPosition

speed =
timeElapsed

This value is then substituted in the delay equation discussed above to give the amount of
delay in seconds needed before starting the motor.

In addition to the above, the batter controller will check if the speed of the ball is below a
certain threshold. If so, the batter will not turn the motor in this case. The reason for this is
that we found by experimentations that a slow ball will most likely not remain in a straight line
and will not arrive to the strike zone. Hence we did not want to take the chance on trying to hit
a ball that is going out anyway and losing a point. This will maximize our chances of winning.
This threshold is currently set at 52 m/s.
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5 Methodology used

We will consider the pitcher side and the batter side separately.

5.1 Pitcher controller logic

The logic of the pitcher controller is simple. We apply voltage, which causes the piston head to
move. A voltage over 2.5 will move the head forward, and voltage below 2.5 will move the head
backwards. We varied the speed we hit the ball at, and also moved the piston back and forth
before hitting the ball in order to try to confuse the batter controller.

5.2 Batter controller logic

We have build 2 mountings on top of the motor mounting. One mounting to attach the bat, and
another to attach a mechanical stop.

Controller starts by swinging the bat handle to the initial position, this will cause the bat
handle to hit the mechanical stop mounting attached to the motor mounting. Immediately, the
motor will stall, drawing current but not moving.

The controller will next turn the voltage off the motor and waits for the ball to be hit by the
pitcher. The Batter controller continuously monitors the ball position signal coming from the
pitcher.

The batter controller monitors the position of the piston head and calculates its speed after
each sample reading using Labjack Matlab function calls.

When the batter controller detects that the position of the piston head has hit the ball (recall
that the ball is located at a fixed position), then the speed of the ball will be known at that
moment. It will be the speed of the piston head.

From the speed of the ball, the batter controller decides when to start the bat swing. The
controller will always swing the bat at the maximum (5 volts) level motor speed.

The controller knows when to start the swing by a calibration process that we have performed
prior to the start of the tournament. During calibration we did a number of runs and derived a
line equation that allowed the controller to determine the delay needed given the speed of the
ball.

Since the batter always starts from the same position (due to the use of the mechanical stop),
this process resulted in a reasonable accurate swings designed to hit the ball at 90 degrees to
the direction of the ball to obtain the maximum force on the ball.

At the end of each swing the bat handle will hit the mechanical stop on the other side, causing
the motor to stall again. Controller will switch the voltage sign again, causing the bat to quickly
swing back, hitting the mechanical stop again from the other side, and resting there until the
next pitch.

This process will continue automatically. To help illustrate this process, the following diagram
shows the main steps for the batter controller.
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5.2.1 Batter controller steps diagram
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5.2.2 Batter controller algorithm

We have used Matlab to implement the batter controller logic. The following is the algorithm for
this controller.

LOOP
reverse motor voltage to swing clockwise to hit the mechanical
stop.
start reading the piston signal -- use LABKACK Matlab call.
Calculate the position and speed of the piston head.
WHILE piston has not hit the ball
read next sample from the piston signal
update position and speed of the piston.
END WHILE
determine delay needed based on ball speed. (use linear fitting)
pause the delay needed.

issue a control signal to the motor to swing at maximum speed.

delay for known amount of time (calibrated) to allow bat to swing
fully.

END LOOP
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6 Mechanical design features
6.1 Geometry and dimensions of the playing field

To be able to build the mounting for the bat handle and the bat itself, we needed exact
dimensions of the playing field.
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6.2 Geometry and dimensions of the batting mounting

The dimensions of the batting and mechanical stop mounting are shown below.
designed the mounting to allow us to add a potentiometer if we had to.
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7 Parts list

Pittman DC gearhead motor P/N GM8714F560

Series SRX stainless Steel body air cylinders with position feedback.

Motor mounting (The size and dimensions are provided to us by the instructor).
Mechanical stop mounting L-shaped.

One mechanical bat arm to hit the ball with.

2 LU12 labjack’s with USB connection.

2 PC’s running windows and Matlab

One current amplifier.

A number of wires to connect current amplifier to motor and to labjack

2 screws and bolts to attach the motor mounting to the table.

Power supply for the current amplifier (we used +12V DC provided by the training kit).
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8 Testing with graphs

Since we implemented an open loop controller for the batter, most of the testing concentrated
on calibration of the bat controller. We needed to able to estimate the amount of delay before a
swing based on the speed of the ball. To accomplish this, as we discussed above in the
methodology section, we ran many tests and collected many data points. This is a partial
listing of data collected for calibration.

Voltage to piston | Calculated speed of ball (speed | Amount of delay needed
(Volts) units) (milliseconds)
4 51.04 79

49.97 81

55.60 75

61.52 69

56.07 74
3.9 50.26 80

52.03 78

49.25 81

52.92 78

52.76 82
3.8 53.08 83

47.52 84

56.00 83

For each piston voltage, the average of the speed was taken and the average of the amount of
the delay needed was also taken. This resulted in a number of (x, y) data points that we fitted
a straight line through to obtain the line equation.

We also needed to fix the sampling rate of Labjack, and for this purpose we used one Labjack
Matlab call that allowed us to specify the sampling rate to be used. Instead of using the
standard call EAnaloglIn() to read the piston position signal from AIO, we used the call AIBurst
that also can read AIO, but in addition allowed us to specify a scan rate from 400 up to 8192
hz. We used 8192 Hz to be able to avoid the possibility of having one labjack running at
different sampling rates at different play stations.
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8.1 Example output of one test run

When the bat controller runs, it continuously displays basic results showing the speed of the
ball being hit and the amount of delay. It will also show if the ball we is too slow, which in this
case the batter will not attempt to hit. These messages made it easier to debug and calibrate
the program. Below is such example output

>> nma_motor

detected ball was hit.....

elapsedTime=62.000000 ms

last position=2.153320, currentPosition=5.410156
speed=52.529612

delay=0.517352
hhkkhkhkkhkhkkhkhkkkhkkkhkkkhkhkkhkhkkhkhkkkhkkkhkkkhkkkx

detected ball was hit.....

elapsedTime=63.000000 ms

last position=2.211914, currentPosition=5.048828
speed=45.030382

delay=0.554848

ball too slow, will not try to hit...
khkkhkkkhkhkkkhkhkhkkhkhkkhkhkhkkhkhkkhkhkhkkhkhkhkkhkhkkhkhkkkhkk

detected ball was hit.....

elapsedTime=64.000000 ms

last position=2.192383, currentPosition=5.668945
speed=54.321289

delay=0.508394
hhkkhkhkkhkhkkhkhkkhkhkkhkhkhkhkhkhkkhkhkkhkhkhkkhkhkkhkhkkkhkkk

detected ball was hit.....

elapsedTime=67.000000 ms

last position=4.619141, currentPosition=8.447266
speed=57.136194

delay=0.494319
hhkkdkkkhkhkkkhkkhhhhkhhhkkhrkkhhhhkkrkhkkrkkx

139



3.2. final exam (design)

CHAPTER 3. EXAMS

9 Appendix

In the appendix we show the Matlab code used for the bat and pitcher controller.

9.1 Batter controller Matlab code

For the batter it was not clear if the rules of the game allow one to touch the keyboard once the

game starts.

For this reason, we have 2 versions of the bat program. One is called nma_motor_auto.m, and

the other is called nma_motor_manual.m.

The first program above is the one discussed in details in this report, since it is the fully
automated version and requires no manual intervension once it starts. The second version is a
modified version that requires the user to hit the keyboard to start the motor running resulting

is the bat moving.

Below is the code for both version of the controller.

9.1.1 nma_motor_auto.m

%

% MAE Final project. UCI, winter 2005

% motor controller script.

% by Nasser Abbasi

%

% This script implements the open loop bat controller
% See the project report for background information

% about this project.

%

% define some constants used in the program
LEFT=5;

RIGHT=0;

HIGH_V=5;

LOW_V=0;

DEBUG=1;

TRUE=1;

FALSE=0;

BALL_POSITION=5;

SAMPLE RATE=8192; %Hz
LOW_SPEED_THRESHOLD=0;
SLOPE=(0.25-0.12) / (65.33-51) ;

pistonLastPosition=0; %set the piston last position to be fully retracted
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while TRUE

end

EAnalogOut (0,0,HIGH V,RIGHT); %set the handle
pause (0.1) ; %$wait to reach mechanical stop.
EAnalogOut (0,0,LOW_V,6RIGHT) ; %turn off motor

BallHit=FALSE;
[count tnow err id]=ECount(0,0,0);

whil

e ~BallHit

% replace the call below by AIBurst. To allow better control
% on the sampling rate.
% [currentPosition o err id]=EAnalogIn(0,0,0,0);

tlast=tnow;
[pistonCurrentPosition s scans over err id]=..

AIBurst(0,0,0,0,0,1,0,0,SAMPLE RATE,0,0,0,1,1,0);

if err~=0

end

fprintf ('Failed AIBusrt call. error is %s\n',GetErrorString(err));
return;

[count tnow err id]=ECount(0,0,0);

%if

DEBUG fprintf ('currentPosition=%f\n',currentPosition); end;

$if DEBUG fprintf ('tnow=%f, tlast=%f\n', tnow,tlast); end;
% if (DEBUG)
% if (currentPosition>2) fprintf ('currentPosition=%f\n', currentPosition); end

% end

if (pistonCurrentPosition>BALL POSITION)

end

if pistonLastPosition<=BALL POSITION
if DEBUG fprintf ('detected ball was hit by piston..... \n'); end;

elapsedTime=tnow-tlast;
fprintf ('elapsedTime=%f ms\n',elapsedTime) ;

speed= (pistonCurrentPosition-pistonLastPosition)*1000/elapsedTime;
if DEBUG fprintf('ball speed=%f\n',speed); end;

fprintf ('piston last position=%f, piston currentPosition=%f\n',...
pistonlastPosition,pistonCurrentPosition) ;

if speed>LOW_SPEED_THRESHOLD
BallHit=TRUE;
else
fprintf ('ball too slow, will not try to hit...\n¥**kkkkkkkkkkkkkkkkkk\n') ;
end
end

pistonLastPosition=pistonCurrentPosition;

end %while waiting for ball to be hit

if (speed<51)
delay=0.25+SLOPE* (51-speed) ;

else

end

delay=0.25-SLOPE* (speed-51) ;

if DEBUG fprintf ('motor delay=%f\n',delay); end;

pause (delay) ;

EAnalogOut (0,0,HIGH V,LEFT); S%HIT the ball.
pause (0.5) ; %wait for bat to reach mechanical stop.

EAnalogOut (0,0,LOW_V,LEFT); %stop the motor
fpr:l.ntf ( A **************************************\n' ) ;

141



3.2. final exam (design)

CHAPTER 3. EXAMS

9.1.2 nma_motor_manual.m

MAE Final project. UCI, winter 2005
motor controller script.
by Nasser Abbasi

This script implements the open loop bat controller
for the manual version of the batter,

See the project report for background information
about this project.

00 0P P d° P d° d° d° d° o° o

% define some constants used in the program
LEFT=5;

RIGHT=0;

HIGH V=5;

LOW_V=0;

DEBUG=1;

TRUE=1;

FALSE=0;

while TRUE

EAnalogOut (0,0,HIGH V,RIGHT); %set the handle
pause(0.1) ;
EAnalogOut (0,0,LOW_V,RIGHT) ; %$turn off motor

fprintf ('hit any key to turn bat..... \n');

pause;

EAnalogOut(0,0,HIGH V,LEFT); $HIT the ball.

pause (0.5) ; %wait for bat to reach mechanical stop

EAnalogOut (0,0,LOW _V,LEFT); %stop the motor
End

9.2 Pitcher controller Matlab code

EAnalogOut(0,0,5,0) ;
EAnalogOut(0,0,0,0) ;

$wait to reach mechanical stop.

Attached floppy disk contains more examples of the pitcher code and the code for the batter.
This is the content of the flopy disk attached showing all the matlab .m files used.

Mame =~ | Size | Tvpe | [rate Modified |
[£] Fastball.m 1KE Mathematica 4.1 Pa.., 3/21/2005 9:55 AM
.'=_1 kanautaZ.m 1 KB Mathematica 4.1 Pa,,. 3/21)2005 9:44 &M
.'=_1 kanauko.m 1 KB Mathematica 4.1 Pa,.. 3/21)2005 9:33 &M
.‘=_1 kanautoSMOOTH. m 1 KE Mathematica 4.1 Pa... 3J21)2005 9:45 AM
.‘=_1 kanautoSMOOTHREG. m L KE Mathematica 4.1 Pa,.. 3J21J2005 9:53 AM
.'=_1 kanhittwice2.m L KB Mathematica 4.1 Pa,., 3J21J2005 9:57 AM
.'=_1 kanhitkwice.m 1 KE Mathematica 4.1 Pa... 3/21/2005 2:57 AM
.'=_1 kanpitchl . m 1 KB Mathematica 4.1 Pa,,. 3/21)2005 5:56 &M
.'=_1 kanpitchz . m 1 KB Mathematica 4.1 Pa,.. 3/21)2005 9:15 &M
.‘=_1 kanpitchslow . m 1 KE Mathematica 4.1 Pa... 3J21)2005 5:55 AM
.'=_1 kanrapidfirez.m L KB Mathematica 4.1 Pa,.. 3J21J2005 9:28 AM
.'=_1 kanrapidfire.m L KB Mathematica 4.1 Pa,., 3J21j2005 9:26 AM
.'=_1 nma_rmokar_auka,m 4 KB Mathematica 4.1 Pa,,.  3/19/2005 &6:07 PM
.'=_1 nima_rmokar_rman. i 1 KB Mathematica 4.1 Pa,,, 3/19)2005 6:34 FM
5_1 slowball. m 1 KE Mathematica 4.1 Pa... 3/21)2005 9:59 AM
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4.1 Lab jack U21 user guide

LabJack U12 User’s Guide

Revision 1.09
12/22/2004

LabJack Corporation
www.labjack.com

support@labjack.com
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For the latest version of the user’s guide, the quickstart guide, or software, go to
www.labjack.com.

The LabJack U12 is a measurement and automation peripheral that enables the connection of a PC to
the real-world. Although the LabJack U12 has various redundant protection mechanisms, it is possible, in
the case of improper and/or unreasonable use, to damage the LabJack and even the PC to which it is
connected. LabJack Corporation will not be liable for any such damage.

The LabJack U12 and associated products are not designed to be a critical component in life support or
systems where malfunction can reasonably be expected to result in personal injury. Customers using
these products in such applications do so at their own risk and agree to fully indemnify LabJack
Corporation for any damages resulting from such applications.

LabJack assumes no liability for applications assistance or customer product design. Customers are
responsible for their applications using LabJack products. To minimize the risks associated with
customer applications, customers should provide adequate design and operating safeguards.
Reproduction of products or written or electronic information from LabJack corporation is prohibited

without permission. Reproduction of any of these with alteration is an unfair and deceptive business
practice.

Copyright © 2004, LabJack Corporation
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1. Installation

The LabJack U12 requires a PC running Windows 98SE, ME, 2000, or XP. To determine your
operating system version, go to

Start => Settings => Control Panel => System => General

and make sure the version number is 4.10.2222 or higher (Win98SE=4.10.2222,
WinME=4.90.3000, Win2000=5.0.2195, WinXP=5.1.XXXX).

It does not matter if the hardware or software is installed first.

If you experience installation problems on Windows 98 Second Edition, before contacting us,
please go to the downloads page at labjack.com and download “win98sehid.zip” (see the
readme file for more information).

1.1 Hardware Installation

With the PC on and using the included cable, connect the LabJack U12 to the USB port on the
PC or USB hub. The USB cable provides power and communication for the LabJack U12. The
status LED should immediately blink 4 times (at about 4 Hz), and then stay off while the
LabJack enumerates.

Enumeration is the process where the PC’s operating system gathers information from a USB
device that describes it and it's capabilities. The low-level drivers for the LabJack U12 come
with Windows and enumeration will proceed automatically. The first time a device is
enumerated on a particular PC, it can take a minute or two, and Windows might prompt you
about installing drivers. Accept all the defaults at the Windows prompts, and reboot the PC if
asked to do so. The Windows Installation CD might also be needed at this point. Make sure a
CD with the correct version of Windows is provided. Enumeration occurs whenever the USB
cable is connected, and only takes a few seconds after the first time.

When enumeration is complete, the LED will blink twice and remain on. This means Windows
has enumerated the LabJack properly.

If the LabJack fails to enumerate:
e Make sure you are running Windows OS version 4.10.2222 or higher,
Try connecting the LabJack to another PC,
Try connecting a different USB device to the PC,
Check our online forum and/or contact LabJack.

1.2 Software Installation

Although, the low-level USB drivers for the LabJack are included with Windows, high-level
drivers are needed to send and receive data. The included LabJack CD installs the high-level
drivers, example source code, and example applications.

Close all open applications, especially LabJack related software, and insert the LabJack CD. If
autorun is enabled, the installation program should start automatically. If the installation does
not start, you will have to manually double-click on LabJackVXXX.exe.

When the LabJack installation is finished, it will start the National Instruments LabVIEW Run-

Time Engine (LVRTE) setup. The LVRTE is required for the example applications such as
LJtest. If prompted to reboot after this installation, go ahead and do so. Virus scanners can
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often interfere with the installation of the LVRTE. If you have trouble running the example
applications, repeat the LabJack software installation to make sure the LVRTE is installed.

To test the installation, start LJtest by selecting
Start => Programs => LabJack => LJtest.

Make sure “Test Fixture Installed” and “Continuous” are not selected, and press the “Run”
button. LJtest will step through 8 separate tests and all should pass.
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2. Hardware Description

The external features of the LabJack U12 are:
e USB connector,
o DB25 digital /0 connector,
e Status LED,
e 30 screw terminals.

The USB connection provides power and communication. No external power supply is needed.

The +5 volt connections available at various locations are outputs, do not connect a power
supply.

A LabJack™

www.labjack.com

® status u12

0
@
o
=
E
@
2
z
X
&
]

Screw Terminals 16-30

Figure 2-1. LabJack U12 top surface.

Figure 2-1 shows the top surface of the LabJack U12. Not shown is the USB and DB25
connector, which are both on the top edge. The DB25 connector provides connections for 16
digital I/O lines, called D0O-D15. It also has connections for ground and +5 volts. All
connections besides D0-D15, are provided by the 30 screw terminals shown in Figure 1. Each
individual screw terminal has a label, AlO through STB.

The status LED blinks 4 times at power-up, and then blinks once and stays on after
enumeration (recognition of the LabJack U12 by the PC operating system). The LED also
blinks during burst and stream operations, unless disabled. The LED can be enabled/disabled
through software using the functions AlSample, AlBurst, or AlStreamStart. Since the LED uses
4-5 mA of current, some users might wish to disable it for power-sensitive applications.
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2.1 Al0 - AI7

Hardware

The LabJack U12 has 8 screw terminals for analog input signals. These can be configured
individually and on-the-fly as 8 single-ended channels, 4 differential channels, or combinations
in between. Each input has a 12-bit resolution and an input bias current of +90 pA.

e Single-Ended: The input range for a single-ended measurement is +10 volts.

o Differential channels can make use of the low noise precision PGA to provide gains up
to 20. In differential mode, the voltage of each Al with respect to ground must be
between +20 and -10 volts, but the range of voltage difference between the 2 Al is a
function of gain (G) as follows:

+20 volts
+10 volts
+5 volts
+4 volts
+2.5 volts
2 volts
+1.25 volts
+1 volt

(OXoNoNoRONONONN]
LR
N=2o0dhN=

[eNeo>Ne]

The reason the range is +20 volts at G=1 is that, for example, AlO could be +10 volts and Al1
could be -10 volts giving a difference of +20 volts, or AlO could be -10 volts and Al1 could be
+10 volts giving a difference of -20 volts.

The PGA (programmable gain amplifier, available on differential channels only) amplifies the Al
voltage before it is digitized by the A/D converter. The high level drivers then divide the reading
by the gain and return the actual measured voltage.

Figure 2-2 shows a typical single-ended connection measuring the voltage of a battery. This
same measurement could also be performed with a differential connection to allow the use of
the PGA. In general, any single-ended measurement can be performed using a differential
channel by connecting the voltage to an even-numbered analog input, and grounding the
associated odd-numbered analog input (as shown by the dashed connection to Al1 in Figure 2-
2).

————*AID

"""""""""""" ® Al1 (for differential measurement)

— = GND

Figure 2-2. Single-ended measurement.

Figure 2-3 shows a typical differential connection measuring the voltage across a current shunt.
A differential connection is required when neither leg of the shunt is at ground potential. Make

sure that the voltage of both AlO an Al1 with respect to ground is within £10 volts. For instance,
if the source (Vs) shown in Figure 2-3 is 120 VAC, the difference between Al0 and Al1 might be

4
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small, but the voltage from both Al0 and Al1 to ground will have a maximum value near 170
volts, and will seriously damage the LabJack.

Whether or not the ground (GND) connection is needed (Figure 2-3) will depend on the nature
of Vs.

Load

Figure 2-3. Differential measurement.

Figure 2-4 shows a single-ended connection used to measure the output voltage of a typical
voltage-divider circuit. The voltage divider circuit is a simple way to convert a varying resistance
(thermistor, photoresistor, potentiometer, etc.) to a varying voltage. With nothing connected to
Va, the value of the unknown resistance, R2, can be calculated as:

R2 =Va*R1/ (Vs-Va),

where Vs is the supply voltage (+5V in Figure 2-4).

When Va is connected to AlO, as shown in Figure 2-4, the input bias current of the LabJack
affects the voltage divider circuit, and if the resistance of R1 and R2 is too large, this effect must

be accounted for or eliminated. This is true for any signal with too high of a source impedance.

All measuring devices have maximum analog input bias currents that very from picoamps to
milliamps. The input bias current of the LabJack U12’s analog inputs varies from +70 to -94
microamps (pA). This is similar to an input impedance of about 100 kQ, but because the current
is nonzero at 0 volts, it is better to model the analog input as a current sink obeying the following
rule:

lin=8.181"Va—-11.67 pA
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+5V

R1 .
lin
AlD
Va

R2

= GND

Figure 2-4. Single-ended measurement with voltage divider circuit.

Because the input bias current is known, as a function of input voltage, the simple voltage
divider equation can be modified as follows to account for input bias current:

R2 = Va / [((Vs-Va)/R1) — (8.181 * Va) + 11.67y]

As an alternative to the equation above, Va can be buffered by a single-supply rail-to-rail
operational amplifier, and the original simple voltage divider equation can be used. This
solution works for any single-ended signal which stays between 0 and +5 volts. Some op-amp
choices are:

o TLV2462
e LMC6482
¢ MAX4166

Software
Readings from the analog inputs are returned by the functions EAnalogin, AlSample, AlBurst,
and AlStreamRead.

EAnalogln is a simplified (E is for easy) function that returns a single reading from 1 analog
input channel. Execution time is up to 20 ms.

AlSample returns a single reading of 1-4 channels, and takes up to 20 ms to execute, providing
a maximum date rate of about 50 Hz per channel.

AlBurst acquires multiple samples of 1-4 channels at a hardware-timed sample rate of 400-8192
Hz. The acquisition can be triggered based on a change of state on 100 or 101. This function
also returns the states of the 10 pins (which are read every 4 samples).

Internally, the actual number of samples collected and transferred by the LabJack during an
AlBurst call is the smallest power of 2, from 64 to 4096, which is at least as big as numSamples.
The execution time of this function, in milliseconds, can be estimated as:

Turbo (default) => 30+(1000*numSamplesActual/sampleRate)+(0.4*numSamplesActual)
Normal => 30+(1000*numSamplesActual/sampleRate)+(2.5* numSamplesActual)

numSamples = numScans * numChannels
sampleRate = scanRate * numChannels
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AlStreamRead is called periodically during a stream acquisition started by AlStreamStart. Each
call retrieves multiple samples of 1-4 channels from the LabJack stream buffer, along with the
states of the 10 pins (read every 4 samples). Hardware-timed sample rates of 200-1200 Hz are
available. If any function besides AlStreamRead is called while a stream is in progress, the
stream will be stopped.

2.2 AOO0 & AO1

The LabJack U12 has 2 screw terminals for analog output voltages. Each analog output can be
set to a voltage between 0 and the supply voltage (+5 volts nominal) with 10-bits of resolution.

The output voltage is ratiometric with the +5 volt supply (+5V), which is generally accurate to
5% (see Appendix A). If an output voltage of 5 volts is specified, the resulting output will be
100% of the supply voltage. Similarly, specifying 2.5 volts actually gives 50% of the supply
voltage. The maximum output voltage is almost 100% of +5V at no-load, and decreases with
load. See the specifications in Appendix A relating to maximum output voltage. Also note that
loading either analog output will cause an IR drop through the source impedance of each.

If improved accuracy is needed, measure the +5 volt supply with an analog input channel, and
the actual output voltage can be calculated. For instance, if an analog output of 2.5 volts is
specified and a measurement of +5V returns 5.10 volts, the actual output voltage is 2.55 volts
(at no-load). Alternatively (and preferably), the analog output can itself be measured with an
analog input.

There is a 1° order low-pass filter on each analog output with a 3dB frequency around 22 Hz.
The analog outputs are initialized to 0.0 volts on power-up or reset.

The analog outputs can withstand a continuous short-circuit to ground, even when set at
maximum output.

Voltage should never be applied to the analog outputs, as they are voltage sources themselves.
In the event that a voltage is accidentally applied to either analog output, they do have
protection against transient overvoltages such as ESD (electrostatic discharge) and continuous
overvoltage of a couple volts. An applied voltage that exceeds the capability of this protection
will most likely damage the resistor R63 (AOO) or R62 (AO1) on the LabJack U12 PCB. The
symptom of such a failure would be reduced voltage from the analog outputs, particularly at
load, and could be verified by measuring the resistance of R62/R63 (should be less than 50
ohms but a damaged resistor will measure higher). A simple repair for such damage is to
remove the damaged resistor and simply make a short with a blob of solder.

Software

The analog outputs are set using the function EAnalogOut (easy function) or AOUpdate, which
take up to 20 ms to execute, providing a maximum update rate of about 50 Hz per channel.
AOUpdate also controls/reads all 20 digital I/0 and the counter.

2.3 100-103

Connections to 4 of the LabJack’s 20 digital I/O are made at the screw terminals, and are
referred to as 100-103. Each pin can individually be set to input, output high, or output low.
These 4 channels include a 1.5 k Q series resistor that provides overvoltage/short-circuit
protection. Each channel also has a 1 MQ resistor connected to ground.
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All digital 1/O are set to input on power-up or reset.

One common use of a digital input is for measuring the state of a switch as shown in Figure 2-5.
If the switch is open, 100 reads FALSE. If the switch is closed, 100 reads TRUE.

——————————# +5Y

AN

100
100k
GND

Figure 2-5. 10 used to detect the state of a switch.

While providing overvoltage/short-circuit protection, the 1.5 k Q series resistor on each 10 pin
also limits the output current capability. For instance, with an output current of 1 mA, the series
resistor will drop 1.5 volts, resulting in an output voltage of about 3.5 volts.

Software
The easy functions EDigitalln or EDigitalOut are used to read or set the state of one digital line,
and both take up to 20 ms to execute.

The functions AOUpdate and DigitallO are used to set the direction, set the state, and/or read
the state, of each 10 pin. Both of these functions take up to 20 ms to execute, providing a
maximum update rate of about 50 Hz per pin.

The function AlSample can set/read the state of each 10, but setting the state will have no effect
unless the IO have been configured as outputs using another function. The function Counter
reads the state of each 10.

The functions AlBurst and AlStreamRead, take a reading of the IO states and return it with the
analog data. The states of the 4 10 are read simultaneously every 4 samples, providing a data
rate of up to 2048 Hz per pin for burst mode, or 300 Hz per pin for stream mode. For 1 or 2
channel scans, duplicate data (4x or 2x) will be added to the read array such that the size is
numScans.

2.4 DO-D15

Connections to 16 of the LabJack’s 20 digital /0O are made at the DB25 connector, and are
referred to as D0-D15. These 16 lines have no overvoltage/short-circuit protection, and can
sink or source up to 25 mA each (total sink or source current of 200 mA max for all 16). This
allows the D pins to be used to directly control some relays. All digital I/O are CMOS output and
TTL input except for D13-D15, which are Schmitt trigger input. Each D pin has a 1 MQ resistor
connected to ground.

All digital I/O are set to input on power-up or reset.
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DB25 Pinouts:

1. DO 6: D5 11: +5V 16: GND 21: D11
2: D1 7: D6 12: +5V 17: GND 22: D12
3: D2 8: D7 13: +5V 18: D8 23: D13
4: D3 9: NC 14: GND 19: D9 24: D14
5: D4 10: +5V 15: GND 20: D10 25: D15

These digital 1/0 can detect the state of a switch using the same circuit shown in Figure 2-5.

Because the D pins have no overvoltage/short-circuit protection, the user must be
careful to avoid damage. A series resistor can provide substantial protection for these
pins (see the CB25 datasheet). The following are examples of things that could damage
a D pin and/or the entire LabJack:

e Shorting a high output to ground (or any potential other than +5V).
e Shorting a low output to a nonzero voltage (such as +5V).
e Exceeding the voltage limits specified in Appendix A.

Software
The easy functions EDigitalln or EDigitalOut are used to read or set the state of one digital line,
and both take up to 20 ms to execute.

The functions AOUpdate and DigitallO are used to set the direction, set the state, and/or read
the state, of each D pin. In addition, DigitallO also returns the current state of the direction and
output registers. Both of these functions take up to 20 ms to execute, providing a maximum
update rate of about 50 Hz per pin.

2.5 CNT

The input connection to the 32-bit counter is made at screw-terminal CNT. The counter is
incremented when it detects a falling edge followed by a rising edge. This means that if you
reset the counter while your signal is low, you will not get the first count until it goes high-low-
high. In situations where this first count is important, you should simply substract the initial
count from the final count, rather than doing a reset.

Software

The functions ECount (easy function), AOUpdate, and Counter are used to reset or read the
counter. If a reset is specified, the counter is read first. All of these functions take up to 20 ms
to execute, providing a maximum update rate of about 50 Hz.

Counter readings can also be returned in stream mode (AlStreamRead) at up to 300 Hz.

2.6 CAL-STB

These terminals are used during testing and calibration. CAL is a precision 2.5 volt reference,
and can be used during normal operation, but care should be taken to observe the current limits
specified in Appendix A. The CAL pin is protected from ESD and overvoltage, but severe
overvoltage (steady-state or transient) can damage CAL, and result in the failure of all analog
inputs.

2.7 +5Vv

The LabJack has a nominal +5 volt internal power supply. Power can be drawn from this power
supply by connecting to the +5V screw-terminals, or the +5V pins on the DB25 connector. The

9
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total amount of current that can be drawn from the +5V pins, analog outputs, and digital outputs,
is 450 mA for most desktop computers and self-powered USB hubs. Some notebook
computers and bus-powered hubs will limit this available current to about 50 mA.

The USB specification requires all hosts and hubs to have overcurrent protection. If the user
puts too large a load on +5V (including a short circuit of +5V to GND) of the LabJack U12 (a
USB device), the host or hub is responsible for limiting the current.

2.8 GND

The GND connections available at the screw-terminals and DB25 connector provide a common
ground for all LabJack functions. They are all the same.

Caution should be used whenever making connections with systems that have their own power
source. Itis normal to connect U12 ground to other grounds to create a common reference, but
the risk is that the U12 ground will become the preferred ground for the other systems and they
could try to send high currents into the U12. To prevent this it is often a good idea to put a 10-
100 ohm resistor (or even a fuse) in series with GND on the U12 and any grounds from active
systems.

2.9 OEM Versions

The LabJack U12 is also available in 2 OEM (original equipment manufacturer) versions:

e LJU12-PH: This is a populated LabJack U12 PCB with pin-headers installed (on the
component side of the PCB) instead of screw-terminals. Also, the LED is installed on
the component side of the PCB, so nothing is installed on the solder side.

e LJU12-NTH: This is a populated LabJack U12 PCB with no through-hole components
(DB25 connector, USB connector, LED, screw-terminals). This board is meant for
OEMs who solder connections directly to the PCB, or wish to install only certain
connectors.

Dimensional drawings are available from the downloads page at labjack.com.

Normally, nothing ships with these OEM LabJacks except for the populated PCB. All software
is of course available online at labjack.com.

10
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3. Example Applications

The LabJack U12 CD installs 9 example applications: LJconfig, LJcounter, LJfg, LJlogger,
LJscope, LJstream, Ljtest, LUSHT, and LJSHTmulti.

LJconfig: Lists all LabJacks connected to the USB and allows the local ID to be set on
each.

LJcounter: Reads the LabJack counter and provides the current frequency or count.
LJfg (Function Generator): Outputs basic waveforms on AOO (analog output zero).
LJlogger: Saves data to disk, writes data to an HTML page on the Internet, and
performs various actions (including email) on trigger events.

LJscope: Simulates an oscilloscope by reading data from 2 Al channels in burst mode.
LJstream: Uses stream mode to read, graph, and write to file, 4 Al channels.

LJtest: Runs a sequence of tests on the LabJack itself.

LJSHT: Retrieves and records data from 1 or 2 EI-1050 digital temperature/humidity
probes.

LJSHTmulti: Displays data from up to 20 EI-1050 digital temperature/humidity probes.

The LabVIEW source code for most of these applications is installed in the examples directory.

3.1

LJconfig

Every LabJack has a local ID and serial number. The local ID is a value between 0 and 255
that can be changed by the user. The serial number is a value between 256 and 2,147,483,647
that is uniqgue among all LabJacks and cannot be changed by the user. LJconfig is used to set
the local ID of a particular LabJack. When using multiple U12s, each should be assigned a
unique local ID.

/3 Liconfig ¥1.00 Hi=l B3
Serial # Local ID

[}
=
o
=
I}
&)

CELLEELEEC O P,

numberFound Refresh
1
Exit

Emor Meszage

Figure 3-1. LJconfig
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Figure 3-1 shows the window that opens when LJconfig is run. Each time the “Refresh” button
is pushed, LJconfig will scan the USB for all LabJacks. To change the local ID of a particular
LabJack, push the “Change” button next to that LabJack, and the window shown in Figure 3-2
will appear.

£ Change Local 1D

Figure 3-2. LJconfig Change Local ID

Enter a new local ID between 0 and 255 and push the “Change” button. The new local ID will
be written and the LabJack will be forced to re-enumerate.

3.2 LJcounter

Reads the LabJack counter and provides the current frequency or count.

counter ¥1.05

()

- :htemphdata. dat |

Noewor 123

Figure 3-3. LJcounter

Figure 3-3 shows the LJcounter window:

¢ Interval (seconds): Specifies the interval, in seconds, between calls to the DLL
function “Counter”.

o Measurement Type: If set to “Frequency”, this application divides the count by the
interval to determine frequency in Hertz, and automatically resets the counter every
read. If set to “Count”, the measurement is simply the current reading from the counter.

e Measurement: Displays frequency or count, depending on “Measurement Type”.

12
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3.3 LJfg

This application allows the LabJack U12 to be used as a simple function generator. The DLL

function “AOUpdate” is called every 25 milliseconds providing an update rate of 40 Hz, and thus

a maximum reasonable signal frequency of a few Hertz.

> LIfg ¥1.05 I =] B

Lab.Jack AO0 Function Generator — www.labjack com

Iterations

Frequency [Hz] Max Yoltage Min Yoltage Function
’_:)31 000 450 S50 Sine Wave % ] 2 Demo
- el e

Errar Lacal ID-

Figure 3-4. LJfg
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3.4 LJlogger

LJlogger sends and receives data in command/response mode by making 2 DLL calls to
“AlSample” and 1 DLL call to “AOUpdate”. It is capable of saving data to disk (2 Hz max) and
performing various actions on trigger events.
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Save Panel Settings
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Figure 3-5. LJlogger

The main window for LJlogger is shown in Figure 3-5. The white colored items and the “SDX”
buttons are controls to be edited/selected by the user. The grey colored items are indicators
which display various information about the LabJack. Clicking the button labeled “Save Panel
Settings” will save the current values of the controls as the default values.

If SDX is activated for a given analog input, the corresponding SDX DLL will be used to
determine the scaled data. Users can make their own SDX DLLs (see the source code for more
information), to provide more complex scaling or scaling that depends on other analog inputs.

Clicking the “Configure” button shown in Figure 3-5 brings up the window shown in Figure 3-6:

e Working Directory: This is the directory where data and configuration files will be
written.

e Data File Name: Determines the name of the data file to which data will be written.
New data is appended to the end of this file.

e Data File Write Interval: Determines the interval at which a new row of data will be
written to the data file. Minimum of 0.5 seconds.

e HTML Write Interval: Determines the interval at which the HTML file is rewritten.

14
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£ LJlogger Configuration

-

Figure 3-6. LJlogger Configuration

Clicking on the “Internet Setup” button in Figure 3-6 brings up the Internet configuration window
shown in Figure 3-7. Basic customization of the HTML file can be done by clicking on
“Advanced HTML Configuration” which brings up Figure 3-8.

Clicking on the “Trigger Setup” button in Figure 3-6 brings up the window shown in Figure 3-9.

FANN| logger Internet Configuration

Figure 3-7. LJlogger Internet Configuration
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LabJack LJlogger Status

! -

Figure 3-8. LJlogger HTML Configuration

/3 Lllogger Trigger Configuration

Analog In
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3339.0000 | Analog Out . 0.0000

Mo Trigger z 5399.0000 Analog Qut 0.0000
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Figure 3-9. LJlogger Trigger Configuration

Em

Mo Trigger

Mo T'rigger

H

Figure 3-9 shows 9 example triggers:
e Trigger #0: If the scaled data from analog input row 7 (Figure 3-5) is greater than 5,
then set AO1 to 5 volts. Once triggered, there is a 10 second delay before it can be
triggered again.
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Trigger #1: If IO3 is high, set 102 high. Reset delay is zero so this trigger can occur
every iteration (every 0.1 seconds) if IO3 is high.

Trigger #2: 1f D15 is low, set D14 low.

Trigger #3: If the count is greater than 10,000, set |01 to an output.

Trigger #4: If it has been 3000 seconds since LJlogger started, set D13 to an output.
Trigger #5: When the PC’s clock is at 15 minute intervals, the status LED will be turned
off and an email will be sent.

Trigger #6: Calls FunctionX from function1.dll. If the function returns True, reset the
counter. Users can make their own FunctionX DLLs. See the source code for more
information.

Trigger #7: Calls FunctionX from function2.dll. If the function returns True, stop writing
data to file.

Trigger #8: Calls FunctionX from function10.dll. If the function returns True, write 1 row
to the data file.

17
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3.5 LJscope

LJscope simulates an oscilloscope by reading data from 2 analog input channels in burst mode.

s Liscope V1.06

Figure 3-10. LJscope

There are two graphs on the LJscope main window (Figure 3-10), which show voltage versus
time and voltage versus frequency. Both graphs have a palette to control various features such
as autoscaling and zooming:

When you press this button it locks button 3 on (autoscale) position.

When you press this button it locks button 4 on (autoscale) position.

Pressing this button autoscales the x-axis.

Pressing this button autoscales the y-axis.

Miscellaneous x-axis formatting options.

Miscellaneous y-axis formatting options.

Zooming tool. Press this button to see different options for zooming. When collecting
data, zooming will not work well unless autoscaling is off.

Panning tool. Allows you to drag and scroll around the graph.

Not applicable.

1.
2.
3.
4.
5.
6.
7.

© ®
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Other LJscope controls include:

Channel A/B: Select the two Al channels that will be acquired. If a differential channel,
is selected, the gain selection control will appear.

Hide Channel B: When selected channel B will not be shown on the graph.

Scan Rate [Hz]: (256 to 4096) Determines the scans/second for both channels.
Number of Scans: (32 to 2048) Determines the number of scans that will be collected,
and thus the total acquisition period. For example, if 1024 scans are collected at 4096
Hz, a quarter second of data will be collected (as shown in Figure 3-10).

Demo: Calls “AlBurst” in demo mode so timing and data is simulated.

Save To Disk: If selected a prompt will appear for a filename, and the current burst of
data is saved to a tab-delimited file (time, channel A, channel B).

Pause: Pauses data acquisition.

Enable Trigger: Enables the IO trigger.

Configure Trigger: Brings up the window shown in Figure 3-11. Choose the IO line to
trigger on and whether to trigger when it is high or low. Also set the timeout period so
the application will continue (with an error) if the trigger is not detected.

3! LIscope Trigger Config

Trigger

Trigger 10

MHaone T I

() Trigger State

; Timeout [seconds]
a0

Figure 3-11. LJscope

3.6 LJstream

Uses stream mode to read, graph, and write to file, 4 Al channels. For more information, read
about the stream functions (AlStreamStart, AlIStreamRead, and AlStreamClear).

Enable Stream: Starts and stops the stream acquisition.

Scan Rate: Determines the scans/second (50 to 300).

Number of Scans: Determines the number of scans that will be collected each
iteration, and thus determines how fast this application iterates.

Demo: Calls the “AlStream” functions in demo mode so timing and data is simulated.
Read Counter: Collects 1 analog input and the counter if selected.

Configure Channels: Click this button to bring up the channel configuration window
shown in Figure 3-13.

Save Current Settings: Saves all the current settings, including channel configuration.
Graph History: Determines how much past history appears on the graph.
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Figure 3-12. LJstream
Figure 3-13 shows the LJstream channel configuration window. Here you can select analog
inputs and gains and enter scaling equations. Use “Test Data” to see the effect of the scaling
equations (“v” column is the measured voltage and the “y” column is the output of the scaling
equations). “Manual/Sampled” determines where the “Test Data” in the “v” column originates.
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Figure 3-13. LJstream Channel Configuration
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3.7 LJtest

LJtest runs a sequence of tests on the LabJack itself. Users will generally leave “Test Fixture
Installed” unselected and execute the tests with nothing connected to the LabJack (except the
USB of course).

£ 1 ltest ¥1.10

Progress Overal Result Iterations
| PPassed £
Log
Test Status Result Message
Find Lablack Complete Passed ROM [Dnum is 100024516
Check LSE Complete Passed USE is 0K, Max=16, Avg=16
‘erify ID Mumber Complete Passed RAM IDnum is 100024516
Local ID Complete Passed Local IDvis 0
05 Yersion Complete Passed Windows P
Diriver Wersion Complete Paszed Lablack drivers ¥1.160
Fitrnware Mersion Complete Passed Fitrnware 1,100
Tesk RAM Complete Passed Verified 224 of 5192 bytes.,
Cal Constants Complete Passed Max constant 4, max diff -2
Al MC SE Test Complete Passed Channel 0, 3.2 bits
AL M DiffL Test Complete Passed Channel 1, -1.4 bits
AL NC DiFF20 Test Complete Passed Channel 1, -23.1 bits
AIMNC 1 Sigma Complete Passed Channel 1, 0,99 bits
Run <F1=> | ‘ Exit
2 Test Fixture Installed
2 Continuaus

Figure 3-14. LJtest

If all tests fail except “OS Version” and “Driver Version”, it generally indicates LJtest does not
detect a LabJack U12 at all. Check for proper blinking of status LED upon power-up, and if
using Windows 98 SE check out the related file (Win98sehid.zip) from the downloads page at
labjack.com.

If “Find LabJack” is the only failure, it is often because more than 1 LabJack U12 is connected.

“Check USB” performs some basic tests to detect any obvious problems with the Universal
Serial Bus. Proper LabJack U12 communication is required for this test.

“Local ID” will show a yellow warning if the Local ID has been changed from the factory default
of 0.

Failures from “Test RAM” or any of the “Al ...” tests could indicate damage to the unit. Make
sure there are no connections to the LabJack U12 (except for the USB cable), and contact
LabJack support if the failures continue. Yellow warnings on any of the “Al ...” tests (make sure
nothing is connected to the Al channels) could indicate that a self-calibration needs to be
performed (see below).

A yellow warning from the “Cal Constants” test is usually because the constants have all been
set to zero. Most often this is due to selecting “Test Fixture Installed” and running LJtest without
the proper connections. Follow the below procedure to correct this issue.
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To write new calibration data, a self-calibration should be performed using LJtest and 12 small
(1.5" will work) jumper wires:

1) Make the following initial connections:

e AI0 <=> Al2 <=> Al4 <=> Al6 <=> +5V
Al1 <=> AI3 <=> Al5 <=> A|7 <=> +5V
100 <=> 101

102 <=> AOO0

103 <=> AO1

CNT <=> STB

2) Start LJtest and select "Test Fixture Installed" and "Prompt During Cal", and then

3)

click on the "Run" button.

LJtest will step through various tests and then prompt to connect GND to all 8 Al
channels (Al6<=>GND and Al7<=>GND), then to connect CAL to the even
channels (Al6<=>CAL), then to connect CAL to all 8 Al channels (Al7<=>CAL),
and finally to connect GND to the even channels (Al6<=>GND).

When finished, remove all wires and unplug the USB cable. Reconnect the USB

cable and the new calibration constants will be loaded at power-up. Run LJtest

again with “Test Fixture Installed” unselected, to make sure the unit passes the
normal self-test.
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3.8 LUSHT

Reads and records data from one or two EI-1050 digital temperature/humidity probes.

T{102)
T{103)

T(IoZidegC  T(IOZ) degF
23,40 74,12

£ LISHT ¥1.01

Degrees C

T(IO_3) deg C T(IO_3) deg F
23.24 73.83

RH{IO2)
RH{IO3)
RH{IOZ)
l39.52 @ Enabled (102)

d

RH(IO3)
l36.24 @ Enabled (103)

1
6543

Tirne: Clear Charts
2 Force Software Communication Error Local ID
2 Write To File (Jjsht.dat) Mo error ED 5TOP

Figure 3-15. LJSHT

Figure 3-15 shows the LISHT window:
e Enabled (102/103): At least one EI-1050 must be connected. 102 will be controlled as
the enable line for this probe. If two probes are connected, then enable control of |03.

e Force Software Communication: Forces software based SHT1X communication,
even if the LabJack U12 firmware is V1.10 or higher.

o Write To File: Appends data to a tab-delimited ASCII file called ljsht.dat in the current

directory. Data is written as seconds since 1904, followed by tempC/tempF/RH for each
probe.
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3.9 LJSHTmulti

Displays readings from up to 20 EI-1050 digital temperature/humidity probes connected to a
single LabJack U12.

45 LISHT Multi ¥1.01 [9[i=)

2311 | _l Mo error l
3 fil ] 0 |skipped l
|
|

i
1
|
I
1
I
1
|
1
|
I
!

9

I

999,00 99,00 |

9999.00

999.00 11999900 *

I

Figure 3-16. LJSHTmulti

Figure 3-16 shows the LUSHTmulti window:
o Enable Line: Choose the LabJack U12 output used to control the enable line on each
EI-1050 probe.
e Force Software Communication: Forces software based SHT1X communication,
even if the LabJack U12 firmware is V1.10 or higher.
o Enable Delay: Adds a delay between each reading for testing purposes.
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4. Programming Reference

The LabJack U12 CD installs high-level drivers (ljackuw.dll), an ActiveX interface to the high-
level drivers (ljackuwx.ocx), and LabVIEWG (or higher) VIs which call all the DLL functions. The
DLL and OCX are installed in the Windows System directory. If the installation program can
determine the LabVIEW directory, it copies the LabVIEW Vs into that directory (\vi.lib\addons\)
so they show up on the function palette. Otherwise, the LabVIEW drivers are copied into the
LabJack installation directory (c:\Program Files\LabJack)\drivers\labview, and can manually be
transferred to the LabVIEW directory. LabVIEWS Vs are also installed and can be found in the
\LabJack\examples directory.

There are 38 functions exported by the LabJack DLL, and matching functions in the OCX and
LabVIEW Vls. There are two additional support functions in the OCX, provided due to the
limitations of ActiveX. All functions are command/response except for AlBurst and
AlStreamStart/Read/Clear.

There are 2 parameters that are used by most functions:

e errorcode — A LabJack specific numeric error code. 0 means no error and 2 means no
LabJacks were found. Use the function “GetErrorString” to get a description of the error,
or see the list in Section 4.24 of this document.

e idnum - Functions with this input take either a local ID, serial number, or -1. A local ID
or serial number will specify a specific LabJack, while —1 means the first found LabJack.
Every LabJack has a local ID and serial number. The local ID is a value between 0 and
255 that can be changed by the user. The serial number is a value between 256 and
2,147,483,647 that is unique among all LabJacks and cannot be changed by the user.
When using multiple U12s, each should be assigned a unique local ID.

To maintain compatibility with as many languages as possible, the every attempt has been
made to keep the parameter types very basic. The declarations that follow, are written in C. If
there are any differences in the ActiveX version of a function, they are described.

When a parameter name is preceded by a “*”, it means that it is a pointer. In most cases, this
means that the parameter is an input and/or output, whereas a non-pointer parameter is input
only. In some cases a pointer points to an array of values rather than a single value, and this
will be noted in the parameter description.

Some of the digital I/O parameters contain the information for each bit of I/0 in one value, where
each bit of 1/0 corresponds to the same bit in the parameter (i.e. the direction of DO is set in bit
0 of parameter trisD). For instance, in the function DigitallO, the parameter *trisD is a pointer to
a single memory location that sets/reads the direction of each of the 16 D lines:

if *trisD points to 0, all D lines are input,

if *trisD points to 1 (2*0), DO is output, D1-D15 are input,

if *trisD points to 5 (270 + 2*2), DO and D2 are output, all other D lines are input,
if *trisD points to 65535 (2”0 + ... + 2*15), D0-D15 are output.

The range of the value pointed to by *trisD is 0 to 65535. When calling DigitallO, if
updateDigital is >1, the D lines will be set to input or output based on the value pointed to by
*trisD. When DigitallO returns, the value pointed to by *trisD will have been set to reflect the
status of the direction register in the LabJack U12.
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4.1 EAnalogin

Easy function. This is a simplified version of AlISample. Reads the voltage from 1 analog input.
Calling this function turns/leaves the status LED on.

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Declaration:

long EAnalogln ( long *idnum,
long demo,
long channel,
long gain,

long *overVoltage,
float *voltage )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

¢ channel — Channel command is 0-7 for single-ended, or 8-11 for differential.

e gain — Gain command is 0=1, 1=2, ..., 7=20. This amplification is only available
for differential channels.

Outputs:

e *idnum — Returns the local ID or —1 if no LabJack is found.

¢ *overVoltage — If >0, an overvoltage has been detected on one of the selected
analog inputs.

¢ *voltage — Returns the voltage reading.

4.2 EAnalogOut

Easy function. This is a simplified version of AOUpdate. Sets the voltage of both analog
outputs.

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

If either passed voltage is less than zero, the DLL uses the last set voltage. This provides a
way to update 1 output without changing the other. Note that when the DLL is first loaded, it
does not know if the analog outputs have been set, and assumes they are both the default of
0.0 volts. Similarly, there are situations where the LabJack could reset without the knowledge of
the DLL, and thus the DLL could think the analog outputs are set to a non-zero voltage when in
fact they have been reinitialized to 0.0 volts.

Declaration:

long EAnalogOut ( long *idnum,
long demo,
float analogOut0,

float analogOut1 )

Parameter Description:
Returns: LabJack errorcodes or O for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.
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e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.
¢ analogOut0 — Voltage from 0.0 to 5.0 for AOO.
¢ analogOut1 - Voltage from 0.0 to 5.0 for AO1.
Outputs:
e *idnum — Returns the local ID or —1 if no LabJack is found.

4.3 ECount

Easy function. This is a simplified version of Counter. Reads & resets the counter (CNT).
Calling this function disables STB (which is the default anyway).

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Declaration:

long ECount( long *idnum,
long demo,
long resetCounter,
double *count,
double *ms )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

¢ resetCounter - If >0, the counter is reset to zero after being read.

Outputs:

e *idnum — Returns the local ID or —1 if no LabJack is found.

e *count — Current count, before reset.

¢ *ms — Value of Window’s millisecond timer at the time of the counter read (within
a few ms). Note that the millisecond timer rolls over about every 50 days. In
general, the millisecond timer starts counting from zero whenever the computer
reboots.

4.4 EDigitalln

Easy function. This is a simplified version of DigitallO that reads the state of one digital input.
Also configures the requested pin to input and leaves it that way.

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Note that this is a simplified version of the lower level function DigitallO, which operates on all
20 digital lines. The DLL (ljackuw) attempts to keep track of the current direction and output
state of all lines, so that this easy function can operate on a single line without changing the
others. When the DLL is first loaded, though, it does not know the direction and state of the
lines and assumes all directions are input and output states are low.

Declaration:

long EDigitalln ( long *idnum,
long demo,
long channel,
long readD,
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long *state )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.
e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.
e channel - Line to read. 0-3 for 10 or 0-15 for D.
e readD - If >0, a D line is read as opposed to an IO line.
Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found.
e *state — The selected line is TRUE/Set if >0. FALSE/Clear if 0.

4.5 EDigitalOut

Easy function. This is a simplified version of DigitallO that sets/clears the state of one digital
output. Also configures the requested pin to output and leaves it that way.

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Note that this is a simplified version of the lower level function DigitallO, which operates on all
20 digital lines. The DLL (ljackuw) attempts to keep track of the current direction and output
state of all lines, so that this easy function can operate on a single line without changing the
others. When the DLL is first loaded, though, it does not know the direction and state of the
lines and assumes all directions are input and output states are low.

Declaration:
long EDigitalOut ( long *idnum,
long demo,
long channel,
long writeD,
long state )
Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:
e *idnum - Local ID, serial number, or -1 for first found.
e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.
e channel - Line to read. 0-3 for 10 or 0-15 for D.
e writeD — If >0, a D line is written as opposed to an 10 line.
e state — If >0, the line is set, otherwise the line is cleared.
Outputs:

e *idnum — Returns the local ID or —1 if no LabJack is found.

4.6 AlSample

Reads the voltages from 1,2, or 4 analog inputs. Also controls/reads the 4 10 ports.
Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Declaration:
long AlSample ( long *idnum,
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long demo,

long *statelO,

long updatelO,
long ledOn,

long numChannels,
long *channels,
long *gains,

long disableCal,
long *overVoltage,
float *voltages )

Parameter Description:

Returns:
Inputs:

Outputs:

LabJack errorcodes or O for no error.

*idnum — Local ID, serial number, or -1 for first found.

demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

*statelO — Output states for I00-103. Has no effect if 10 are configured as
inputs, so a different function must be used to configure as output.

updatelO - If >0, state values will be written. Otherwise, just a read is
performed.

ledOn - If >0, the LabJack LED is turned on.

numChannels — Number of analog input channels to read (1,2, or 4).
*channels — Pointer to an array of channel commands with at least
numChannels elements. Each channel command is 0-7 for single-ended, or 8-11
for differential.

*gains — Pointer to an array of gain commands with at least numChannels
elements. Gain commands are 0=1, 1=2, ..., 7=20. This amplification is only
available for differential channels.

disableCal - If >0, voltages returned will be raw readings that are not corrected
using calibration constants.

*voltages — Pointer to an array where voltage readings are returned. Send a 4-
element array of zeros.

*idnum — Returns the local ID or —1 if no LabJack is found.

*statelO — Returns input states of 100-103.

*overVoltage — If >0, an overvoltage has been detected on one of the selected
analog inputs.

*voltages — Pointer to an array where numChannels voltage readings are
returned.

ActiveX Function Differences:

The “channels” and “gains” arrays are replaced with “channelsPacked” and “gainsPacked”. The
OCX has a function “FourPack” which will convert 4 elements to a packed value. The packed
value is determined as: element[0] + (element[1] * 248) + (element[2] * 2*16) + (element[3] *

224).

The “voltages” array is replaced with 4 individual parameters.

Declaration (ActiveX):

long AlSampleX ( long FAR* idnum,

long demo,
long FAR* statelO,
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long updatelO,

long ledOn,

long numChannels,
long channelsPacked,
long gainsPacked,
long disableCal,

long FAR* overVoltage,
float FAR* voltageA,
float FAR* voltageB,
float FAR* voltageC,
float FAR* voltageD )

4.7 AlBurst

Reads a specified number of scans (up to 4096) at a specified scan rate (up to 8192 Hz) from
1,2, or 4 analog inputs. First, data is acquired and stored in the LabJack’s 4096 sample RAM
buffer. Then, the data is transferred to the PC.

If the LED is enabled (ledOn>0), it will blink at about 4 Hz while waiting for a trigger, turn off
during acquisition, blink rapidly while transferring data to the PC, and turn on when done.

The execution time of this function, in milliseconds, depends on transfermode and can be
estimated with the below formulas. The actual number of samples collected and transferred by
the LabJack is the smallest power of 2 from 64 to 4096 which is at least as big as
numScans*numChannels. This is represented below as numSamplesActual.

Normal => 30+(1000*numSamplesActual/sampleRate)+(2.5*numSamplesActual)
Turbo => 30+(1000*numSamplesActual/sampleRate)+(0.4*numSamplesActual)

Declaration:

long AlBurst ( long *idnum,
long demo,
long statelOin,
long updatelO,
long ledOn,
long numChannels,
long *channels,
long *gains,
float *scanRate,
long disableCal,
long triggerlO,
long triggerState,
long numScans,
long timeout,
float (*voltages)[4],
long *statelOout,
long *overVoltage,
long transferMode )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.
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Outputs:

demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

statelOin — Output states for I00-103. Has no effect if IO are configured as
inputs, so a different function must be used to configure as output.

updatelO - If >0, state values will be written. Otherwise, just a read is
performed.

ledOn - If >0, the LabJack LED is turned on.

numChannels — Number of analog input channels to read (1,2, or 4).
*channels — Pointer to an array of channel commands with at least
numChannels elements. Each channel command is 0-7 for single-ended, or 8-11
for differential.

*gains — Pointer to an array of gain commands with at least numChannels
elements. Gain commands are 0=1, 1=2, ..., 7=20. This amplification is only
available for differential channels.

*scanRate — Scans acquired per second. A scan is a reading from every
channel (1,2, or 4). The sample rate (scanRate * numChannels) must be
between 400 and 8192.

disableCal — If >0, voltages returned will be raw readings that are not corrected
using calibration constants.

triggerlO — The 10 port to trigger on (0=none, 1=100, or 2=101).

triggerState — If >0, the acquisition will be triggered when the selected 10 port
reads high.

numScans — Number of scans which will be returned. Minimum is 1. Maximum
numSamples is 4096, where numSamples is numScans * numChannels.
timeout — This function will return immediately with a timeout error if it does not
receive a scan within this number of seconds. Timeouts of 3 seconds or less are
generally recommended to keep the U12 in turbo transfer mode.

*voltages — Pointer to a 4096 by 4 array where voltage readings are returned.
Send filled with zeros.

*statelOout — Pointer to a 4096 element array where 10 states are returned.
Send filled with zeros.

transferMode — O=auto,1=normal, 2=turbo. If auto, turbo mode is used unless
timeout is >= 4, or numScans/scanRate >=4.

*idnum — Returns the local ID or —1 if no LabJack is found.

*scanRate — Returns the actual scan rate, which due to clock resolution is not
always exactly the same as the desired scan rate.

*voltages — Pointer to a 4096 by 4 array where voltage readings are returned.
Unused locations are filled with 9999.0.

*statelOout — Pointer to a 4096 element array where 10 states are returned.
Unused locations are filled with 9999.0.

*overVoltage — If >0, an overvoltage has been detected on at least one sample
of one of the selected analog inputs.

ActiveX Function Differences:

The “channels” and “gains” arrays are replaced with “channelsPacked” and “gainsPacked”. The
OCX has a function “FourPack” (4.39) which will convert 4 elements to a packed value. The
packed value is determined as: element[0] + (element[1] * 28) + (element[2] * 2*16) +
(element[3] * 2724).
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The parameters “demo”, “ledOn”, “disableCal”, “transferMode”, “updatelO”, and “statelOin”, are
replaced by an “optionBits” parameter. Call the OCX function “BuildOptionBits” (4.38) to
determine this parameter.

The “voltages” and “statelOout” arrays are represented as strings. Floating point data is
returned as 13 characters per number (XXXX. XXXXXXXX) and integers are returned as 10
characters per number (XXXXXXXXXX). Zeros are used for padding where necessary. The
total number of bytes in the “voltages” string is 13*numSamples. The total number of bytes in
the “statelOout” string is 10*numScans. Note that to avoid a memory leak, these strings should

“n

be emptied (set to “”) after each call to AlBurstX.

Declaration (ActiveX):

long AlBurstX ( long FAR* idnum,
long numChannels,
long channelsPacked,
long gainsPacked,
float FAR* scanRate,
long triggerlO,
long triggerState,
long numScans,
long timeout,
BSTR FAR* voltages,
BSTR FAR* statelOout,
long FAR* overVoltage,
long optionBits)

4.8 AlStreamStart

Starts a hardware timed continuous acquisition where data is sampled and stored in the
LabJack RAM buffer, and can be simultaneously transferred out of the RAM buffer to the PC
application. A call to this function should be followed by periodic calls to AlStreamRead, and
eventually a call to AlStreamClear. Note that while streaming the LabJack U12 is too busy to do
anything else. If any function besides AlStreamRead is called while a stream is in progress, the
stream will be stopped.

Execution time for this function is 30 milliseconds or less (typically 24 milliseconds in Windows).

If the LED is enabled (ledOn>0), it will toggle every 40 samples during acquisition and turn on
when the stream operation stops.

Declaration:

long AlStreamStart ( long *idnum,
long demo,
long statelQOin,
long updatelO,
long ledOn,
long numChannels,
long *channels,
long *gains,
float *scanRate,
long disableCal,
long reserved1,
long readCount )
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Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

e statelOin — Output states for I00-103.

e updatelO - If >0, state values will be written. Otherwise, just a read is
performed.

e ledOn - If >0, the LabJack LED is turned on.

¢ numChannels — Number of analog input channels to read (1,2, or 4). If
readCount is >0, numChannels should be 4.

¢ *channels - Pointer to an array of channel commands with at least
numChannels elements. Each channel command is 0-7 for single-ended, or 8-11
for differential.

e *gains — Pointer to an array of gain commands with at least numChannels
elements. Gain commands are 0=1, 1=2, ..., 7=20. This amplification is only
available for differential channels.

e *scanRate — Scans acquired per second. A scan is a reading from every
channel (1,2, or 4). The sample rate (scanRate * numChannels) must be
between 200 and 1200.

o disableCal - If >0, voltages returned will be raw readings that are not corrected
using calibration constants.

¢ reserved1 — Reserved for future use. Send 0.

¢ readCount - If >0, the current count (CNT) is returned instead of the 2 3¢ and
4" analog input channels. 2™ channel is bits 0-11. 3™ channel is bits 12-23. 4"
channel is bits 24-31. This feature was added to the LabJack U12 starting with
firmware version 1.03, and this input has no effect with earlier firmware versions.

Outputs:

¢ *idnum - Returns the local ID or —1 if no LabJack is found.

e *scanRate — Returns the actual scan rate, which due to clock resolution is not
always exactly the same as the desired scan rate.

ActiveX Function Differences:

The “channels” and “gains” arrays are replaced with “channelsPacked” and “gainsPacked”. The
OCX has a function “FourPack” (4.39) which will convert 4 elements to a packed value. The
packed value is determined as: element[0] + (element[1] * 248) + (element[2] * 2*16) +
(element[3] * 2724).

The parameters “demo”, “ledOn”, “disableCal”, “updatelO”, and “statelOin”, are replaced by an
“optionBits” parameter. Call the OCX function “BuildOptionBits” (4.38) to determine this
parameter.

Declaration (ActiveX):

long AlStreamStartX ( long FAR* idnum,
long numChannels,
long channelsPacked,
long gainsPacked,
float FAR* scanRate,
long optionBits,
long readCount)
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4.9 AlStreamRead

Waits for a specified number of scans to be available and reads them. AlStreamStart should be
called before this function and AlStreamClear should be called when finished with the stream.
Note that while streaming the LabJack U12 is too busy to do anything else. If any function
besides AlStreamRead is called while a stream is in progress, the stream will be stopped.

Note that you must pass the actual local ID to this function, not the idnum parameter used for
most functions. Usually you simply pass the value returned by the idnum parameter in
AlStreamStart.

Declaration:

long AlStreamRead ( long locallD,
long numScans,
long timeout,
float (*voltages)[4],
long *statelOout,
long *reserved,
long *ljScanBacklog,
long *overVoltage )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

¢ locallD — Send the local ID from AlStreamStart.

¢ numScans — Function will wait until this number of scans is available. Minimum
is 1. Maximum numSamples is 4096, where numSamples is numScans *
numChannels. Internally this function gets data from the LabJack in blocks of 64
samples, so it is recommended that numSamples be at least 64.

e timeout — Function timeout value in seconds. 1 is usually a good value.

e *voltages — Pointer to a 4096 by 4 array where voltage readings are returned.
Send filled with zeros.

o *statelOout — Pointer to a 4096 element array where IO states are returned.
Send filled with zeros.

Outputs:

e *voltages — Pointer to a 4096 by 4 array where voltage readings are returned.
Unused locations are filled with 9999.0.

o *statelOout — Pointer to a 4096 element array where |10 states are returned.
Unused locations are filled with 9999.0.

o *reserved — Reserved for future use. Send a pointer to a 0.

¢ *ljScanBacklog — Returns the scan backlog of the LabJack RAM buffer. This is
the number of scans remaining in the U12 buffer after this read. If this value is
growing from read to read, data is not being read fast enough and the buffer will
eventually overflow. In normal operation this will return 0 almost all the time.
The size of the buffer in terms of scans is 4096/numChannels.

o *overVoltage — If >0, an overvoltage has been detected on at least one sample
of one of the selected analog inputs.

ActiveX Function Differences:

The “voltages” and “statelOout” arrays are represented as strings. Floating point data is
returned as 13 characters per number (XXXX.XXXXXXXX) and integers are returned as 10
characters per number (XXXXXXXXXX). Zeros are used for padding where necessary. . The
total number of bytes in the “voltages” string is 13*numSamples. The total number of bytes in
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the “statelOout” string is 10*numScans. Note that to avoid a memory leak, these strings should
be emptied (set to ") after each call to AlStreamReadX.

Declaration (ActiveX):

long AlStreamReadX ( long locallD,
long numScans,
long timeout,
BSTR FAR* voltages,
BSTR FAR* statelOout,
long FAR* ljScanBacklog,
long FAR* overVoltage)

4.10 AlStreamcClear

This function stops the continuous acquisition. It should be called once when finished with the
stream. The sequence of calls for a typical stream operation is: AlStreamStart, AlStreamRead,
AlStreamRead, AlStreamRead, ..., AlStreamClear.

Note that you must pass the actual locallD to this function, not the idnum parameter used for
most functions. Usually you simply pass the value returned by the idnum parameter in
AlStreamStart.

Declaration:
long AlStreamClear ( long locallD )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Input:

e locallD - Send the local ID from AlStreamStart/Read.

4.11 AOUpdate

Sets the voltages of the analog outputs. Also controls/reads all 20 digital I/O and the counter.
Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

If either passed voltage is less than zero, the DLL uses the last set voltage. This provides a
way to update 1 output without changing the other. Note that when the DLL is first loaded, it
does not know if the analog outputs have been set, and assumes they are both the default of
0.0 volts. Similarly, there are situations where the LabJack could reset without the knowledge of
the DLL, and thus the DLL could think the analog outputs are set to a non-zero voltage when in
fact they have been reinitialized to 0.0 volts.

Declaration:

long AOUpdate ( long *idnum,
long demo,
long trisD,
long trislO,

long *stateD,

long *statelO,

long updateDigital,
long resetCounter,
unsigned long *count,
float analogOut0,
float analogOut1)
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Parameter Description:

Returns:
Inputs:

Outputs:

LabJack errorcodes or O for no error.

*idnum — Local ID, serial number, or -1 for first found.

demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

trisD — Directions for D0-D15. 0=Input, 1=Output.

trislO — Directions for I00-103. 0=Input, 1=Output.

*stateD — Output states for D0-D15.

*statelO — Output states for 100-103.

updateDigital — If >0, tris and state values will be written. Otherwise, just a read
is performed.

resetCounter — If >0, the counter is reset to zero after being read.
analogOut0 — Voltage from 0.0 to 5.0 for AOO.

analogOut1 - Voltage from 0.0 to 5.0 for AO1.

*idnum — Returns the local ID or —1 if no LabJack is found.

*stateD — States of D0-D15.

*statelO — States of |00-103.

*count — Current value of the 32-bit counter (CNT). This value is read before the
counter is reset.

ActiveX Function Differences:

The counter read is returned as a double precision float, instead of an unsigned long.

Declaration (ActiveX):

long AOUpdateX (

long FAR* idnum,
long demo,

long trisD,

long trislO,

long FAR* stateD,
long FAR* statelO,
long updateDigital,
long resetCounter,
double FAR* count,
float analogOut0,
float analogOut1)

4.12 AsynchConfig

Requires firmware V1.1 or higher. This function writes to the asynch registers and sets the
direction of the D lines (input/output) as needed.

Execution time for this function is 60 milliseconds or less (typically 48 milliseconds in Windows).

The actual 1-bit time is about 1.833 plus a "full" delay (us).

The actual 1/2-bit time is about 1.0 plus a "half" delay (us).

full/half delay = 0.833 + 0.833C + 0.667BC + 0.5ABC (us)

Common baud rates (full A,B,C; half A,B,C):
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1 55,153,232 ; 114,255,34
10 63,111,28 ; 34,123,23
100 51,191,2 ; 33,97,3
300 71,23,4 ; 84,39,1

600 183,3,6 ; 236,7,1
1000 33,29,2 ; 123,8,1
1200 23,17,4 ; 14,541
2400 21,37,1 ; 44,33
4800 10,18,2 ; 1,871

7200 134,21 ; 6,9,2

9600 200,1,1 ; 48,21
10000 63,3,1 ; 46,21

19200 96,1,1 ; 22,21
38400 3,52 ;921

57600 332 ; 11,11

100000 33,1 ;121

115200 91,1 ; 2110r1,11

When using data rates over 38.4 kbps, the following conditions need to be considered:

When reading the first byte, the start bit is first tested about 11.5 us after the start of the
tx stop bit.

When reading bytes after the first, the start bit is first tested about "full" + 11 us after the
previous bit 8 read, which occurs near the middle of bit 8.

When enabled, STB does the following to aid in debugging asynchronous reads:

STB is set about 6 us after the start of the last tx stop bit, or about "full" + 6 us after the
previous bit 8 read.
STB is cleared about 0-2 us after the rx start bit is detected.

[ ]
e STB is set after about "half".
e STB is cleared after about "full".
e Bit 0 is read about 1 us later.
e STBis set about 1 us after the bit 0 read.
e STB is cleared after about "full".
e Bit 1isread about 1 us later.
e STBis set about 1 us after the bit 1 read.
e STB is cleared after about "full".
e This continues for all 8 data bits and the stop bit, after which STB remains low.
Declaration:
long AsynchConfig(  long *idnum,
long demo,
long timeoutMult,
long configA,
long configB,
long configTE,
long fullA,
long fullB,
long fullC,
long halfA,
long halfB,
long halfC)

Parameter Description:
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Returns: LabJack errorcodes or 0 for no error.
Inputs:
e *idnum - Local ID, serial number, or -1 for first found.
e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.
¢ timeoutMult — If enabled, read timeout is about 100 milliseconds times this value
(0-255).

o configA - If >0, D8 is set to output-high and D9 is set to input.

¢ configB - If >0, D10 is set to output-high and D11 is set to input.

e configTE — If >0, D12 is set to output-low.

o fullA/B/C — Time constants for a “full” delay (1-255).

¢ halfA/B/C - Time constants for a “half’ delay (1-255).
Outputs:

¢ *idnum - Returns the local ID or —1 if no LabJack is found.
4.13 Asynch

Requires firmware V1.1 or higher. This function writes and then reads half-duplex
asynchronous data on 1 of two pairs of D lines (8,n,1). Call AsynchConfig to set the baud rate.
Similar to RS232, except that logic is normal CMOS/TTL (0=low=GND, 1=high=+5V, idle state
of transmit line is high). Connection to a normal RS232 device will probably require a converter
chip such as the MAX233.

Execution time for this function is about 20 milliseconds to write and/or read up to 4 bytes, plus
about 20 milliseconds for each additional 4 bytes written or read. Slow baud rates can result in
longer execution time.

PortA => TX is D8 and RX is D9
PortB => TXis D10 and RX is D11
Transmit Enable is D12

Up to 18 bytes can be written and read. If more than 4 bytes are written or read, this function
uses calls to WriteMem/ReadMem to load/read the LabJack's data buffer.

Declaration:

long Asynch( long *idnum,
long demo,
long portB,

long enableTE,
long enableTO,
long enableDel,
long baudrate,
long numWrite,
long numRead,
long *data)

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

e portB - If >0, asynch PortB is used instead of PortA.
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e enableTE - If >0, D12 (Transmit Enable) is set high during transmit and low
during receive.

¢ enableTO - If >0, timeout is enabled for the receive phase (per byte).

e enableDel - If >0, a 1 bit delay is inserted between each transmit byte.

e baudrate - This is the bps as set by AsynchConfig. Asynch needs this so it has
an idea how long the transfer should take.

¢ numWrite — Number of bytes to write (0-18).

¢ numRead — Number of bytes to read (0-18).

e *data — Serial data buffer. Send an 18 element array. Fill unused locations with
Zeros.

Outputs:

e *idnum - Returns the local ID or —1 if no LabJack is found.

e *data — Serial data buffer. Returns any serial read data. Unused locations are
filled with 9999s.

ActiveX Function Differences:
The maximum number of bytes to read and/or write is limited to 6 (numWrite and numRead
should be 0-6). The data array is replaced with pointers to 6 individual data bytes.

Declaration (ActiveX):

long AsynchX(long FAR* idnum,
long demo,
long portB,
long enableTE,
long enableTO,
long enableDel,
long baudrate,
long numWrite,
long numRead,
long FAR* data0,
long FAR* data1,
long FAR* data2,
long FAR* data3,
long FAR* data4,
long FAR* data5)

4.14 BitsToVolts

Converts a 12-bit (0-4095) binary value into a LabJack voltage. No hardware communication is
involved.

Volts=((2*Bits*Vmax/4096)-Vmax)/Gain where Vmax=10 for SE, 20 for Diff.

Declaration:

long BitsToVolts ( long chnum,
long chgain,
long bits,

float *volts )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e chnum - Channel index. 0-7=SE, 8-11=Diff.
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e chgain - Gain index. 0=1, 1=2, ..., 7=20.
¢ bits — Binary value from 0-4095.

Outputs:
e *volts — Voltage.

4.15 VoltsToBits

Converts a voltage to it's 12-bit (0-4095) binary representation. No hardware communication is
involved.

Bits=(4096*((Volts*Gain)+Vmax))/(2*Vmax) where Vmax=10 for SE, 20 for Diff.

Declaration:

long VoltsToBits ( long chnum,
long chgain,
float volts,
long *bits )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e chnum - Channel index. 0-7=SE, 8-11=Diff.
e chgain - Gain index. 0=1, 1=2, ..., 7=20.
e volts — Voltage.
Outputs:
e *bits — Binary value from 0-4095.

4.16 Counter

Controls and reads the counter. The counter is disabled if the watchdog timer is enabled.
Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Declaration:

long Counter (long *idnum,
long demo,
long *stateD,
long *statelO,
long resetCounter,
long enableSTB,
unsigned long *count )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

o resetCounter - If >0, the counter is reset to zero after being read.

e enableSTB - If >0, STB is enabled. Used for testing and calibration. (This input
has no effect with firmware V1.02 or earlier, in which case STB is always
enabled)

Outputs:
¢ *idnum - Returns the local ID or —1 if no LabJack is found.
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o *stateD — States of D0-D15.

o “*statelO — States of 100-103.

e *count — Current value of the 32-bit counter (CNT). This value is read before the
counter is reset.

ActiveX Function Differences:
The counter read is returned as a double precision float, instead of an unsigned long.

Declaration (ActiveX):

long CounterX(long FAR* idnum,
long demo,
long FAR* stateD,
long FAR* statelO,
long resetCounter,
long enableSTB,
double FAR* count)

4.17 DigitallO

Reads and writes to all 20 digital 1/0. The order of execution within the U12 is:

-Set D states
-Set D directions
-Set 10 states
-Set |10 directions
-Read D states
-Read 10 states

Even more detail of the execution order with the approximate time between each step:

-Set D7-DO states

-1 us

-Set D12-D8 states

-2 us

-Set D15-D13 states
-0.5us

-Set D7-DO0 directions
-1 us

-Set D12-D8 directions
-1 us

-Set D15-D13 directions
-16 us

-Set |0 states

-16 us

-Set |10 directions

-2 us

-Read D7-DO states
-0.3 us

-Read D12-D8 states
-0.7 us

-Read D15-D13 states
-10 us

-Read IO states
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Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Declaration:

long DigitallO (long *idnum,
long demo,
long *trisD,
long trislO,

long *stateD,

long *statelO,

long updateDigital,
long *outputD )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

*trisD — Directions for D0-D15. 0=Input, 1=Output.

trislO - Directions for I00-103. 0=Input, 1=Output.

*stateD — Output states for D0-D15.

*statelO — Output states for 100-103.

updateDigital — If >0, tris and state values will be written. Otherwise, just a read
is performed.

Outputs:

*idnum — Returns the local ID or —1 if no LabJack is found.
*trisD — Returns a read of the direction registers for D0-D15.
*stateD — States of D0-D15.

*statelO — States of 100-103.

*outputD — Returns a read of the output registers for DO-D15.

4.18 GetDriverVersion
Returns the version number of ljackuw.dll. No hardware communication is involved.

Declaration:
float GetDriverVersion ( void )

Parameter Description:
Returns: Version number of ljackuw.dll.

ActiveX Function Differences:
Uses parameters to return DLL and OCX version.

Declaration (ActiveX):
void GetDriverVersionX ( float FAR* dllVersion,
float FAR* ocxVersion)

4.19 GetErrorString

Converts a LabJack errorcode, returned by another function, into a string describing the error.
No hardware communication is involved.
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Declaration:
void GetErrorString ( long errorcode,
char *errorString )

Parameter Description:
Returns: Nothing.
Inputs:

e errorcode — LabJack errorcode.
e *errorString — Pointer to a 50 element array of characters.
Outputs:
¢ *errorString — Pointer to a sequence of characters describing the error. Unused
locations are filled with 0x00.

4.20 GetFirmwareVersion
Retrieves the firmware version from the LabJack’s processor.

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Declaration:
float GetFirmwareVersion ( long *idnum )

Parameter Description:
Returns: Version number of the LabJack firmware or O for error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.
Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found. If error, returns 512
plus a normal LabJack errorcode.

4.21 GetWinVersion

Uses a Windows API function to get the OS version.

Declaration:

long GetWinVersion ( unsigned long *majorVersion,
unsigned long *minorVersion,
unsigned long *buildNumber,
unsigned long *platformID,
unsigned long *servicePackMajor,
unsigned long *servicePackMinor )

Parameter Description:

Returns: LabJack errorcodes or O for no error.
Outputs:
Platform Major Minor Build

Windows 3.1 0 - - -
Windows 95 1 4 0 950
Windows 95 OSR2 1 4 0 1111
Windows 98 1 4 10 1998
Windows 98SE 1 4 10 2222
Windows Me 1 4 90 3000
Windows NT 3.51 2 3 51 -
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Windows NT 4.0 2 4 0 1381
Windows 2000 2 5 0 2195
Windows XP 2 5 1 -

ActiveX Function Differences:
All unsigned long parameters are changed to double precision float.

4.22 ListAll

Searches the USB for all LabJacks, and returns the serial number and local ID for each.

Declaration:

long ListAll (  long *productIDList,
long *serialnumList,
long *locallDList,
long *powerList,
long (*calMatrix)[20],
long *numberFound,
long *reserved1,
long *reserved? )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

*productIDList — Pointer to a 127 element array. Send filled with zeros.
*serialnumList — Pointer to a 127 element array. Send filled with zeros.
*locallDList — Pointer to a 127 element array. Send filled with zeros.
*powerList — Pointer to a 127 element array. Send filled with zeros.
*calMatrix — Pointer to a 127 by 20 element array. Send filled with zeros.

Outputs:
e *serialnumList — Pointer to a 127 element array where serial numbers are
returned. Unused locations are filled with 9999.0.
¢ *locallDList — Pointer to a 127 element array where local ID numbers are
returned. Unused locations are filled with 9999.0.
¢ *numberFound — Number of LabJacks found on the USB.

ActiveX Function Differences:
The arrays are represented as strings with 10 characters per number (XXXXXXXXXX). Zeros
are used for padding where necessary.

Declaration (ActiveX):

long ListAlIX ( BSTR FAR* productIDList,
BSTR FAR* serialnumList,
BSTR FAR* locallDList,
BSTR FAR* powerlList,
BSTR FAR* calMatrix,
long FAR* numberFound,
long FAR* reserved1,
long FAR* reserved?2)
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4.23 LocallD

Changes the local ID of a specified LabJack. Changes will not take effect until the LabJack is
re-enumerated or reset, either manually by disconnecting and reconnecting the USB cable or by
calling ReEnum or Reset.

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Declaration:
long LocallD ( long *idnum,
long locallD )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.
e JocallD — New local ID.
Outputs:
e *idnum — Returns the local ID or —1 if no LabJack is found.

4.24 NoThread

This function is needed when interfacing TestPoint to the LabJack DLL on Windows 98/ME (see
ljackuw.h for more information). Call this function to disable/enable thread creation for other
functions. Normally, thread creation should be enabled, but it must be disabled for LabJack
functions to work when called from TestPoint. One other situation where disabling thread
creation might be useful, is when running a time-critical application in the Visual C debugger.
Slow thread creation is a known problem with the Visual C debugger.

Execution time for this function is about 80 milliseconds.

If the read thread is disabled, the "timeout" specified in AlBurst and AlStreamRead is also
disabled.

Declaration:
long NoThread ( long *idnum,
long noThread )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.
e noThread - If >0, the thread will not be used.
Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found.

4.25 PulseOut

Requires firmware V1.1 or higher. This command creates pulses on any/all of DO-D7. The
desired D lines must be set to output using another function (DigitallO or AOUpdate). All
selected lines are pulsed at the same time, at the same rate, for the same number of pulses.

Execution time for this function is about 20 milliseconds plus pulse output time.
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This function commands the time for the first half cycle of each pulse, and the second half cycle
of each pulse. Each time is commanded by sending a value B & C, where the time is,

1st half-cycle microseconds = ~17 + 0.83*C + 20.17*B*C,
2nd half-cycle microseconds = ~12 + 0.83*C + 20.17*B*C,

which can be approximated as,
microseconds = 20*B*C.

For best accuracy when using the approximation, minimize C. B and C must be between 1 and
255, so each half cycle can vary from about 38/33 microseconds to just over 1.3 seconds.

If you have enabled the LabJack Watchdog function, make sure it's timeout is longer than the
time it takes to output all pulses.

The timeout of this function, in milliseconds, is set to:
5000+numPulses*((B1*C1*0.02)+(B2*C2*0.02))

Declaration:

long PulseOut(long *idnum,
long demo,
long lowFirst,

long bitSelect,
long numPulses,

long timeB1,

long timeC1,

long timeB2,

long timeC2)
Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

¢ lowfFirst — If >0, each line is set low then high, otherwise the lines are set high

then low.

bitSelect — Set bits 0 to 7 to enable pulsing on each of DO-D7 (0-255).

numPulses — Number of pulses for all lines (1-32767).

timeB1 — B value for first half cycle (1-255).

timeC1 — C value for first half cycle (1-255).

timeB2 — B value for second half cycle (1-255).

timeC2 — C value for second half cycle (1-255).

Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found.

4.26 PulseOutStart

Requires firmware V1.1 or higher. PulseOutStart and PulseOutFinish are used as an alternative
to PulseOut (See PulseOut for more information). PulseOutStart starts the pulse output and
returns without waiting for the finish. PulseOutFinish waits for the LabJack's response which
signifies the end of the pulse output.
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Execution time for this function about 10 milliseconds.

If anything besides PulseOutFinish is called after PulseOutStart, the pulse output will be
terminated and the LabJack will execute the new command. Calling PulseOutStart repeatedly,
before the previous pulse output has finished, provides a pretty good approximation of
continuous pulse output.

Note that due to boot-up tests on the LabJack U12, if PulseOutStart is the first command sent to
the LabJack after reset or power-up, there will be no response for PulseOutFinish. In practice,
even if no precautions were taken, this would probably never happen, since before calling
PulseOutStart, a call is needed to set the desired D lines to output.

Also note that PulseOutFinish must be called before the LabJack completes the pulse output to
read the response. If PulseOutFinish is not called until after the LabJack sends it's response,
the function will never receive the response and will timeout.

Declaration:

long PulseQutStart( long *idnum,
long demo,
long lowFirst,

long bitSelect,
long numPulses,
long timeBA1,
long timeCH1,
long timeB2,
long timeC2)

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

e lowFirst — If >0, each line is set low then high, otherwise the lines are set high

then low.

bitSelect — Set bits 0 to 7 to enable pulsing on each of DO-D7 (0-255).

numPulses — Number of pulses for all lines (1-32767).

timeB1 — B value for first half cycle (1-255).

timeC1 — C value for first half cycle (1-255).

timeB2 — B value for second half cycle (1-255).

timeC2 — C value for second half cycle (1-255).

Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found.

4.27 PulseOutFinish

Requires firmware V1.1 or higher. See PulseOutStart for more information.

Declaration:

long PulseOutFinish( long *idnum,
long demo,
long timeoutMS)

Parameter Description:
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Returns: LabJack errorcodes or 0 for no error.
Inputs:
e *idnum - Local ID, serial number, or -1 for first found.
e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.
e timeoutMS — Amount of time, in milliseconds, that this function will wait for the
PulseOutStart response.
Outputs:
e *idnum — Returns the local ID or —1 if no LabJack is found.

4.28 PulseOutCalc

Requires firmware V1.1 or higher. This function can be used to calculate the cycle times for
PulseOut or PulseOutStart.

Declaration:

long PulseOutCalc( float *frequency,
long *timeB,
long *timeC)

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

o *frequency — Desired frequency in Hz.

Outputs:
¢ *frequency — Actual best frequency found in Hz.
¢ *timeB - B value for first and second half cycle.
¢ *timeC - C value for first and second half cycle.

4.29 ReEnum

Causes the LabJack to electrically detach from and re-attach to the USB so it will re-enumerate.
The local ID and calibration constants are updated at this time.

Declaration:
long ReEnum ( long *idnum )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.
Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found.

4.30 Reset (or ResetlJ)

Causes the LabJack to reset after about 2 seconds. After resetting the LabJack will re-
enumerate. Reset and ResetlLJ are identical.

Declaration:
long Reset ( long *idnum )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:
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e *idnum - Local ID, serial number, or -1 for first found.
Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found.

4.31 SHT1X

This function retrieves temperature and/or humidity readings from an SHT1X sensor. Data rate
is about 2 kbps with firmware V1.1 or higher (hardware communication). If firmware is less than
V1.1, or TRUE is passed for softComm, data rate is about 20 bps.

DATA =100
SCK =101

The EI-1050 has an extra enable line that allows multiple probes to be connected at the same
time using only the one line for DATA and one line for SCK. This function does not control the
enable line.

This function automatically configures 100 has an input and 101 as an output.

Note that internally this function operates on the state and direction of IO0 and 101, and to
operate on any of the IO lines the LabJack must operate on all 4. The DLL keeps track of the
current direction and output state of all lines, so that this function can operate on 100 and 101
without changing 102 and 103. When the DLL is first loaded, though, it does not know the
direction and state of the lines and assumes all directions are input and output states are low.

Declaration:

long SHT1X( long *idnum,
long demo,
long softComm,
long mode,
long statusReg,
float *tempC,
float *tempF,
float *rh)

Parameter Description:

Returns: LabJack errorcodes or 0 for no error.

Inputs:

¢ *idnum - Local ID, serial number, or -1 for first found.

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

e softComm - If >0, forces software based communication. Otherwise software
communication is only used if the LabJack U12 firmware version is less than
V1.1,

¢ mode - 0=temp and RH,1=temp only,2=RH only. If mode is 2, the current
temperature must be passed in for the RH corrections using *tempC.

¢ statusReg — Current value of the SHT1X status register. The value of the status
register is 0 unless you have used advanced functions to write to the status
register (enabled heater, low resolution, or no reload from OTP).

Outputs:

¢ *idnum — Returns the local ID or —1 if no LabJack is found.

o *tempC - Returns temperature in degrees C. If mode is 2, the current
temperature must be passed in for the RH corrections.

e *tempF — Returns temperature in degrees F.
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e *rh — Returns RH in percent.

4.32 SHTComm

Low-level public function to send and receive up to 4 bytes to from an SHT1X sensor. Data rate
is about 2 kbps with firmware V1.1 or higher (hardware communication). If firmware is less than
V1.1, or TRUE is passed for softComm, data rate is about 20 bps.

DATA =100
SCK =101

The EI-1050 has an extra enable line that allows multiple probes to be connected at the same
time using only the one line for DATA and one line for SCK. This function does not control the
enable line.

This function automatically configures 100 has an input and 101 as an output.

Note that internally this function operates on the state and direction of |00 and 101, and to
operate on any of the IO lines the LabJack must operate on all 4. The DLL keeps track of the
current direction and output state of all lines, so that this function can operate on 100 and 101
without changing 102 and 103. When the DLL is first loaded, though, it does not know the
direction and state of the lines and assumes all directions are input and output states are low.

Declaration:
long SHTComm( long *idnum,
long softComm,
long waitMeas,
long serialReset,
long dataRate,
long numWrite,
long numRead,
unsigned char *datatx,
unsigned char *datarx)

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

¢ softComm - If >0, forces software based communication. Otherwise software
communication is only used if the LabJack U12 firmware version is less than
V1.1.

waitMeas - If >0, this is a T or RH measurement request.

serialReset — If >0, a serial reset is issued before sending and receiving bytes.
dataRate — 0=no extra delay (default), 1=medium delay, 2=max delay.
numWrite — Number of bytes to write (0-4).

numRead — Number of bytes to read (0-4).

*datatx — Array of 0-4 bytes to send. Make sure you pass at least numWrite
number of bytes.

Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found.
e *datarx — Returns 0-4 read bytes as determined by numRead.

ActiveX Function Differences:
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Transmit and receive data arrays are replaced with 4 individual parameters which each pass 1
transmit byte and return 1 read byte.

Declaration (ActiveX):

long SHTCommX(  long FAR* idnum,
long softComm,
long waitMeas,
long serialReset,
long dataRate,
long numWrite,
long numRead,
long FAR* data0,
long FAR* data1,
long FAR* data2,
long FAR* data3)

4.33 SHTCRC

Checks the CRC on an SHT1X communication. Last byte of datarx is the CRC. Returns O if
CRC is good, or SHT1X_CRC_ERROR_LJ if CRC is bad.

Declaration:

long SHTCRC(long statusReg,
long numWrite,
long numRead,
unsigned char *datatx,
unsigned char *datarx)

Parameter Description:
Returns: LabJack errorcodes or O for no error.
Inputs:

statusReg — Current value of the SHT1X status register.
numWrite — Number of bytes that were written (0-4).
numRead — Number of bytes that were read (1-4).
*datatx — Array of 0-4 bytes that were sent.

*datarx — Array of 1-4 bytes that were read.

ActiveX Function Differences:
Transmit and receive data arrays are each replaced with 4 individual parameters.

Declaration (ActiveX):

long SHTCRCX( long statusReg,
long numWrite,
long numRead,
long datatxO,
long datatx1,
long datatx2,
long datatx3,
long datarxO,
long datarx1,
long datarx2,
long datarx3)
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4.34 Synch

Requires firmware V1.1 or higher. This function performs SPI communication. Data rate is
about 160 kbps with no extra delay, although delays of 100 us or 1 ms per bit can be enabled.

Execution time for this function is about 20 milliseconds to write and/or read up to 4 bytes, plus
about 20 milliseconds for each additional 4 bytes written or read. Extra 20 milliseconds if
configD is true, and extra time if delays are enabled.

Control of CS (chip select) can be enabled in this function for DO-D7 or handled externally via
any digital output.

MOSI is D13
MISO is D14
SCK isD15

If using the CB25, the protection resistors might need to be shorted on all SPI connections
(MOSI, MISO, SCK, CS).

The initial state of SCK is set properly (CPOL), by this function, before !CS is brought low (final
state is also set properly before ICS is brought high again). If chip-select is being handled
manually, outside of this function, care must be taken to make sure SCK is initially set to CPOL.

All modes supported (A, B, C, and D).

Mode A: CPHA=1, CPOL=1
Mode B: CPHA=1, CPOL=0
Mode C: CPHA=0, CPOL=1
Mode D: CPHA=0, CPOL=0

If Clock Phase (CPHA) is 1, data is valid on the edge going to CPOL. If CPHA is 0, data is valid
on the edge going away from CPOL. Clock Polarity (CPOL) determines the idle state of SCK.

Up to 18 bytes can be written/read. Communication is full duplex so 1 byte is read at the same
time each byte is written. If more than 4 bytes are written or read, this function uses calls to
WriteMem/ReadMem to load/read the LabJack's data buffer.

This function has the option (configD) to automatically configure default state and direction for
MQOSI (D13 Output), MISO (D14 Input), SCK (D15 Output CPOL), and CS (D0-D7 Output High
for ICS). This function uses a call to DigitallO to do this. Similar to EDigitalln and EDigitalOut,
the DLL keeps track of the current direction and output state of all lines, so that these 4 D lines
can be configured without affecting other digital lines. When the DLL is first loaded, though, it
does not know the direction and state of the lines and assumes all directions are input and
output states are low.

Declaration:

long Synch(  long *idnum,
long demo,
long mode,

long msDelay,
long husDelay,
long controlCS,
long csLine,
long csState,
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long configD,
long numWriteRead,
long *data)

Parameter Description:

Returns:
Inputs:

Outputs:

LabJack errorcodes or 0 for no error.

*idnum - Local ID, serial number, or -1 for first found.

demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

mode — Specify SPI mode as: 0=A,1=B,2=C,3=D (0-3).

msDelay - If >0, a 1 ms delay is added between each bit.

husDelay - If >0, a hundred us delay is added between each bit.

controlCS - If >0, D0-D7 is automatically controlled as CS. The state and
direction of CS is only tested if control is enabled.

csLine — D line to use as CS if enabled (0-7).

csState — Active state for CS line. This would be 0 for the normal !CS, or >0 for
the less common CS.

configD - If >0, state and tris are configured for D13, D14, D15, and !CS.
numWriteRead — Number of bytes to write and read (1-18).

*data — Serial data buffer. Send an 18 element array of bytes. Fill unused
locations with zeros.

*idnum — Returns the local ID or —1 if no LabJack is found.

*data — Serial data buffer. Returns any serial read data. Unused locations are
filled with 9999s.

ActiveX Function Differences:

The maximum number of bytes to write/read is limited to 5 (numWriteRead should be 1-5). The
data array is replaced with pointers to 5 individual data bytes.

Declaration (ActiveX):

long SynchX( long FAR* idnum,

long demo,

long mode,

long msDelay,
long husDelay,
long controlCS,
long csLine,

long csState,
long configD,
long numWriteRead,
long FAR* dataO,
long FAR* data1,
long FAR* data2,
long FAR* data3,
long FAR* data4,
long FAR* data5)

4.35 Watchdog

Controls the LabJack watchdog function. When activated, the watchdog can change the states
of digital I/O if the LabJack does not successfully communicate with the PC within a specified
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timeout period. This function could be used to reboot the PC allowing for reliable unattended
operation. The 32-bit counter (CNT) is disabled when the watchdog is enabled.

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).
If you set the watchdog to reset the LabJack, and choose too small of a timeout period, it might

be difficult to make the device stop resetting. To disable the watchdog, reset the LabJack with
100 shorted to STB, and then reset again without the short.

Declaration:

long Watchdog ( long *idnum,
long demo,
long active,
long timeout,
long reset,

long activeDO,
long activeD1,
long activeD8,
long stateDO,
long stateD1,
long stateD8 )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

e *idnum - Local ID, serial number, or -1 for first found.

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

e active — Enables the LabJack watchdog function. If enabled, the 32-bit counter

is disabled.

timeout — Timer reset value in seconds (1-715).

reset — If >0, the LabJack will reset on timeout.

activeDn - If >0, Dn will be set to stateDn upon timeout.

stateDn — Timeout state of Dn, 0=low, >0=high.

Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found.

4.36 ReadMem

Reads 4 bytes from a specified address in the LabJack's nonvolatile memory.

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Declaration:

long ReadMem ( long *idnum,
long address,
long *data3,
long *data2,
long *data1,

long *data0 )

Parameter Description:
Returns: LabJack errorcodes or O for no error.
Inputs:
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e *idnum - Local ID, serial number, or -1 for first found.
address — Starting address of data to read (0-8188).

Outputs:

*idnum — Returns the local ID or —1 if no LabJack is found.
*data3 — Byte at address.

*data2 — Byte at address+1.

*data1 — Byte at address+2.

*data0 — Byte at address+3.

4.37 WriteMem

Writes 4 bytes to the LabJack's 8,192 byte nonvolatile memory at a specified address. The data
is read back and verified after the write. Memory 0-511 is reserved for configuration and
calibration data. Memory from 512-1023 is unused by the LabJack and available for the user
(this corresponds to starting addresses from 512-1020). Memory 1024-8191 is used as a data
buffer in hardware timed Al modes (burst and stream).

Execution time for this function is 20 milliseconds or less (typically 16 milliseconds in Windows).

Declaration:

long WriteMem ( long *idnum,
long unlocked,
long address,
long data3,
long data2,
long data1,
long data0 )

Parameter Description:
Returns: LabJack errorcodes or 0 for no error.
Inputs:

*idnum — Local ID, serial number, or -1 for first found.
unlocked - If >0, addresses 0-511 are unlocked for writing.
address — Starting address for writing (0-8188).

data3 — Byte for address.

data2 — Byte for address+1.

data1 — Byte for address+2.

data0 — Byte for address+3.

Outputs:
¢ *idnum — Returns the local ID or —1 if no LabJack is found.

4.38 BuildOptionBits (ActiveX only)

This function is only in the OCX, and is used to build the optionBits parameter for
AlBurst and AlStreamStart.

The parameter optionBits is made up of the following bits and can often just be set to 2 (normal
operation with the LED on):

bit 0 => demo

bit 1 =>ledOn

bit 2 => disableCal

bits 3,4 => transferMode
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e bit 5 => updatelO

e bit 6 => statelOin(0)

e bit 7 => statelOin(1)

e bit 8 => statelOin(2)

e bit 9 => statelOin(3)
Declaration:
long BuildOptionBits ( long demo,

long ledOn,

long disableCal,
long transferMode,
long updatelO,
long statelOin )

Parameter Description:
Returns: optionBits
Inputs:

e demo - Send 0 for normal operation, >0 for demo mode. Demo mode allows
this function to be called without a LabJack.

e ledOn - If >0, the LabJack LED is turned on.

o disableCal - If >0, voltages returned will be raw readings that are not corrected
using calibration constants.

o transferMode — Set to 0 (automatic).

e updatelO - If >0, state values will be written. Otherwise, just a read is
performed.

¢ *statelOin — Output states for I00-103.

4.39 FourPack (ActiveX only)

This function is only in the OCX, and is used to convert a 4 element array into an integer. The
packed value is determined as: valueA + (valueB * 278) + (valueC * 2*16) + (valueD * 2424).

Declaration:

long FourPack ( long valueA,
long valueB,
long valueC,
long valueD )

Parameter Description:
Returns: Packed representation of a 4 element array.
Inputs:

valueA - Element 0 of the array to be converted.
valueB - Element 1 of the array to be converted.
valueC - Element 2 of the array to be converted.
valueD - Element 3 of the array to be converted.

4.40 Description of errorcodes.

It is recommended that the function GetErrorString be used to interpret errorcodes, but this list
is provided as a convenience.

e 0 - No error.
e 1 - Unknown error.
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2 — No LabJacks found.

3 — LabJack n not found.

4 — Set USB buffer error.

5 — Open handle error.

6 — Close handle error.

7 — Invalid ID.

8 — Invalid array size or value.

9 — Invalid power index.

10 — FCDD size too big.

11 — HVC size too big.

12 — Read error.

13 — Read timeout error.

14 — Write error.

15 — Turbo error.

16 — lllegal channel index.

17 — lllegal gain index.

18 — lllegal Al command.

19 — lllegal AO command.

20 - Bits out of range.

21 - lllegal number of channels.
22 — lllegal scan rate.

23 - lllegal number of samples.
24 — Al response error.

25 — LabJack RAM checksum error.
26 — Al sequence error.

27 — Maximum number of streams.
28 — Al stream start error.

29 — PC buffer overflow.

30 - LabJack buffer overflow.
31 — Stream read timeout.

32 - lllegal number of scans.

33 - No stream was found.

40 - lllegal input.

41 - Echo error.

42 — Data echo error.

43 — Response error.

44 — Asynch read timeout error.
45 — Asynch read start bit error.
46 — Asynch read framing error.
47 — Asynch DIO config error.
48 — Caps error.

49 — Caps error.

50 — Caps error.

51 — HID number caps error.

52 — HID get attributes warning.
57 — Wrong firmware version error.
58 — DIO config error.

64 — Could not claim all LabJacks.
65 — Error releasing all LabJacks.
66 — Could not claim LabJack.
67 — Error releasing LabJack.
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68 — Claimed abandoned LabJack.

69 — Local ID —1 thread stopped.

70 — Stop thread timeout.

71 — Thread termination failed.

72 — Feature handle creation error.

73 — Create mutex error.

80 — Synchronous CS state or direction error.
81 — Synchronous SCK direction error.
82 — Synchronous MISO direction error.
83 — Synchronous MOSI direction error.
89 — SHT1X CRC error.

90 — SHT1X measurement ready error.
91 — SHT1X ack error.

92 — SHT1X serial reset error.

If bit 8 is set, the error occurred in the stream thread. Bit 10 is set for Windows API errors.
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A. Specifications

Parameter Conditions Min Typical Max Units
General
USB Cable Length 3 meters
User Connection(s) Length CE compliance 3 meters
Supply Current (1) 20 mA
Operating Temperature -40 85 °C
Clock Error ~25°C +30 ppm
0to70°C +50 ppm
-40 to 85 °C +100 ppm
+5 Volt Power Supply (+5V)
Voltage (Vs) (2) Self-Powered 45 5.25 volts
Bus-Powered 4.1 5.25 volts
Output Current (2) (3) Self-Powered 450 500 mA
Bus-Powered 50 100 mA
Analog Inputs (AIO - Al7)
Input Range For Linear Operation | Alx to GND, SE -10 10 volts
Aix to GND, Diff. -10 20 volts
Maximum Input Range Alx to GND -40 40 volts
Input Current (4) Vin = +10 volts 70.1 pA
Vin = 0 volts -11.7 pA
Vin = -10 volts -93.5 pA
Resolution (No Missing Codes) C/R and Stream 12 bits
Burst Diff. (5) 12 bits
Burst SE (5) 11 bits
Offset G=1t020 +1*G bits
Absolute Accuracy SE +0.2 % FS
Diff. +1 % FS
Noise C/R and Stream +1 bits
Integral Linearity Error 11 bits
Differential Linearity Error +0.5 bits
Repeatability 11 bits
CAL Accuracy CAL = 2.5 volts +0.05 +0.25 %
CAL Current Source 1 mA
Sink 20 100 pA
Trigger Latency Burst 25 50 us
Trigger Pulse Width Burst 40 us
Analog Outputs (AO0 & AO1)
Maximum Voltage (6) No Load Vs volts
At 1 mA 0.99 * Vs volts
At 5 mA 0.96 * Vs volts
Source Impedance 20 Q
Output Current Each AO 30 mA
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Parameter Conditions Min Typical Max Units
10
Low Level Input Voltage 0.8 volts
High Level Input Voltage 3 15 volts
Input Leakage Current (7) +1 pA
Output Short-Circuit Current (8) Output High 3.3 mA
Output Voltage (8) No Load Vs-04 Vs volts
At 1 mA Vs-1.5 volts
D
Low Level Input Voltage (9) D0 - D12 0.8 volts
D13 -D15 1 volts
High Level Input Voltage (9) DO - D12 2 Vs + 0.3 volts
D13 -D15 4 Vs +0.3 volts
Input Leakage Current (7) +1 pA
Output Current (9) Per Line 25 mA
Total DO - D15 200 mA
Output Low Voltage 0.6 volts
Output High Voltage Vs - 0.7 volts
CNT
Low Voltage (10) GND 1 volts
High Voltage (10) 4 15 volts
Schmitt Trigger Hysteresis 20-100 mV
Input Leakage Current (7) +1 pA
Minimum High Time 500 ns
Minimum Low Time 500 ns
Maximum Input Frequency 1 MHz

(1) Current drawn by the LabJack through the USB. The status LED is responsible for 4-5 mA of this current.

(2) Self-powered would apply to USB hubs with a power supply, all known desktop computer USB hosts, and some notebook
computer USB hosts. Bus-powered would apply to USB hubs without a power supply and some notebook computer USB hosts.

(3) This is the total current that can be sourced by +5V, analog outputs, and digital outputs.

(4) The input current at each analog input is a function of the voltage at that input (Vin) with respect to ground and can be
calculated as: (8.181*Vin - 11.67) pA.

(5) Single-ended burst mode only returns even binary codes, and thus has a net resolution of 11 bits. In addition, extra noise in
burst mode can reduce the effective resolution.

(6) Maximum analog output voltage is equal to the supply voltage at no load.

(7) Must also consider current due to 1 MQ resistor to ground.

(8) The IO lines each have a 1500 ohm series resistor.

(9) These lines have no series resistor. It is up to the user to make sure the maximum voltages and currents are not exceeded.
(10) CNT is a Schmitt Trigger input.
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4.2 Professor Reinkensmeyer lecture notes given during
class

University of California at Irvine
MAE106 Mechanical Systems Laboratory: Lecture 1
Part 1: Overview of the Class
If you work hard, you will leave this class with knowledge and practical experience in three interrelated areas:
1. Physical intuition about how 1% and 2™ order linear, dynamical systems behave
¢ You will be exposed to examples of common electrical, vibration, and robotic systems
¢ Basic Idea: The dynamics of a wide variety of physical objects obey 1% and 2™ order linear, differential
equations. These systems respond exponentially, sinusoidally, and exposoidally (OK, that’s not a real
word, but try to get the idea) in the time domain.
* You will learn how to think about their behavior in both the time and frequency domains
2. Basic understanding of how feedback control works
e Feedback is a common way to make cars, planes, robots, etc. respond like we want them too
*  You will learn about proportional feedback control (and derivative and integral control)
* Basic idea: Measure error and try to reduce by changing the input to the controlled object
3. Familiarity with the components and tools for building mechatronic and robotic systems
* Motors, potentiometers, tachometers, analog computational circuits (op-amps), electrical filters, power
amplifiers, data acquisition systems, oscilloscopes, protoboards, ohmmeters

Part 2: Design Exercise
Final Project Competition: Build a robotic soccer player that can do two things:
1. kick a penalty kick
2. goal tend to block a penalty kick by another robot
Your robot will use a small motor. What questions do you need to know the answer to in order to build this robot?
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Part 3: Review of Circuit Theory

3.1 Linear circuit elements

Current: think of it as the flow of charge through a circuit element (such as a wire or resistor) Units:
amps=coulombs/sec

Voltage: think of it as the electrical pressure that can cause charge carriers to flow

Current is always measured through something at a point; voltage is always measured between two points
For this class, “ground” is an arbitrarily defined point on a circuit to which we reference all voltages
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1 ‘i ; X
G e i
¢ Kirchoff’s Voltage Law: QZ Ve lta e ) - \/L;z IR b ‘ g\zsné \J

0&? i |

, ‘ RV
* Power P:oyi (shord o diespal ml\) N

e Triad of linear circuit elements: i . v - -.FM ol [ 4! fwg}
. n __.,.‘\ }—ﬁc *
i melors
! Qs hene jg (u.wa Jomte
L \Sfa-r k ‘;vim
e avtomebile
v?\-‘*:«me,\

onms [+ Semian

vEL

AR

1
33
t
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Resistor Analysis Exercise:

Abstraction: the act of considering something as a general quality or characteristic apart from any concrete realities,
specific object, or actual instance. It’s the idea of a “black box”

ABsiekction, FATIERN Recognmon, + CRCUIT Arialysis
R, R R.

. R.\: R tR,
= I_R
R. p?— R“b: E:"RL KCL—
NN — = AN —
KvlL
F g .
t n Vo= — v;
V; Rz% Vc ~ ° R ARy

“5'21 Hhe above .Lsobdms/rvlcs , Sind U, for the ‘ﬂ'//ovrhj Clreuits

/7

e A AAA K
] D :
A
Potentiometers:
Typically used as voltage dividers. The two resistor values are changed by turning the pot.
Riz R,
Wﬁi \/ﬂ WT I8 S ot d,.,.;, \/v 7,

Rog K
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3.2 Operational Amplifiers

¢ important building blocks for circuits; easy to use, cheap Ve
used to build filters, amplifiers, feedback controllers, computational circuits
the “brains” in the analog control circuits that you will build for the class
What are they? High gain, differential, linear voltage amplifiers
Made of > 20 transistors plus resistors and capacitors ¥
Two input terminals, one output, two power supply lines (five pins total) '
Typically operate over a wide range of supply voltages
By design, they have a high input resistance and a low output resistance - N,

Described by the fol&owmg in ut—ou?)ut function: ‘
dive Satoratnom wn Laniar ((\,)(,M

Shpe © K 210,000 Vor K (v, - v‘,‘)

*‘“j | LoV
""’-—/V 'Vt &

nenatve satyatia,

4“((,

Golden Rules of Op-amp Circuit design:
1. Input currents are zero (op amps are designed to have a high input resistance)
2. Input voltages are equal (If operating in linear region, and connected with negative feedback)

Four useful circuits:

, . oy P
! Invertlng amphfler \fv"ﬂ’* L4 Vd‘ @A fvt\cj\o’]\ 6& v(, .
e, W kel V. , Ve V.= - v,
v, JWMT" SRR e R
2. Non-inverting amplifier Vo-Ve oy ¥
e TN 5 s S VY
R, R ° 2
Voo s B R e
' €

ﬁg Qz -">06' \.{\L\uf‘ QLDPS (S c\f;u:*— !‘('g)

3.
Jorv,  WhgT o b it mpedme
¢ vs connect event wedilers
wrt o &ﬁb V"W‘J Abearn
Pey {;‘f'w\m« e,
4. Analog addition (subtraction also possible) VY,
R¢ =4y %
, R = B
[. S T l ‘ A € ¢ \
0 g , Yot V?:)
. e P P V. Vv, = («F ((\( L
3 o A oy T
Vo A s l_‘ l<‘ o (s;.z oW,
r
—— - - é"
T Vo = € {/\i't"“’z,v

ND*( %c.um‘( 15 E"‘p | -, V_ (7\634*\\'& A{'{e)‘,tm\,’«b
<L l\f ‘ awd "m,f,( ‘:m("y efgc op- avp M*\J\af’&(’j

213



4.2. Professor Reinkensmeyer lecture. .. CHAPTER 4. OTHER CLASS MATERIAL

3.3 Controlling power needed for devices like motors, light bulbs, etc.

Often we want to control a device that requires a lot of power (e.g. a motor) with signals that have very low power
(e.g. an op amp or computer).

Small DC brushed motor: \/> [OV, R 2 o (- -\é Y s
Typical Op-amp: V: ey | .
Solutions? v Pmay K20 Mawp
1. Power op-amp
2. Power transistor (e.g power MOSFET - simple and cheap)
Can think of a MOSFET as a voltage controlled resistor that can take a lot of current

P Ros
G

S

Notes: Input resistance is very high (therefore effectively no current goes into gate)
Low-power MOSFETS are the “switches” used in computers (what is a switch?)

MOSFETS are very sensitive to static electricity — use a grounding strap when you handle them in lab
Example: use a power transistor to control a motor with a low-power computer output

Hints about motors:

A DC brushed motor spins at a speed proportional to the input voltage, if it is just turning an inertial load.
If you stop the motor, it will produce a torque proportional to the input current

4\
a4 ov C
| %9

‘* §¥>

{oN
M

M”wé ? o 3

s

lﬂ
4 Rb; \% b.% ne Corcent o

¥ ‘ ““ e )
Ry el (oecinse Voo 2 coneent Llows

i “*‘ s
T\wﬁ, b3 Cav\’*“ra“s“j véfa)‘w-e tan Wmake The tmoor TTorn ee net v

"
oo pruve

o SNy {aﬁ"/
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MAE106 Mechanical Systems Laboratory: Time and Frequency Domain Notes

1. Why do engineers analyze systems in both the time and frequency domain?
Why the time domain? We (ive in the time domain.
Typical questions: How does the system respond to a .S input? Example: 0 -6& mph
How does the system respond to a _impulse.  input? Example:  bump suspension
How fast does the system respond? (Useful #: -hme constavd’)

Does it oveshet
Does it oggllzsz ? ,,\,,* -
Why the frequency domain? . »Lx,svw ] . ‘._.ﬂe_m.#k,j
a. Intuition 3 AN T
Systems act like Q\‘Hm , responding differently to inputs at different frequencnes

Four common types of fllters

Aenichon, —
e I R I I AT B
° Low puss 5 Hhy b ¥ A"&“Wﬁc fakh

b. Ease - sometimes its easier to solve differential equations in the frequency domain (Laplace
Transform)

2. What is a transfer function and what is a frequency response?

A linear differential equation in the time domain becomes a transfer function in the )QY:‘" eman

To see this take the Laplace transform of a differential equation: M e C \ Zf (e \\}
= +
ﬁ{,&* AX = U Agsumved inihi oA o e ee S
A+t 7 . | —> :LD ()C’ 4’?"2): I(x\3+ i(&)
sk oy U XE)= UG =
= M) UK
FACT: The transfer function tells how a system responds to any input in the frequency domain. The
output is just the input multiplied by the _truvsfer et . ) _5, sy x[s\ HSy wey)
The transfer function also tells how a system responds to a sinusoidal input. )
FACT: Using Laplace Transforms, it is possible to prove that: sine wave in = gine uade ouf gtz
The transfer function tells how much an input sine wave is _s code) and _s Hz) asa
function of its frequency. PR YN ey B ( 6Cjw)]§ M}\G\rﬂ 4, ‘f‘b Nofe Gy 8

] . ] o Compliy var el
Knowing these two things means you know the *@‘t%m <y m?ﬂ of the system, which is )
characterized by the Madnivile andthe _“plwne reapc S b et e

J T W)CS v"‘ki‘na‘ko\( ] {)h«%

These facts are very useful when combined with two other facts:
FACT: Any signal can be represented as the sum of suwsm&g . Bonte anedey i

FACT: The response of a linear system to the sum of two inputs is the sum of the vdividud op-b

X, —=
THESE FACTS LET US THINK OF LINEAR SYSTEMS AS FILTERS. (T H

g - 7],
Linear Sydon "'"’7‘2,’%%47'2,

oy sjvw(’ —5 S/ Sung - >fé(£) ’__,2’ sh ‘He,' - eifp uf >n)n
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Mechanical Systems Laboratory: Lecture 3
Analysis of a 1%-order, Low-Pass Filter Circuit in the Time and Frequency Domains
The following circuit is a low-pass filter. It is useful to clean up signals with high frequency noise on it:

R Via IW Aoy S&jm&j
Vin C Ve VZJ‘;MM% o ‘
S ~ Alrer fow-pass &Hﬁmw}
1. Time Domain Analysis e

Let’s analyze the response of this circuit to a step input

We’ll use the method of undetermined coefficients to solve the differential equation. You can remember this

very useful technique for linear, ordinary, differential equations using the following mnemonic:

1. Generals: set the forcing function = 0 and find the general solution to homogenous equation (don’t evaluate
it’s coefficient yet)

2. are Particular: find the particular solution (assume particular soln is same form as forcing function)

3. about Initial Conditions: sum the homogenous and particular solutions and solve for the coefficient to the
homogenous equation that satisfies the initial conditions.

\ = .- | | wAf )
VL . - Vé’ + < f‘% + v e Hose 3, v o A e ¢ Te=R
J , R
y i,{? Fet v Vi (assume \g‘f;s a wastest )
ac ’; ; VARV —tf .
| Todall V= Ae T+ V. pur V{oy=07A¥Ve
eildy - 1 . - -t
> S V@* Ve “fi? = A==V
dt & e o ‘é <o V'b: v é ) .. .
Adsume: V (e)=0 , Vvégft‘@\xs‘%an‘i' t>0 PR e . 53;’“ -
. fwm VL f— h =, 63 Ve e
Summary of important concepts: Vo= vili-e D7 e3V; .
e Method of undetermined coefficients for solving a differential equation. T &

e Time constant: a I* order system has gone 63% of the way to its final value after one time constant —
standard engineering technique for quantifying “how fast” a system responds.

2. Frequency Domain Analysis
Let’s analyze how this system responds to a sinusoidal input. Remember: sine in = sine out (scaled and

shifted), for a linear system. We will use three methods to find the scaling and shifting.

Method 1. Solve differential equation using method of undetermined coefficients (difficult) AcSunre v = Sm wT
~t i . i

Homogenous solution: /- A& Vo Mot ag 7S Vpmo (Transient 7

Particular solution: /‘{’Fgw ;f PR {w?ﬂ%gi) whee o & 4 e un krown

subet 1hte ¥ = @w eosfwitg )T "“w sv«(w’?“;j‘ﬁ‘gc smw%"’
Useful trig. identity: Acos(8) + Bsin(@) = ,|A”> + B’ sm(6 + tan™! (____))
[ witwR
At chs[v’?%é}é* & Svy{wﬁgﬁjw gHwL, {ﬁw’”)“‘égz} sa. (ut4g 4 Fu C)
,t’gf g tﬁgo\iﬁfﬁ‘ st éﬂtv%%%j 4o é«ﬁ:igg ’
e R .
Ao = N é;w\?‘sf (’ } ‘= a= NES RS éc:g&«nyi
A ) e
= 3 F hoede chit
F= —Fan' wRe < ;/,5 phok

S——

"/
}V‘& Bt iﬁ.ﬁ (’i«}«f 4 @3 W{{h - j
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Method 2: Take Laplace Transform of differential equation that describes circuit, find the transfer function, and
solve for frequency response (easier than Method 1)

Brief review of complex variables:
Complex variables keep track of two pieces of information, real and imaginary part, or magnitude and phase

Tomey , ‘
Can think of complex variables as a point in the complex plane. ;El i @ f L= T4y
Can write point in Cartesian or polar coordinates. $7 04w ;ﬁé - Real
. o . s= Red? 3
To find the magnitude in Cartesian form: = ‘
ggﬁl; rihgﬁ‘:(_‘;?_ = R Sz “)A%“\W
To find the phase in Cartesian form: . .
p @:g) = %Q?\M‘ g%;“ é = P‘Cﬁ{g?f + \}QSW‘ ‘?ﬂ
Magnitude of two complex variables divided by each other: 2.¢ 19 i\n | PA R j &
Phase of two complex variables divided by each other: Ezg}% 1R, Eulers loo }i cosd x| ySv~ J
= R (d-# e
Now, find the transfer function and frequency response: 7 e 2 ( Casm devwe f’;‘ m“ji'a” expe M'WB
oo _ =Lty \; = VoA v 2
A AL slc, 2V e A iéc@] it Reye | (?@1)
m,,.,é — .v?,C _ T Cows
= 1 Res {f(‘%} = '}ém ! ) == Taw! T
Method 3: Use * 1mpedances” fo fl’%ftransfer function (easiest) . ) VReco
s - RN o
Circuit element Time domain Frequency domain Impedance
Resistor V(t) = RI(t) V(s) =R I(s) R
Capacitor 1 ¢, o L
V() = C fl(t) VYT g 1 (5) Ze
Inductor V(t) = L di/dt visy= SL I SL

Note: All the usual circuit rules till hold in the frequency domain because of superposition (KVL, KCL, Op amp
rules, voltage divider...). So, treat impedances like (frequency dependent) resistors in finding a circuit’s transfer

function. - i A A
v e ) < o Af - e é{g) . ) e
o gy Vet yaRes (+4pcs

What do the magnitude response (i.e. scaling or attenuation factor) and phase shift response actually look like?
Fill in the following chart:

Magnitude or Scaling Phase
Small ® | O
o=1/RC=1/t [T = 07 -ys©
® = infinity - 907
\Sg? a,\&?gcé’\/@ ,( E‘:vT{Jv'i‘ ER S iﬁp‘w when W f:,; 3;/ N . /
¢ . / \ . a
r% N\\\\ Ms,i?% \\\ ! \\:ip . v
é I ) mi“,::::*w"* '

The frequem is called the “corner frequenéy” or “bandw1dth” of the system. For this low-pass filter, input
sinusoids with a frequency higher than the bandwidth are “filtered” or “attenuated”.
Summary of important concepts:

e How to find a transfer function and the frequency response

e Impedances

e Corner frequency
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Mechanical Systems Laboratory: Lecture 4
How DC Brushed Motors Work (Another example of a first-order system)

1. Introduction to DC Brushed Motors
e very common for small jobs (toys, some appliances, robots)
e invented by Michael Faraday in the 1850’s
e Operating principle:
o apply voltage, motor spins
o Polarity of voltage determines motor direction
o Amplitude of voltage determines motor speed
Other motor types: AC motors (washing machine), DC brushless motors, DC stepper motors

2. Physics of Operation IR
a. Makes use of Lorentz Force Law: F= | (R
where F = force, | = unit vector in direction of current flow, B = magnetic flux, i = current into motor

i.e. current-carrying conductors placed in magnetic fields create forces
[‘\ Ned to switen

curvent dwechon
at this ppint

At what configuration would the following motor get stuck?

T

Permanent N ’ a {
CON\N\U"L\}DP N . 6 M / ¢1. (s,‘u_‘b() A
gf vslxes - Armeolture &
Use “commut ” to reverse current direction and keep motor turning

Adding enough commutator segments gives: T = Bi, where B = “torque constant”

b. Back EMF
e back EMF” (electromotive force or ‘voltage’)
the voltage produced by motor as a result of it_s speed
voltage is proportional to speed Ve Bé
physical basis: armature windings are an inductor
as motor spins, get di/dt in armature
V = Ldi/dt o< angular velocity
Can use a motor as a velocity sensor (i.e. a “tachometer”) by measuring voltage across terminals
This is also the principle used by generators.
Real tachometers have many armature coils to reduce voltage ripple

3. Mathematical Model of a DC Brushed Motor

A motor has a resistance and inductance associated with its coils.

_.._..—--—-—.--—n«-‘

P 8 ' Shwﬁ'
\ )
|
\
Elecfnmf ..n.f:isz M;f‘mmmﬁ 0
V= :F"'R"’BQ, i de
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To see how the model predicts the motor behavior, consider two cases:

Case 1) Hold shaft fixed, apply constant voltage. What is the motor torque as a function of time?

AssvmszO)f , Shaft fixed = 9 ] Stall BV’T
v- L3R4 g ° Torqe 2
\/%i-—-'—’ T&?‘

Solve 15t orde 1DE7Q

) ¢
L Genwd sg‘h‘ - ™ R L +""¢ T
of+ - L ) L= k£ c o: E:unr‘fﬁn'f' ¢
2, pa;:\ Soln- Assume (= contlomt = A Soln:
L = Vv : -
ar TRA=V S A Zz 3 T ¢ -ﬁwkg ‘c. %/ -e f-#,:_>
Observations: Fird K i/fov=o = E +ED K:w\é; gl
The stall torque = the torque you feel if you hold the motor shaft fixed T&V&éq@,ﬁ’ T= 3
It takes time for a motor to develop torque (describable with a time constant) fr_ Bv -t fy
After the transient response, the motor acts like a resistor - ( - ¢ )

Case 2) Allow shaft to spin freely, apply constant voltage. What i lS the motor speed as a function of time?

Assome shaft hog inevti.. T= 39 asdSume, A{ XO (current vesthes S&znbj ﬁn‘.‘gv)

Ve LB 1R BE = v RABD  rewtt YeBL 2 it %:iﬁ
0 - - B
Blg186 =v &t w=¢ L0

£

-t by
Q; w+Bw=v  SOLuToN. W= (l Ak) T.* E‘.l

5 v
as T200, W—ulc =3 Nﬁbmd-gpa.}"

Observations:

No load speed is independent of inertia and proportional to voltage - é _
Time constant of speed increase depends on inertia at w -
Motor requires no power at no load speed (actually does because of friction) V: R.+ B
- v =
Summary: Torque-speed curve for a DC brushed motor V 7R 48 B = L=0
NS
For V constant (& = ,..«o> Yyou gt v’eé""BQ LU B
~
Ve g <
N 'B"H BB  can bewm‘“c«\m e ﬁ’-e-me B' 10"%%” "’P"ﬂa‘
Y= -.E- é B Vv St L EV v 4‘ Chaucfu \S'h"c'
R [3 Trrgue

»

4: mx+ b

Important Ideas:

e Lorentz force law “,‘,/
Commutation @
Back EMF Ns lead J,ae,d
Mathematical model of motor (inductor, resistor, back EMF)

Exponential increase in torque if shaft is fixed; in speed if shaft is free to spin
Torque-speed curve (no-load speed, stall torque)

»

&
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Mechanical Systems Laboratory: Lecture 5
Basic Control Concepts; Example of Feedback Control of Motor Velocity
1. Basic Control Concepts
a. The problem of automatic control
Given a system with inputs and outputs (the “plant” — e.g. a car, plane, motor, refpgerator L)
And a desired output yy /npu‘f

. . P 2 ?_-—-mdm—-h ;'[“)
Find an input u to give you the desired output y4
=5 £ "—’m
b. Block diagrams Ca theofile

, St 4 ant  Speed
Useful notation for visualizing control systems. fogrnen @ P

Two common blocks: - 2l
1) Gain block _“...;[é:].?__,
X, -
2) Summer block * —-—-,C}i}m-—qx,f Xa ——e%):" Xy=X2.
2 2
c. Two general approaches to designing the input “u”
Approach 1: Feedforward Control (or “Open Loop” Control)

Choose input to plant based on knowledge of plant (i.e. based on an “inverse model” of the plant).
Example: Control a motor’s steady state velocity ® using voltage v as the input. What should v be such that

0= 0,? cortreller mo‘fpr v V= é WJ £ % = B Ny w‘Q

/ . NJ ~ v ] ,_.'_ w:”—é{- v A /

Shortcoming 1 of Feedforward Control: Need to have an accurate model of the plant

1§ B=.5B,4hen w=.5wd

Shortcoming 2 of Feedforward Control: Most systems have unpredicted “disturbances” that affect the output

\1, = M v Vdt (£ VAt 15 b,
wd v‘ W Lﬁ) —-‘; - _q.——-i;-w-nv— va ) J/
' A W W

B |
s + = V4
Approach 2: Feedback Control (or “Closed Loop” Control) o ] wi B dist
Refers to measuring a system’s output and “feeding it back” to change the input so y = y,.
Also called “closed-loop control” because you “close the control loop” by “feeding back” the sensed output.
Usually, you subtract the desired output from the actual output to get an error signal, then apply an input to the
system proportional to the error in the direction that reduces the error (negative feedback). '
Example: Control a motor s steady state velocity ® usmg voltage v as the input. (11 K ) o f:: A
S =

“{,‘ -; P ,V e L&)3 = ()A w _w_,E
?a—, \ V= Ke=K[wc“W> /(JJ' ._.K..~ w"eg

: ey
the conteoller e My W~ L-.b

For feedback control, you don’t need an accurate model of the plant (you just need to know which way to
“push” the plant to reduce error). Feedback control can also handle disturbances because it senses their effects

VJ:‘
onthe output. \¢ ¢35 8, thea W= WA A’d‘(?'>@—d_—’l__ﬁ}_ .

solve: w= B‘A)‘/*HB Viist F k3, waw)
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What are two limitations of feedback control?

1) an ercor has 1o &we‘oP befove codvoller acts
2) Agtn, cawes installity

) reqoives a Sensor

Many control systems use feedforward and feedback control together.

2. Example: Feedback Control of Motor Velocity (Lab 3)

In lab, you will build an op-amp circuit for controlling velocity of a motor using proportional feedback.

To place this lab in a context, imagine that you are designing a control system for “Robbie the Rescue Robot”.
The amplifiers that you use in lab give an output current (and thus motor torque) that is proportional to input
voltage (“current amplifier”). So, a model of the motor and amplifier together is:

~=73 b;) (t‘ncv?k’af /Dﬂcf) J(:D e 44

Vol = [
OS » T* xV [Lurf‘en‘t" aMP‘i“w;) JsLJ': (1(\/
v wa\‘fa e o am‘:l{-ﬁ‘w— _C_Q - ,_j_. - 6(6)
Problem 1: Design a feedback control law relating &, ®, and ®q, and verify that it works. v <

vz -k{w-~ l«%{)
Intuitively: If motor turns too fast (@ > @y), apply a negative torque to slow it down. If motor turns too slowly
(w < ®y), apply a positive torque to speed it up. Called a “proportional” or “P” control system since motor
torque is proportional to error.
Problem la: Write the differential equation that describes the behavior of the controlled system

V:ok(w-wd)=E 20

Problem 1b: Draw a block diagram of the controlled system

e ~ ;& "\‘/"’91 é’f v
Problem lc: Flng?ﬁetr:n;}er function for this systerztlls o _EM - 6 CS) : ‘N
&Zgw+l<w‘: Kwy Wfk*'?'\):/(w‘{ wl !<+§{S |+§I,5
T R

Problem 1d: Discus the system’s behavior in the time and frequency domair}ts/
'ﬁ'w\e Aoman = ls)r order ,s»,Sf&'m w= & (1 -¢ "’>

+ .
g"%"’!‘fﬂd dOMm“ -3 'S brvder fno Pa s Q Hf',r'

Problem le: You will use the following circuit to implement P-control of the motor. What hardware would you
connect to vl, v2, and v3?

VI_-Ye 5 v,=-vi

R™ R

Vo VQ_ "'\,3 —R-C

o —_— = - = = A~ v -.\/
R!h+ Rin Qc. >V Rin ( 2 '>
L - '\ R

\al V3

Important Ideas: feedforward and feedback (basic idea and limitations), how to implement feedback control

)nP‘d o fedack ¢ wh
Op-amp 3 ve ﬁﬁ\fﬂ"ﬁzw 5“"\ u"h SISV\J ff«'mv'd,ﬂjr
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Mechanical Systems Laboratory: Lecture 6
Integral Control; Introduction to Second Order Systems

1. Integral Control
In lab this week you are building an op-amp circuit for controlling velocity of a motor using proportional
feedback. To place this lab in a context, we imagined in the last lecture that you are designing a velocity control
system for “Robbie the Rescue Robot”. We created a Proportional-type controller for Robbie, and found that
the controlled system dynamics were as follows:

IJWeT=wv V= "k {www{ix"& iy %i@@%’wﬁ

Mo s i N a4

thyneaomics [ / FRB confroll,
aemplih éﬁ,Mi’}?ﬁe” . . .

where v= voltage input to current amplifier that powers Robbies motors, o = actual angular velocity of wheels,
sensed with a tachometer, @y = desired angular velocity, K = proportional feedback gain, alpha = proportionality
constant relating v (i.e. current amplifier input) to torque output from motor.

Note that the steady-state error for this system is zero:

® - : RN
e Jw = T c Assuone  Tr= constont (Shetiony
i o
Let’s assume that we control the torque to the motor directly, and express our control law in terms of torque.
(Note, we actually control the current into the motor, but this is proportional to torque).

?:f “’ggww“‘}é}

We can represent the combined system using a block diagram showing friction as disturbance.

Wl e j 1 -4 T | 1 w
”i%%@g K Fo—] 5 T
g J

Problem: Show that there is a steady-state error in velocity due to the friction.

Tz -Ke ez w-wd

S =
1 - & . ¢ - N ~ # - . - P
— i TS - ”g?”g in ;S’%’;fggfé\% \g;,‘ﬁfﬁé W= =y £F k

H
tenncs

KEY IDEA: We can get rid of this steady-state error by using a proportional plus integral (PT) controller:
‘ w-wd

How does I control work? (try to explain it to your neighbor in words).
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Integral control works in the following way:
If error e(t) does not equal zero, then I e(t)dt increases with time, and eventually the torque (which is

proportional to this integral) becomes high enough to overcome friction.

The block diagram for a P-I compensator is:

What is the transfer function for this system?
&
= Wj-w ?«-%5@%3 {éy w
© 5 J
T= (Kyt %%3} Kos 4 ¥
- (Kt 5)8 e — I w4
5;‘3% £ %{? ;§ + %ﬁeg

This is an example of second order system, which behaves differently than a first order system.

Typical behaviors in time domain Typical behaviors in frequency domain
(step response)
First order system Stable Unstable

f ﬁ bous pass E i
Second order i ; g'g f
system 2 f’w’ ‘ IN ; :

Important Ideas: integral control can help remove steady state error. However, I-control adds dynarics to the
system, which can lead to non-1%-order phenomena such as oscillation and resonance.
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Mechanical Systems Laboratory: Lecture 7
Time and Frequency Response of Second Order Systems

1. A Common Second-Order System: A Mass-Spring-Damper System

In lab next week you will measure how a vibrating beam behaves in the time and frequency domains. The
vibrating beam is an example of a system with a mass, some springiness, and some damping. Many physical
systems have a mass, some springiness, and some damping, in different proportions. We can describe their
behavior with a second order differential equation, and solve the equation to predict responses.

Modeling the Vibrating Beam

Assume the beam only moves in the x direction.
W by e ‘

~ peTae ]

— )y Mian] wy’
) -

. . L. - g o
The force caused by the unbalanced load m in the x direction is: Fomrw*snbr mrwfsmiw!
So, we can use the unbalanced load to provide a sinusoidal force input into the beam.

What is K for the beam? Fes
The load-deflection relationship for the beam (from any strength of materials book) is: & = ;m
Where: =4

F = applied load
= deflections of beam
E = modulus of elasticity
I = area moment of inertia of beam
For a spring: F=Kx,so K= 2£.1L /
pring : !ﬁgg;f* %ﬁ,,%ééfsu@%

So, a simple model is: n n < bea
o E e g™
: os Loas ¢ é?f s gl J;é:?‘\ o
The differential equation describing this system is: '
“ P e ’ &4 %gm g FWisgl ¢
Gt P L i 3
5\5‘ = . “ - AL
9€ LTl g w%@\m éim&gi@;
The transfer function for this system is: i
Y RN SNan [y pan . —
LIS 28 4 }Sm A = A es) Mefs s+ K
Note, for second order systems, we can write the denominator of the transfer function in a general form:
i o o B ;o Y i .. & 'g“' o, U
<2 W, = wn dovmped ng el Hves AL 4
T = saw g wa ratie”

For the mass-spring-damper system, find the damping ratio and naturai frequency

H sy = —N W
- ¢ g g
4 J f*“i

s : §
Ahpty &
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2. How does this system behave in the time domain?
In lab you will measure the transient response of htt)e beam by “twanging” it. How does a system behave when

you hit it with an impulse input? ( ) fo " . )
— - s 1k VoA AR SN by Sodagling DR ey
Dehos S0 fo-tdo il o BB VD) = AR
{Q: i . i 5 . E = o (e : 1 im %:«,\f%ﬁi
3 SEH mg?%%ﬁf@éﬁ»j? s
/ ) 75 & fes #, Bwensventl o~
of - f ; { ~51 ~S{6 « s— )
z«’?@{ whe | €7 . el ! ; ENE ,
Trpke i8mye hoe”.'4 Yy —2 [y = S 1Sy

Thus, the inverse Laplace transform of the transfer function it the impulse r’é“é“ﬁSﬁsve‘.

What is the impulse response of the vibrating beam?

Use a partial fraction expansion to find the inverse Laplace transform. Basic idea: write the transfer function as
the sum of factors that we know how to take the Laplace transform of. Trick to find numerators: multiply by
factor, chose s to set factor to zero.

; P o
} = A B hnex P P
Hisy= o = —o - o+ = hEY=Re' +Be’

— T S

P 5 ™ T

shzgastor & P (5p2) ‘

The poles of the transfer function are the zeros of the denominator, and they tell us a lot about the way the
system behaves, because they became the exponents of exponentials in the time domain.

What are the poles of the vibrating beam?

qusdeetic =290, (gm0
f%?’g {; = 4
.
E
1<t = pe les ove ywaguan
e
Use partial fraction expansion to find A and B:
i
= [s=PD
= A

For {* > 1 the poles are real, and the system does not oscillate when you “twang” it.

=y ‘éf o pgﬂg ¥ -
hi4yz Ael ™ Be F A T > =
Tl g ‘g ;{w{» %y f:}é ;?g’ ?’%@
. P 7 ¥/
e % {jg 7 gi . % o
£ overdampes

impvliie respense

For l;z < 1 the poles are imaginary, and the system oscillates when you “twang” it

|5 - i A
= o B R T N . 1.4
i G *fs,,,?&s»#@&& <X N § N
1 § ¥ ( e
CORUO | -
Lok, fe"?g%{ N4
L™ . % - .
“Lthy o= A \ )
L g % f%& .
A .
7 L
% & %'g’ & “erand’
\/ et
i 2
T T ol
H B,
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How do you measure damping given the impulse response? One way that you can estimate the damping is by

using the “logarithmic damping method”
/’z;:é - “{w,;f& ~

| n . f
I P b ep T
L B P~ §g ;e f Foa i
{ = ¥z ~ e / 102, , 2,2
AR ) B 4§t AT

‘ - ap €= pealure
Ccaltadate  § ‘
0

%

w’i‘mﬁv‘aﬁ Ferp. ‘;

3. Frequency response of the beam

How does the system behave if you apply a sinusoidal force mput to it? . ,
Sin wt "Wfﬂwg L é;a.&i Sian {g it 4 g}; ;gva} i
e ] L5y 1 i ‘ AN e
Scaling: el 7 ?L%‘éi"‘) Y N
caling: j P s g (qw) # (2,
Assume C20 L P MetiKHYA=F y 0 (e ¢y
2 & . 5@9@
T 1
- # ;
e . N i
j
fo,? Y

§
1"‘
oy
—

- ..(W%W.vw-m»’

Plot on a log- log scale (makes curves mto lmes)

H

“ £ 1 £ . -~ L

) Asympbie 1 52233" W W, ;fﬁéfgw}f;? i ConsTant
=3

Mo

!3\ ;ﬁi: ‘fng g W e e i WA " N H !
) :a?ﬁf"m ?%v Ly 23 ted, j}é{’%g - = ‘gi;?”’ ;if{}m}j’ fﬁfw} P gg,é’v%wz

3%3,&“_ . j [
C:;W** Y, =2 ;ﬂét?f jw))F oo

Resonance

7
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Mechanical Systems Laboratory: Lecture 8
Brief Review of Stability; PD Position Control of a Robot Arm

1. Brief Review of Stability
Stability refers to the concept of whether a system’s performance “blows up” or converges to some value.
What are some applications in which stability analysis is very important?

@E#ﬁ}@ﬁé& S}?i{e’g ;é;}ﬁg} ﬁc'ﬁ?&%ﬁ hﬁ&«;{}ggﬁ§$’&§ {;%' g‘f&ﬁs«»ﬂgg “:Z;f?g,zf g,%g f_‘;&g‘g’g

Three types of stability are: -

5)‘;"% %ié” ygﬁ'ﬁ}'%}&; mg? Eﬁﬁf’%’ ﬁg&éﬁéﬁ igsfﬁf;i{ﬂga‘i ﬁw;@%@ﬁiyg

The location of the poles of the transfer function determine the type of stability.

Why? Consider a second-order system: . A - . ,
HEsyr T s T aa t e R Pels
FIESY? sipaseb  (SpAG-p)  SP S-pa

Remember, the inverse Laplace transform of the transfer function is the impulse response:

j?éé}m ﬁ_@?’%,; ,é’gf%ﬁ

‘. vk &
Case 1: Re{p;} <0 table {;f;_ﬁgﬁm dreon 1T [Gelp \PRe®)] €17 dcayd vore
Case 3: Re{pi} =0 oy, Stakle | Ta TR ity B wfﬁ rees) ESciflation, 'gezz;%%;
Case3: Re{pi} >0 unciable ‘eilﬁaﬁﬂﬁﬁx‘g bhso-vp /) osedlchey (£ Tm 2 p & /

So the location of the poles in the complex plane determines the type of response of the system.

Exercise I: Label the complex plane with the following words:
stable, unstable, marginally stable, oscillation, no oscﬂlauon, faster, slower, higher frequency oscillation, lower

frequency oscillation hiahew T d ,,:}
Stable e v, Uit
&5&5 geﬁ?m
Faste e § ] %“@%f%ww D CSeeiiation.,
foped turg
” ? f?’?é} 3

| N T
r\,‘%ffy R‘@ e ?#éﬁﬁ»ﬁ{bﬁ ?‘5@;%%
2. PD Position Control of a Robot Am% P= propor?%onal "D = Derivative)
Position control — most common industrial control system
Can you think of some applications? ra&&f‘ robat art NC mi g Mﬁg,%;ﬁ% Mﬁm&ﬁwwi

0y J 0 5
Consider a one-joint robot arm: J;;/\:‘?ﬁ,

Assume: 1) no friction or gravity; 2) we ave d controller that can apply any torque that we want; 3) we can
sense 0 (for example, with a potentiometer)

Exercise 2: Design a proportional feedback controller to position the robot arm at 8=6y, find its transfer

function, and analyze its stability ~ I ! ;gfj?;
. o5 e PSRE X LA -
S o h ke (0B o Bl g% af 5 5= 5P 2
P. Lonto| T: ng? {g,gﬁgf} /9 oS > 5 s S v 5"
2 b T Y, VS, Y
€ ot Duvawics Tz J@ \ SAME oem 45 ,sé \ 14
) 4 e, 4 7 #4 AN { s"i L ”% ML § 1
Overaf Sastoms Thirames 397 7K (6-04d) \ Uncamges mass !
5 agh i ‘ ¥ o \ _?X&g:% f)}éﬁ@?"ﬁ’i j
Je 0%,{?%?3 = §pi‘?ﬁ . ! - *
e A g (2139 Yo ! ey, ) |
Hansstr Ton: oo = Wmiw = _ i / *%ab‘%‘f% a&?&;ﬁé H

&gfiﬁ j§2%g? j:g 4 gz?f’gm @?55 FRaAY w{}“fﬁ?‘g%&» }i ’Q’Wﬂﬁ‘
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Exercise 3: Design a way to fix the problem. What kind of hardware would you need?

%%{! FarpDIng ’%3’!% D Do . % ; I « e s &
(A {’?fg‘lé;{:j %S) LA fag H i ! e k’(?{g‘”é:g}g}” ngé} \é %bfﬁ*‘ﬁg&ﬂgiw iwf?;‘@g}f#ﬁ ggmﬁgé

Two approaches to sensing angular velocity:
1) e o ’}ékf,i‘"‘@ ey

R&g . Y - S 5
2) ehdete rentiafy pos iew {fe,% USING Ry O e *;"«'W”z‘,wg“f}

What are the dynamics and transfer function of the robot with the new controller?

é s o~ P ‘g?
6= 4, (8-04)-%,8 G5 yrsy= ;
PR o Dars 0T JIsHERSEE
Je + %%:)\I,«@ + K?§ - g}?gf@%
gf‘jgf 4 ?Q@X % *% KV
wrhenwe é«&gaé‘% La Pl
How are the gains K, and K, related to the natural frequency and dampm’__g‘gano? éwﬁa{% e |
§? 5 & AN s Yoy )
+ Bsy fﬁ’? <?,;3§ggg¢g@3v < Ky Aliee ﬁg@g&\% Kp based
What is the step response of the system? Y y gé;j on desee) Wi | LAR et
¢=1 0(t) = 1 - cos(yt) A b ping ratiom W) &y
~(oyt 1-2
0<{<1 49(t)=1——-————~sin(wdt+tan“——-—§—) w, =, 1-4’2
J1=-&2 ¢
(=1 o =1-e"(1+am,)
{>1 sum of two exponentials — see book; can neglect one exponential if { > 2

Note: the damping ratio determines whether the system oscillates (i.e. whether the poles have an imaginary part)

Exercise 4: Plot the step response of the system of the system would look like for different values of the

=1

damping ratio and natural frequenc
ping 2l frequency. »gw e &

§
@é«é
5

Notes: Overdamped systems are “sluggish”

Among systems responding without overshoot, critically damped systems exhibit the fastest response.
Underdamped systems with 0.5 <gf < .8 get close to final value more rapidly than critically damped or
overdamped systems.

The Egttlmg time of an underdamped (or critically damped) system is:

fﬁé“ﬁiﬁ% gvrie 5%”‘%@' TN 59 =f sm@ vallue. *"f te DY sees
A0€s as | / ; {
Swat A 28755 (miheed o fz,68)
= 15% coers Jea

Exercis 5 Given a one-Jomt robot arm (no friction, no gravity) with J = 1 kgm®. Desngn a PD position
controller such that the robot finishes 95% of a commanded step-function movement in .5 seconds, with no

overshoot. _ Z 5 3 5’5
g = 5 =} (oo mfﬁm%w = W = 5.0
-ﬁé ?‘?2&‘?& f 2‘;} f4] . g
= 2 £ . §£: ES
Ly s ffﬁ : = L5 1 o i = 1 o 4
YnT o= & ggﬁ"* W d= 35 {& S " 20,7 = E(V“” 20y § 2 e
w o
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Mechanical Systems Laboratory: Lecture 9
Systems with Two Modes of Vibration/Design of a Vibration Isolator

1. Experimental Apparatus and Relationship to Vibration Isolation
In th next laboratory exerc1se you will experiment with the following vibration system:

b £
€5D|¢lh0“o\ — ;/-«Zfa'an._ m . ™M hamg
e
Ve )

System A Kk, | ks K3

S j ®

777 Building 1in Fouth quake. *) "2

This system is mathematically intereSting because it is a 4™ order system, and because it has a zero in the
transfer function.

e This system is practically interesting because it works much the same way that real vibration isolation
systems do, such as ones used in washing machines or to stabilize a building in an earthquake. The key
observation is that m1 doesn’t move, even though it is being forced with a sinusoidal force, if m2 and k2 are
chosen appropriately. The sinusoidal force could represent an off-balance load in a washing machine, or the

forces from an earthquake on a building. Appropriate choice of m2 and k2 can stop the washing machine or
building from shaking.

Find the equations of motion of the system (Hint: Use a free-body diagram and assume x2>x2>0)

Y e
Aoz Hmgee ke,
katx,mv) Moy = =Ky (x, =X - kX 5.

We can express these equations in matrix format:

EEIETER SR - e oo

21 3 M ateices
The transfer function of the system is then expressed as follows:

- /
To find x(s), we need to find (ms*+K)™! (M S°+K SX 'g)' 2 X =(Me?+ KS ;

R & end _ oy b
dfe‘/A ‘b o Al

tey E ~ ]
Now suppose f(t) = sin ot and we want to find x,(t). To do this, we need to find the frequency response:

[“" ”’nzj}[ =) =M "\l e T
g ’JW (—Mll‘)?—4 kl‘kkz.w(_mzwz-ﬁkz*kg)-kzl

At what input frequency will x1 not move?

k,4k
X, 27"
whon —m, 4k, tky=o0 f—o (zen o‘&'fmsf Ln ) = W- 4 w"‘z.

What happens to m2 in this situation? o e sz'F' 2 ‘DEN -g =M, Sh""{“} " S1n~/g S&l i
Assume k3 = 0 (like in a washing machine vibration isolation system). What is another name for the frequency

at which the vibration isolation is achieved? F o £ K e
== =) VeSona eque ? m
0 y 7 i ’f 2 2.3
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The system also has two resonant frequencies. Find the resonant frequencies.

L Y az MMz
DEN" has awl+be*+c
9"“ 2 % -b = [b‘-qo.c. b= = (Mg (ki) + M, Cky 4K3))

How do the masses move at the resonant frequencies? We can gain insight by considering the case of free
vibrations (i.e. f(t) = 0).

Mx+Kx -4, (’ .> Lc B "S ir\dcr‘h.b\e.) a'\L’sg’y' 5 yQ:B-égo
Asswme X = X Swlutdg) ¥ : /x,,,) Lihor X0 b oexat B mot hesm:)m\w-

Pfuaﬂma mk (i) ( B
Epay -
(-Mw*+K)XF=0 =2 M»y___@l‘o-’o
Note: this is an eigenvalue problem:  [2
(MK )Xo ™ X
R e/ b
(ISCY\VM"‘ st (- gf‘;ﬁl\v&\%

For what values of ® is B singular?

- ; =% ' = t+ 5=
B"M'wa“?;: %"_'(Z-D’L 7"_5 85/ﬂJJar D ot 3= D

1 1 ‘ 2
-k, Rk :>Ml—~w1>(f£-y5-w‘ _ kK -0
i ailnt TR | m, ' m m
B g O c e
ol Ep m My wl=(ony ) # 0, uz,)\ Wy iy thiky 570
det(B) = 0 & denominator of transfer function =0 — T e

roots of characteristic equation < poles of transfer function
free response frequencies < resonant frequencies
at resonant frequencies it is possible to have free response of non-zero amplitudes

rhMQLTtV't§f{L E%V\ ¢

At the resonant frequencies, what is x0? (the amplitude of the free response)

TS ¥4k - ToP Cow Says.
PR —— Wt A te K 1k, ! ¥,
lk 5 (-',—n— “w® )X, " —X,, T O
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M echanical Systems Laboratory: Lecture 10
Data Acquisition; Computer-Based Feedback Control
Note: These notes are derived from Ch. 8 Data Acquisition, Introduction to Mechatronics and
Measurement Systems, 2" Edition, David G. Alciatore and Michael B. Histand, McGraw-Hill 2003

1. Experimental Apparatus

For the next laboratory exercise, you will use a computer to control amotor. Up until now, you have used
op-amp circuits as analog computers to implement the computations you need for feedback control.
Another common way to implement controllersis digitally by using computers. A common set-up is:

digital
analog signads
HeHLE analog
signal signal
COmYertep :

Figure B.13 Computer contred hardwars

The computer could be:

e aPCwith adataacquisition card installed. A data acquisition card is sort of like a*“video card”,
except it inputs and outputs arbitrary analog signals instead of avideo signals. The Labjack is
essentially a data acquisition card that communicates with the computer through the USB port.

e amicrocontroller, which is acomputer on asingle chip. A digital signal processing chipissimilar
to amicrocontroller.

e aprogrammable logic controller (PLC), which is a specialized industrial device for interfacing to
analog and digital devices. PLC’saretypically programmed with ladder logic, whichisa
graphical language for connecting inputs, outputs, and logic.

¢ Digital circuits, made with logic gates (e.g. AND, OR, NOT gates), or programmable logic
arrays, which allow you to set-up arrays of logic gates.

2. Sampling, the Nyquist Frequency, and Aliasing

Many types of sensors (e.g. potentiometers, tachometers, accelerometers, force transducers) provide
analog (i.e. continuous) voltage outputs, and many types of actuators (e.g. dc brushed motors) require
analog inputs. Computers represent numbers using sequences of digital voltages (i.e. sequences of
“bits”). Digital voltages (or “bits’) can take only two discrete values, logical O (typically corresponding
to 0 volts) and logical 1 (typically corresponding to 5 volts). Getting analog signals into digital forms
usable by computers requires two processes: sampling and quantization.

Sampling refers to evaluating an analog signal at discrete instantsin time. The sampling frequency (or
sampling “rate”) is how many times per second the signal is sampled.

analog digitized point

voltage N
signal digitized signal

Figure 8.1 Analog signal and sampled equivalent
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The sampling theorem states that you must sample asignal at a frequency that is twice the maximum
frequency inthe signal (i.e. at the “Nyquist Frequency”), in order to preserve al of the information in the
signal. If asignal issampled at less than this frequency, “aliasing” happens. Theresult of aliasing isthat
a high frequency signal looks like a lower frequency signal.

-
fﬂ\ 1\ fvi L ,

— aliased signal

< sampled point Fityn @ l l\vj\ }
—— otiginal signal U [
Figure 8.2 Aliasing b " >
3. Quantizing Theory

Quantizing transforms a continuous, analog input into a set of discrete output states. Coding isthe
assignment of adigital code word or number to each output state.

oupu | 000-  125-  2s0- 375~ SM- 625 7s0-  875-
wate code 125 250 375 500 625 1.50 £75 10.0

discretized analog volage ranges

4. Analog-to-Digital Conversion (A/D)

An A/D converter quantizes an analog signal at some sampling rate, which is determined by a“trigger
signal” from the computer. The resolution of the A/D converter is the number of bitsthat is usesto
represent the analog value of the input. The number of possible states N is equal to the number of bit
combinations that can be output from the converter: N=2". Most commercial A/D converters are 8, 10, or
12 bit devices that resolve 256, 1024, and 4096 output states, respectively. Hereisaflash AD converter:

Vo 0 @V, o wrigger
R
(e
p 0
R L C B,
—— G |
D @
R — C 8,
IS Table 8.1 2-Cit lash converter outpul
oo Y m—
A - Volinge range
. ool . o 0-1
R e— C converier | g}‘? p ]- !
. latches . :~
Voun comparators 2 oil 10 i -;

3 111 L1

Figure 8.10 /D llash converter.
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5. Digital-to-Analog (D/A) Conversion
A D/A converter takes the binary representation of a signal and converts it into an analog output signal.
A ladder D/A Converter works like this:

Flgure 8.11 4-bit resistor Iadder VA corwerter.

7. Effect of Sampling Rate on Control Stability

Sampling introduces delays into a control system. If the sampling rate is high enough, the delay is
negligible. But if sampling rate is low (e.g. < 100Hz for a robot), then the associated delay can make the
control system unstable, especially for large feedback gains. Delay essentially causes “the right
information” to be delivered at the wrong time. As an example, consider a proportional feedback control
of a first-order system (such as the motor velocity control lab that you did). When there is no delay in this
system, the system is stable for all positive values of the gain. What happens when we add delay?
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How + Moclet Dp(m! ,/{u.a + SQMPQ,,\ a Aow pass £l

NeoTe - Zf[x(4~ f> e i[x(ﬁb A
0‘5!«2 byT (\—\—-’7 W+ Ter| ()-5TYG (0)-)
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SCIENCE AND TECHNOLOGY

Robomoths

NSECTS are not nearly as biddable as

dogs or horses. Although they can per-
form amazing feats of strength and dexter-
ity on their own scale, that scale is so much
smaller than humanity’s that it is not sur-
prising they have been overlooked. With
rare exceptions, such as bees and silk-
worms, the insect world is a source of pests
rather than of pets or pack animals.

In an age of miniaturisation, however,
afew researchers are wondering if more in-
sects might be hamnessed to the service of
man. One s John Hildebrand, a neurobiol-
ogist at the University of Arizona. As part
of a project run by America’s Defence Ad-
vanced Research Projects Agency (DARPA),
he and his colleagues have been warking
with thegiantsphinx moth tocreate a “bio-
bot’—an animal that can be controlled
electronically by a human. They have de-
signed a radio transmitter small enough to
attach to a sphinx moth without impairing
itsability to fly. The next stageis toadd are-
ceiver to tell the moth where to go.

Moths may not be that bright, but Dr
Hildebrand believes they can be manipu-
lated in rather the same way as a donkey is
by dangling a carrot in frontof its head. The
“carrot” he proposes is a sex phero-
mone—a mixture of chemicals that female
sphinx moths give off to attract males. It is
potent stuff. Previous research has shown
that afew molecules are enough toattracta
male’s attention, and that, given a favour-
able wind, an amorous male can find a
mate whois several kilometres away.

One of the team’s ideas is to fit male
sphinx moths with small, radio-controlled
pheromone dispensers. A moth’s phero-

mone-detectors are its antennae. It can

work out where pheromone molecules are-

coming from by comparing the signals
from each antenna, in the same way thata
person works out the direction of a sound
by comparing signals from each ear. A
moth'’s senses could be subverted by puff-
ing suitable molecules from a dispenser to
steer it towards a chosen target.

Thatis a rather crude approach. Dr Hil-
debrand hopes to be more subtle. He has
spent much of his career examining how a
moth’s nervous system responds to the
pheromone, and he thinks he knows
enough to steer a moth directly, without
the need for the chemicals themselves. He
plans todo it by attaching electrodes to the
nerves involved and stimulating them ap-
propriately—turning the moth into a genu-

Now, where’s my backpack?

ine, radio-controlled biobot.

That would be an interesting demon-
stration of mankind’s powers over nature
Could it also be useful? Brian Smithand”
colleagues at Ohio State University haver.
cently shown that sphinx moths can be
manipulated like dogs as well as donkeys.
Pavlov’s early experiments on reflexes
trained dogs (o salivate at the sound of a
bell, by ringing one every time they were
fed with meat. Dr Smith’s team has mim-
icked Pavlov by training moths to stick
their tongues out in response to a chemical
called cyclohexanone, which was puffed
at them while they were fed sugared water.

The reason that this trick might be use-
ful—and the reason for paRrra’s inter-
est—is. that cyclohexanone is a volatile
component of TNT, an explosive often
used in landmines. By releasing a swarm of
trained moths over a minefield, and ob-
serving where they stuck their tongues out,
it should be possible to locate mines with-
out risk either to people or to expensive
mine-detecting machinery.

It is hard to see if a moth is sticking its
tongue out at a range of several hundred
metres. But Dr Smith has thoughtof a way |
round that. He can sense when a moth is |
blowing a raspberry by attaching a wire to
the muscle thatcontrols the insect’s tongue,
and using it to transmit a signal via one of
Dr Hildebrand's tiny electronic backpacks.

If lepidopteran mine detectors work...
they could be the start of a new indust
The rate at which video cameras are beil.,,
miniaturised means that they, wo, may
soon be light enough for insects to carry.
That would have obvious military applica-
tions, even if one countermeasure is obvi-
ous, too: surrounding sensitive installa-
tions with giantcandles.
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4.3 Professor Bobrow lecture notes given to use as
reference

University of California, Irvine
Department of Mechanical and Aerospace Engineering
MFE106 Course Notes 4epw Trob 7 Bobrow
This class has a combination of mathematical analysis and experimentation. It
is important for you to understand the mathematical analysis if you wish to improve
upon an existing design. Most designs have weaknesses that can be corrected if one
understands bath the theoretical and practical aspects of their operation. It is also
important for you to be able to experimentally test a given design, otherwise, you
would not understand its practical limitations. We begin with the most important
mathematical concepts which will be used throughout the quarter.

(\ )(’) \4(’(‘1

/& < ‘f- 3‘,1(0%“ ‘J

1 Complex Variables

Much of the analysis in this class will be in the frequency domain rather than time
domain. A function f(t) is transformed from time to frequency domain using the
Laplace transform. In frequency domain analysis, the independent variable is com-
plex, and has the form
s=0+ju, (1>

where both ¢ and w are real numbers, and j = /=1 or j = —1. We see that s has
a real part, o, and an imaginary part w. Often we write Re(s) = ¢ and Im(s} = w.
A function of a complex variable F(s) is also complex, and we often need its real
and imaginary parts Re(F{s)), and Im(F(s)).

It is helpful to think of a complex variable as a two dimensional vector in a plane,
or s-plane as shown in figure below.

If we say that R is the length of the vector s, then R? = o + w?, or equivalently,

T

R = |s]. The beauty of this representation is that we can define the same point as

] /s
— g — -1{%
s = Re!’, where ¢ = tan Lo,)' (2)

\
To show that this representation works, recall the definition
e = cosf+ j siné. (3)

Hence, s = Re’’ = Rcosf + jRsinf = ¢ + jw from geometry shown in the figure.
Sometimes we also write s = R(# for shorthand. Alsc note that Re{s) = o and
Im(s} = w are both non-imaginary real numbers.

b
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1.1 Multiplication and Division

Suppose we have two complex numbers s, and s., that we would like to multiply or
divide. Using the above notation,

8y = R;ejg‘ = R;(gj
So = R;}C’ja:‘ = Rg{gg

then
s18; = Rie®  Roe?® = R B0
or
$18; = Ry {0, Ro(0y = Ry H.{(6, + &),
Simitarly,
L3 Ra(ez R,
o = —{{#, ~ 4
52 R2(83 z(( 1 2)
since,
R, ef® Ry ee
. el 8 2)
Roeifa R,

Note that the hard way is to multiply components as

s182 = {0y + Jun )(og + jwn)

01072 + JwaOy + Jwyog + j2wiws

li

it

{0109 — wiwy) + F{waoy + wi09).

Then the real part, Re(s;5,) = 0103 — wywy = By Racos(f; + 8,), and the imaginary
part, Im{s,8,) = waoy +wioy = Ry Basin(d, + 82).

Example 1 muthplcafion 55,

Suppose §; = 5 = 5{0, and s, = 1+ 7 = /17 + 12(45°. This"can be interpreted
as muitiplication of a vector by a scalar, so the direction should not change. Now,
5180 = 5{1 4 ) = 5 + 5j. Also, 5,8, = (5(0)(v2(45°) = 5v/2(45°. The sketch below
shows that they are the same numbers.

Sy g 5,8, = 545 = SV L45°
rd
Tm(s) e
rd
T -
1t S . .
i ’ 5
Re(s)

Example 2

Suppose s, = 37 = 3(90°, and s, = ~3j. First note that s, = 3(—907 = 3(270°,
but that s, = —3{00° since the coefliclent of the exponent must always be a positive
number (why?). Then, 8,8, = (37)(~-37) =9, or

sisy = (3(90°)(3(~90°) = 90 = 9(360° = 9.

236



4.3. Professor Bobrow lecture notes given... CHAPTER 4. OTHER CLASS MATERIAL

. . . o, + on first
1.2 Evaluating Functions of s Using Poles and Zeros (Sterp This 3ee “’”m"&>
O
The most important use of the vector representation is for the evaluation of functions
of s at certain points. A function of s, say G(s), will also have an imaginary and
& real part which will need to be computed for a given value of 5. We will do this
many times in later experiments. For instance, a second order rational polynomial
in s might have the form
as+ b
G(s) = —prmmm—,
s*+es+d

which can also be written in factored form as

{s—s,}k

Gls) = {8 —s1){5—53)

v j— —_ e AT - {
where s, = —2, k=a, and 8, > = e NGE T

2
The value s, is called a zero of G{s) since |G (s,)] = 0. The values s, and s; are
called poles of G(s) since |G{s;)| = |G(s3)| = oc. If we plot the points s,, s;, and s,
on the s plane, we can evaluate G(s) graphically.
For example, suppose

s+ 1 _ s+ 1 _ s+1
s+2+2)(s+2-27) (s+27+4 s+4s+8

G{s) = 7

which is of form
§— 8,

(5 35.)(s— 83}
where 5, = —1, 8 = —2—27, 8= -2+ 24

Say we want to evaluate G{j1), i.e. the value of G at s = . We can either plug
s = j into G(s) and do some algebra, or we can use the poles and zeros of G(3), and
graphically compute G(J) from a pole-zero plot:

Gls) =

The figure shows that s — s, can also be thought of as a vector whose tip is at s and
tailis at s,. Then, at s =, s~ s, = j—~l = L+, s—8; =5~ {-2~27)=
2+37, and s — 8y = J —{~2+27) = 2~ j. Now using the exponential form of each
factor we have:
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N V2(45°
Gls=j} = ‘
—1 3 S i -1 l
VI3{tan™ 5 | | V5(~tan 3
- R —
s6.31° 26.56°

\f13_ Z(45° - 56.31° + 26.56°

2 = are
= 1#55(10.20

Finally, we could have alternatively evaluated G(s = j} algebraically as

il

. s+1 14 g 147
CU= eiaevsl, T Tiiges Te4g
14 T4\ T-45+Tj 44
- 74—4_?'(7*43')_ 49 + 16
11 3§

= 5" 0.169 + 70.046

Note that the two methods are completely identical, since

2
5(15.25" = 0.1754 (cos 15.25+ jsin 15.25) = 0.169 + 70.046.

The most appropriate method to use to evaluate functions G(s) at given points s
will usnally be clear from the problem.

2 Laplace Transforms

A function f(t) can be transformed to the frequency domain using the Laplace
Transform if the following integral exists for some value of s.

F{sy=Lf(t)] = /f(t)e"‘“dt {an improper integral}. (4)
T
- ;rﬁf%o/a fltyestdt (3)

For instance, if Re(s) > 0, e=*" and f(t) might lock fike

£

+«

For f(#) to be transformable, the product f(t}e™* must go to zero as t — oc
for the integral to exist. The mathematical conditicn is {f (¥)] < Me® for some
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-

M >0, c>0andall?> 0. For instance, if f(§) =¢€",
o)
/ef:e“”dt = o¢ = no Laplace Transform.
Q

A few important examples of transformable functions are given below,

Step Function.

A R

o T

0 fort< 0

Let f{t) = Au(t), where u(t) = { 1 fort>0 -

o ¥

{6)

L{Au(t)] = /Ae‘”dt = :;-e“" = __;j,, [e7* — ™% =
)

Note that ¢ is integrated out of the function, and we are left with a new function of
s only.

Exponential e~%.

oo

o0

Lle ™ = /e““e"”di = /e‘(“‘“)‘dt
0 4

1

o 1 e-(atanly _ _ [e== — %]
s+ a s+a
1
= — «— you will see this one a lot! (7)
§-—a
Sinusoid sin wi.
First note that o i
—
sinf = —————o 8
5 (®)

which can be verified using the fact that e’ = cosf L jsin 6. Also note that

LIA() + f(2)]

i

[ty + enede= [ fanede = [ et

LA + LA,

so, using the tramsform of the exponential in {7),

i

| =

i

1 ( 1 1oy 1 (<s+jur)—(s~jw3‘
T2 \s~jw s+jw)m2j . {8~ Jwi(s + jw) )
W

T
S =W

L [sin wt] (L[ — L)

R

Loz

(9]

n
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These transforms and other common ones encountered in linear system theory are
tabulated in the attached tables from Ogata “Modern Control Engineering.”

2.1 Differentiation using Laplace Transforms

The most important property of Laplace Transforms is the relationship between
Tt ] . . . s . . .
L Et%j and LIf{t)], where f(t)is any differentiable function of time. It is:

z{%}:@wuﬂ~ﬁm:&ﬂ@mf@% (o)

To show this, use the definition of the transform (4) on the derivative L [%] =

éf & g=idt, and integrate this expression by parts: [ udv = uv ~ [ vdu. To do this,

choose ¥ = e~ * and dv = %dﬁ = df. Then
#]_ fﬁuﬂ
L [cit B dt at

i

= el - [ (s

i

e~ f (50) — f{0)+s/f(t)e“"dt

B

d;
/4] = seis- o) (1)
We will see this many times as L[#] = sX(s) ~ z(0), where z(%) is used in place
of f(t), and & was used for <. Note that we can obtain L [#] recursively as follows.
Let & = v,s0 ¢ = %. Then

L[#] = L{#] = sV(s) — v{0),

but
Vis)= Llv] = L[z] = sX(s) — 2 (0}
0
LiF] = s"X(s) ~ sz (0)~ 2 (0) (12
Example

If we are given that the derivative of sinwt is wcoswi, we can use (10) to derive
L{coswt] from L [sinwt}. Recall that for f (#) = sinwt, its transform is F'(s) = =¥y
as derived before. Then because [ (t) = wcoswt, we have
Licoswt] = =—L[f]

w

- éaﬂﬂwﬂw

1 w
= =8
w \&? ot

$
LB ot (

85— w-

[,
]
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where we have used the fact that f{0) = sinw( = 0.
In a manner similar to finding L[4], we can derive L[ f(2)], which is

L[ff(z)d—a] = f—iﬂ:—i—ffdf%c:a

2.2 Solving Differential Equations

One big use of Laplace Transforms is to manipulate and solve differential equations.
A very common first order example is to solve

T = azx+b,

where a, b are constants and z{(0) = z,. First take the Laplace Transform of both
sides of the differential equation

5X~zg=aX+2,
8

where we have assumed that b is applied at £ = 0 (so its really bu(z)). Now solve for

the unknown X ,
X(&“‘"‘{I)=—'+.’E0x »SZDS
or
- _b+$03
T s(s—a)

The final step is to determine (i} given X {s). Since there is no expression of
this form in our table of transform pairs, we can use a partial fraction expansion to
find an equivalent form. That is,

b A B
X(S):m:—;+

s5(s—a) (14)

8 -
where 4 and B are unknowns that we can determine. Once we know A and B,
the terms on the right hand side are in the transform table, and hence their time
domain counterparts are known. To determine A4 and B, note that this equation is
true for any s, so multiply both sides of {14) by s and let s = 0 to get 4,

(ezg)e=a (50

_4:—"' (b+zos)slszﬂ ='__b'

s{s—ua) a.

Similarly, multiply both sides of (14} by s — @ and set s = a to find B

_ b4 z,8 __b+:cea
B—(s(s_-a}>(s W lo=e = a

50

~bfa  (b+zor)fa

& s§—a

X(s) =

-1
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Tahle 1-1 Laplace Transform Pairs
f Fis)
13 Unit impulse 8(2) i
2 Unit step 1(2) %
1
3 H &
IS 1
4 £ Ce e -
TV (n 2.3, ) -
1
5 e =123 ) e
6 e !
s+ a
o !
7 1e Gt aF
1 t 1
e g =1.2
§ monit ¢ r 3 G +ar
—a _ n!
g t"e (n= 123 ... Gr o
10 sin w! =
i@ £+ ot
5
It cos wf £+ et
12 sinh wr = —
13 cosh w! d
F -
1 ) 1
A4 —f] -~ .
. = W+ a)
Vo 1
1 g e Grat+b
§
6 ¥ ge” D
! poalbe e s + a)s + by
17 L L (bem = ae” l
prl gL - e s + s + b

A
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Table 1-1 Cont’d
18 : (1 T - ate™*) i
= {1 =~ e ~a Tm——
& € sis + a¥t
i 1
19 —f{at =1 + ™) o
a* (s + a)
20 e”™ sin wr e
(s + af + o
r+a
1 ot —_—2
2 e ™ cos wt G+ar+ ot
2
272 e gin w0, VT — e T
Vi-¢ £+ Uw,s + w;
i
e ¢ T sin (W, V1 - 2~ )
23 Vi~ [ s
VI=E £+ Aas + o}
& =t~ —r
14
1
|~ ez e T sin (w, V1 - [P+ D)
5 VI-© o
Vi (5 + Uw,s + wh
¢ o tgn Tt e
4
25 I~ cos wi “—({"“‘
s+ w')
3
26 = @~ Sin ol —“'Tm——r
S5+ w?)
3
27 sin Wl ~ w! Cos w! e 2 ET™
] (5" + w’)*
[ £
28 2mrsm wi (S; + wz):
29 t Cos w! __m = m: o
(57 + wy
5
.. ;- 1) 2 # ————
30 g {cos o, COS (W) # w3) =T o+ e
; 3
31 -2—‘; (sin w! + wf Cos wi} m
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Table 1-2 Properties of Laplace Transforms

! LIAfD] = AF(s)
2 LA = £0] = Fiis) = Fis)
3 Efz[if(z)} = sF(g) — f(0=)
dr

4* , )
4 £.| =550 | = $F©) - #0%) - fO=)

a" ®—1

Ez{ﬁﬂr}] = s"F(s) — Z s"TEfOx)
3
(k=—1} a'll H
where f([}zzg—{:ff(‘)

6

[Jro]
gz[ff(t)dz}mf-(fl jf?_ﬂ;

7 F(s)
.‘Ez[fjf(t) dt dt:] =33 =

[ ff(:) d:]

reQ® PO

U‘fﬂ!) dt dz:l

8 U ff{r)(dt)"] —; 2 s"“‘”U f f(r)(dt)]

t=0=

! F(s)
9 szUOf{:) dt} ==
10 j' Fy dr = lim F(s) if f F(D) dt exists
¢ T3 o
11 Lie~* f(0] = F(s + a)
12 FLfle ~ it — @) = e"¥F(s)  a=0
dF (s}
13 Zhf] = A
d2
14 LIEf) = 5 Fls)
15 i = 1 " F =123
frf(n} = (= 1) e (s} no= 123 ...
16 [ (z)] f F(s) ds
t
17 @bl - =
[f(a)jl aF{as)

7e
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Now, using the table,
+ 2,0

z(t) = ~——Su(i} + b+e.e

et

Note that the initial conditions are satisfied, z (0) = —% + B22% = 5, and if
a < 0, the final value of z is £ (00) = ~2 (See the figure). If a > 0, z(c0) = oo since
e® — oo in this case.

®a

plo”

Also note that the poles of this system are s = 0, and s = a. They characterize the
response of the system since the two time dependent terms in the inverse transform,
u(t) and e, arise because of these poles. That is why the expression that determines
the roots of the denominator of X(s), i.e. s(s — a) = 0 is called the characteristic
equalion.

3 Electronic Elements, Impedance, and Block Diagrams

3.1 Resistor

Our first experiment uses capacitors and resistors, which have dynamic properties
that we need to understand mathematically. A-resistor has the symbol
+—\/\i\/\/':
——— L
the voltage across the resistor is proportional to current, or

v = Ri. {(15)

The Laplace Transform of this expression is V(s) = RI(s). A block diagram can
be used to describe the same relation. For this case if is

Vi —[E_ T8

The block diagram shows %g“n;—%%l = {Tgc-’}) = % in the box, where all the initial
conditions are assumed to be zero (for the case of a resistor the initial conditions do
not matter). For a general system a rational polynomial will be in the box called
the transfer function. Multiplication of the input by the transfer function gives the
output.

Again, a
Lioutput]

Transfer Function = —l |
Llinput]

(16)
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assuming zero initial conditions. It is up to you to choose what the input and the
output of the system are. The choice is usually clear from the problem that is being
solved.

3.2 Capacitor
A eapacitor has the symbol RS
o8
with the voltage across the capacitor proportional to the charge on its plates, or
q = [idt = Cv. Differentiating this expression with respect to time gives

. dv -
IFC‘C-&-- (1()

Taking the Laplace Transform of both sides with zere initial conditions, I{s) =

CsV(s)or . v
V(s)= 5-I(s). = —DE}—D T

The coefficient of I{s) is called the impedance. For a capacitor the impedance is &
for a resistor it is just R. The impedance is often labeled as Z(s), so

Vis) = Z(s)I(s)- (18)
3.3 Inductor
An inductor has the symbol : L E
-
——
e

with the voltage across it proportional to the change in current through it, or

di

Taking the Laplace Transform gives V (s) = LsI(s), so the impedance is Ls, and

if we assume voltage is the input, the transfer function for an inductor is 7o
VL
3.4 Combinations of Elements

To analyze a series LRC circuit as shown,

N
1}

9“
)
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sum the transformed voltages around the loop to obtain

XJ:RI-J;'LSI-%--{-&(R"%—LS_}L)[.
Cs

Cs

We see that the coefficient of I, or the impedance is

1

Z(s)=(R+ Ls+ Cs)'
In general, for series circuits
R g* zz T Zﬂ
v T -
Zi = Z Z;.
iml

For parallel circuits,

+ 5 T I st 1

v, r 7z *1; F lf}‘, ezl

) ' Z - h \t n
- T I i

V{(s) = Zepel(s) and I; = EV* for each branch.

n 123 V " }"
I:ZI@:E-Z:ng,

i=1

soV = “1 I and Zgo(:";ri_‘.
PR~ POE o
L33 =1
Example 1
Two resistors in parallel: +
v R Ra
7 i 1 R\ R,
tot = 3 T T RaR SR
R 7 Ra A R+ Ry
10

T
iy

Z{s b}

tat

247



4.3. Professor Bobrow lecture notes given... CHAPTER 4. OTHER CLASS MATERIAL

Example 2 s s N
: t

A resistor and capacitor in parallel: -
voRr % 1 £ Cs

RL R
Zig = o

R+t 11 Res

3.5 Semiconductors, the Diode and the MOSFET

The following notes were taken from Radio Shack’s Getting Started in Electronics.
You may need to purchase a MOSFET for use with two experiments, and possibly
your project. For more detailed information on these elements, refer to Horowitz
and Hill: The Art of Elecironics, or Millman and Halkias: Integrated Electronics.

i
ok
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S SEMI CONDUC ORS
THE MDhST EXCITING ARD IMPORTANT ELECTRONIL
COMPONENTS ARE ___MAapE EROM CRYSTALS CALLED
e [ SEMICONDUCTORS. ~ DEPENDING oN__CERTAIN  CONDITIONS ,
B SEMICONDUCTOR CAN AQT LikE A ComoUCTOR _OR
AN INQULATOR,
[ULICON
. THERE ARE  MmaNY  DIFFERENT SEMICONDUCTING  tATERIALS,
BuT SILICON | THE HATN INGREDIENT oF SAMD | 1S
TRE #AST POPULAR.
SILiCoN  ATOM —
A SILICoN  ATOM. . HAS _BUT )
ENLR ELEATRONIS  in  ITS y: Q™n
OUTEL BIOST  SHELL o RUT  IT o O N mELsamns
WL D LIk E ™ HAYE ! : OI-\
EiGHT, THEREENRE " A BUCLEYS /7 u “‘">Sm=u s
SLLICaA ATom Wiz LINK o \ L
UP  WiTM  EnuR  OF TS _ ‘WO
MEIGHEBORS T SHARE ELECTRoONS : e O @{J
™~ Z \\‘ /f . A CLUSTER OE Seicony  ATprs
\L\C)JO/ —8—~ AN SHARING __ OUTER _ FLECTROM S — —
Nnoe” e S e e MEST CALLED A _CRYSTAL,
- i i AR A RS
TN N7
(90) ¢ @ o [ & THyS  US A MAAMNIFIED  WIEw
o e
- T poE.__A Siticons  CRYSTRA,.. TD
.00 ool 00 KEEBP  THIMGS SIMPLE, oMLY L
: /A THE OUTER ELECTROMNS o] L
{90 gf"fhmg_ A I EACH  ATom  ARE  SHOWA. -
& A,
Siteon  Foems 297 % oF  THE  FARTH’S  QRUST!  omey ) -
OXNYGEN 1S HORE CormmManl. ITls MEVER EQunD N THE .
Pugre STRTE WHE A PURIEIED TS DARK GRAY _ini__ LDLOR i
N . . I -
w_ﬂ_H__SLLLs’.‘.OLQ_W AND DIQHQNDWW N v SALICeN A BE i S
el S HARE  THE _ _SAME._ CRYSTAL e BOLE GRowp T EIG e
— LBSTRUCTURE AND _ _OTHER _ e apprea  CRYSTALS, (T'S CUT D N
\ 1L, PROPERTIES, _Bur __.% SiL1cop INTD  WAEERS FNR v-@
] o SIkICON IS NoT 5l I §§ MARING ELECTRoMIC ol
TRANSPARENT. ~=S o’ 2.870°F  PRRYS, 5D D .
4z7 0 i
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4 [0 SILICON RECIPES — PURE _Siticon ISN'T VERY USELNK,
THAT'S  WHY _SiLicon MARERS
;::g SPICE WP THEIR sicigont
iy - AT 2 § ,//ﬂ,, RENIPES Wil TH A___DAasH QF
= ! L3 PHOSPHORUS . ROROM  OR OTHER
i - BONDIES THIS. IS CALLED
- DOPING THE  Sili GO WHE A
_ G ROWN MTO  CRYSTALS, OOPED
- SATRELTY HAS VERY USEELL
- ELECTROMIC  PROPERTIES.)
1 O P €N SPICED Si/cON LOARF — BORoA) . PHOSPHORUS —AMD
- CERTAN _ OTHER ATOMS CAN Ry untd  Siicon  AToms TO
] EORM CRYSTALS HEES'S THE __CATCH : A___Bogoa)  8TDM
] MAS  OMLY  TMREE ELECTROA} /A JTS — OQUTER  SHEL AnID
A A PHOS PHORUS ATOM HAS EwwfE  ELECTROMS I8y 1TS
= OUTER SHELL, S Coa) W LTH EXTRA PHOSPHORUS  ELECTROMNS
B 1S CALLED N-TYPE  SIICOA) { N = NEGATIVE) SHICON  WITH
ELEQTROA DEEICIEQMT BOROA ATOr18 15 CALLED P-TYPE
R e ——————"
B Siticons (P= Pos;rws).
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THE DIODE
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| THE  TRANSISTOR
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PoRTANT THARN BiPoOL AR TRAMSISTORS THEY ARE  EASY. TD

MAKE  AND  REOMRE  LESS  SILICoa THERE ARE  Two MAJIOR

FET F‘—Amuesi T LT ION AND METAL — OXiDg — SEMMICONDUCTAR
e P Py P e S st NI g P P TSt Pt e St i natt e Pm Y,

I ROTH KINDS A OUTPUY CURRENT LS. ADAITRALLED BY A

SHALL _INPUT VN TAGE  AND  PRACTICAWY No INPUT QURARENT

GATE

JUNCTION FETs . -
THE _TWO  MAIN  KINDS  OF 7 J

CET< ARE N-=- CHANMNEL  AND P ] -
PoCRANMEL. THE  CRANME[ A N=~cHANNEL I

'S IKE A SUICON RESISTOR \ [ e ]

THAT  COoNPUCTS _ CURRENT \ /

Movin G ER oM THE SOURCE SOURCE GATE DRAIN

T THE  DRAIN. A VOLTAGE /[ A 3

AT THE. _GATE INCREASES / P ) )

THE  CHANDEL  RESIST ANCE ¥ N ] 1T

AND._  REDUCES  THE DRAIN = P-CHANNEL |

SoURLE  CURRENT.  THEREFORE { ~ ] ;
THE  FET CAMN RE USED  AS % m
ANy AMPLIEIER  OR A SwiTGH ;
O JUNCTION  FET OPERATION —  THE ARRANGEMENT  BELOW

SHOWS Bowl And N~ CHANMECL EET WORKS A _NEGATIVE

GATE VOLT AGE LREATES WO MiGH RESISYANCE REGION &

(TME EIELD) N THE OHANNEL  ADTACENT TD THE P-TYPE

SILICON MngeE GCATE VOLTAGE WLl  QALISE T™HE FIELDS TO

MERGE MEETHER ApD COMPLETELY BlLoCk THE CURREAT

THE GATE - CHAMMNESL  RESISTANCE IS VERY _MIGH .

c— i I |
bt AX] A 1p 0 SOME NG
[’ 1 cugsenT [T curesnr X1 cuResaT
kd J K)’\)
I oram I oraw I oeaw
N B N R N
O vnLT s ﬂ " - 0.8 VT - ;e -3 voer ,
=1 Co B T D = N . 4
‘j@ GATE 7 U gare oo U cate 2 y
Ml ) & ‘!\ .
T 2‘? 3 s =
Gmuun; SOUICE SHURCE SOURCE
93
s

955



4.3. Professor Bobrow lecture notes given... CHAPTER 4. OTHER CLASS MATERIAL
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1  Operational-Amplifiers

Operational amplifiers are the most common elements of analog circuits. Nearly all electronic

controllers use some op-amp circuit to provide the desired signal conditioning. We will use these
devices for many of our experiments. The schematic symbol is

Vi v,

You can buy electronic chips with four op-amps on each chip for about $1.25 each. We use a such
a quad op-amp chip in the lab called an LM324. The four amplifiers are connected to the output
leads as:

CUINE L P S WS WD S e MR 3 et

3.4 i

B

1 ] 2 r [y 13 7

SR MUY e DY b A3 g WUT 3 GARVUTR

TOP VIEW

Power must be input to the chip through a positive supply voltage at pin 4, and a negative voltage
or ground at pin 11. Circuits that use op-amps are sometimes called active fillers because power
may?;dded to the circuit by the amplifier. Circuits that don’t use op-amps, such as R-C networks
are called passive filters because they can only absorb power. The voltages vy, vz, and vy in the
schematic diagram are related by the block diagram

V- y
el K C

or

ve = K{vy — vy), (1)
where K is a large gain (K =~ 1 x 10°). In reality, the op-amp bas some dynamics which means that
K is a function of frequency, or K = K(s), but we assume it acts as a pure gain, so the dynamics
are neglected.

23
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1.1 A Voltage Follower

Suppose we hook v up to v

hence v, = v and, using (1)
Uy = .K-('Ug - ?}0)

or
o K
0 = (l + K} 2~ Vi
since (—;’fﬁ = 1 for large values of K. This is called a voltage follower circuit. With this circuit

vo(t) = va(t) for all g&ﬁfésr;“;ﬁ::kly time varving signals. As explained below, this simple circuit
is used in almost every electronic instrument because the outpuf vo{t) draws no current from the
input wo(t). For fast signal variations, the dynamics of the amplifier gain K(3) can not be ignored.
You will test this in Experiment 2.

The inputs to the op-amp v, and v, are applied to the base of internal field effect transistors
(FET) which require no current at their base to operate, they only use the field produced by the
electric potential. Hence, no current flows into the + and - inputs. An analysis similar to what we
used for the voltage follower will show that whenever there is any feedback path from vy to vy, the
amplifier forces v to equal v, The feedback path can be through any network. Thus, te analyze
op-amp circuits that have negative feedback (& path from vy to vy}, we always make the following
basic assumptions.

1.2 Three Op-Amp Assumptions.

Use these assumptions whenever negative feedback is present in an op-amp circuit.
1.0 = vy
2. No current flows into the + or - inputs.
3. The op-amp Is an ideal gain, or K{s) = K, a constant

For the- lab experiment we make the circuit:

+15

Yin

1 'l. —l
P stent tom:‘&&f‘ il
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If the op-amp is working correctly v, = v, regardless of Ry. The output current is 4, = 3.
Our op-amps can only output about i, = 0.020 amp before the internal transistors saturafe, or
reach their current limit. This means that for small loads (high R ) everything works fine, and
for high loads (low R} the operational amplifier no longer amplifies as it should. You will find the
saturation current in the second experiment.

A piot of v,y versus v, for some load By might look like

i34+ - . ) Big B, ﬂ [""“"‘ Sekuration

Vo l‘!"&j"

Yo

E‘JGC}E'\.«.PD&&;}W
Current = Vo
R
43 -

-5 -3 Vinm {3 15

The voltage follower circuit acts like an ideal voltage source as long as i, is below the saturation
current. Note that the input voltage vy, is not affected by changes in i, and Ep, because no current
can flow into the op-amp. That is why the voltage follower is also called a buffer or an isolation
amplifier.

1.3 An Inverting Gain

Another useful circuit is the inverting gain.

or

R

Ty = = 7.

In reality this equation remains true for any v; that causes v, to be less than some saturation voltage
that is determined by the voltage used to provide power to the op-amps. The operational amplifier
can not do its job of maintaining a linear input-output voltage relationship if the input voltage is
trying to produce an output voltage is bevond the saturation level.

[}
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1.4 A Noninverting Gain.

A circuit performs the same function as the last, but with no minus sign is the noninverting gain.

The voltage at the minus input is the voltage between the two resistors, which is z;o{—é—!%‘,—{;g. Then,
using assumption 1,
(R, 4+ Rs)
Yy 2 L,
R,
Note that the gain of this circuit is always greater than one, while for the previous circuit this is
not the case.

1.5 A General Circuit.

One general op-amp circait that is commonly used has the form

where the Z,(s) are general impedances of networks of capacitors and/or inductors. Using assump-

tions 1 and 2 we have N _
Vis) Vi Ve, . Vals)

TZ{s) Zi Zy " Zal(s)

or
. " Vi(s)
Vis)=-2; 3 ZS,»)‘ (2)

i=1

1.6 Example: A Differentiator.

For instance, if there is just one input to a capacitor,

Re
VI.V\ c‘
= v,
Z5 %

[,
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then {2) gives,
Vo(s) = ~R;CsViu{s)
Note that the above equation is in the frequency domain. In the time domain, the same equation
is P
-
v, = = R;C -l '
e 3

Hence, this circuit takes the time derivative of a any input voltage as a function of time, provided
that it is differentiable. If it is not differentiable, then noise is output.

1.7 Example: An Integrator.

If we swap the resistor and the capacitor of the above circuit we get an integrator.

11
v [
N AAY A R
Rin °
(2) gives,
oL Vinls)
VO(S) - _CS R.;n '

In the time domain, the same equation is

1
= — i L.
v, R,-,,C./vmd

Because of the integration property of this circuit, if we input a square wave to this system, we
get out a triangle wave.

25t
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1.8 The Concept of Lead and Lag

Suppose a sin wave is input from a function generator into the above differentiator circuit. That

is,
v, = asinwl,

then, the above analysis in (3) shows that
v, = = RyCawcoswi

We see that, although the output has the same frequency as the input, the amplitude of the output
depends on the frequency, and the phase of the output is different than the input. To understand
the phase relationship, consider the three waves sketched below.

~

caswt 7\ g \/’ww:w‘r

sinast 1 oy )
AY
\ /7
\

The function coswt is said to lead sinwt by 90°. The sin wave is behind (or lags) the cos wave by
the time corresponding to wT = m/2(= 90°). If it were shifted ahead in time by T seconds it is said
to be in phase with the cos wave. This is stated mathematically as

. r
coswt = sin{wt + 5}
The wave coming out of the circuit above is a negative cos wave, which lags the input sin wave

by 90°. Finally, note that it is also correct to say that this wave leads the input by 270°, since
sin f = sin(# £ 27 ).
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441 midterm 1999

MAE 106 Midterm Exam
Winter 1999

University of California, Irvine
Department of Mecdhanicd and Aerospace Engineering

1) Based onyour experience in laboratory andledure, provide brief answersto the
following questions:

a) Why isit wrong to use apatentiometer in the following configuration?

b) A motor can aso be used aswhat kind d sensor?

¢) What kind d filter isthe following circuit? (Assume V. isthe output)

305



4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

2) A circuit for controlli ng alight bulb with aMOSFET is shown below. Thelight bulb
ismodeled as aresistor. By changing the input gate voltage to the MOSFET, the
light bulb can be turned onand off. A table of the MOSFET’ s drain/sourceresistance

(like the one you generated in lab) is also shown.

V, = +15V
Vin (VOltS) RDS (KD O
0 100
Light 1 100
Bulb 2 90
3 80
Vout 3.4 75
Vin  Gate 3.6 41
MOSFET 3.9 4
4.2 0.1
55 0.01

a) Toturnthelight bulb on,shoud theinpu gate voltage (Vin) to the MOSFET be high
or low?

b) AsaimeR_ = 1KQ. Calculate Vo correspondng to an input gate voltage of 3.9 vdts.

¢) How many watts of power will the light bulb consume with the inpu gate voltage
equal to 3.9 vdts?
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3) A circuit model of a DC Brush motor is:

v C’) Bw

where wisthe angular velocity of the motor shaft.

a. Writethe differential equation that describes the relationship between input voltage
and current for this circuit. (Hint: use Kirchoff' s voltage law).

b. Solvethisdifferential equationfor the aurrent through the motor as afunction d time
when:
» the shaft of the motor isheld fixed
e a onstant voltage v is applied acrossthe motor at time =0
e theinitia current i(t = 0) through the inductor is zero

c. Plot the torque that the motor generates as afunction d time for the @mndtions
described in part b. Label the aes, the final value of the torque, andthetime &
which the torque has reached 63% of itsfinal value. Assume the motor’storque
constant is some @nstant B.

307



4.4. OLd exam to practice from CHAPTER 4.

OTHER CLASS MATERIAL

4) Consider the following op-amp circuit:

Rz

a) Derivethereationship of the output to the input:

b) What function deesthiscircuit perform if R, > R;?
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Problem 4 continued: If we ald a capacitor, the drcuit beames afilter:

d)

e)

f)

0)

h)

R,
Ry C
— A NN/
V.
in A

Derive the transfer function d the filter using the impedance of the cgacitor,
Kirchoff’s laws, and your knowledge of how the Op-Amp works.

What are the time constant and corner frequency of thisfilter?

Findthefilter’s gain (i.e. the magnitude of the transfer function):

Asaume we inpu asinusoid to thisfilter. For frequencies much greder than the
corner frequency, what isthefilter's gain?

For frequencies much lessthan the arner frequency, what isthefilter’s gain?

What kind d filter isthis?
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5) Consider the problem of controlli ng the velocity of amotor. A simple model of the
motor is given by the foll owing block diagram:

motor
v 1| w
—> 5 —>

where v isthe voltage inpu to the motor and w is the angular velocity of the shaft.

a) Shown below isablock diagram of an open-loop (i.e. feedforward) cortroll er for the
motor, where wy isthe desired ouput of the motor. What gain value shoud the
controll er box have to make the output equal the desired ouput? Write the gain in the
controller box.

feadforward
controller motor

Wy v 1 w
—> #E—b

b) What is adisadvantage of an gpen-loopcontroller like this one?

c) Draw ablock diagram of afeedbadk controller for the motor, label al arrows,
including the error signal.

d) What hardware (beside the motor) that we have discussed in classcould you wseto
implement this feedbadk controll er?
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4.4.2 Design Exam 2004 Solution

MAE 106 M echanical Systems L aboratory
Winter 2004 Design Exam

Y ou have been hired as a control engineering consultant for a new ride for Disney’s California Adventure
Theme Park, called “Bouncing Over California’. Inthisride, therider will feel like they are bungee
jumping off of different bridgesin California. Your job isto design a control circuit for theride. You are
given the following information:

Therideisin a100 foot tower that has alinear track. Therider sitsin a harness which slides up and
down thetrack. Thetrack isdriven by amotor.

The track has substantial friction, which can be modeled as viscous friction with a damping coefficient
of B (i.e. friction force = F=-Bv = damping coefficient* vel ocity).

The motor that drives the track isa DC brushed motor with a current amplifier. It produces aforce on
the harness in response to a voltage input with a calibration coefficient of C, N/volt.

Thereis aposition sensor on the track that measures the position of the harness. The sensor has a
calibration coefficient of C, voltsmeter, and gives areading of zero volts at the top of the track, where
the person enters the harness.

A typical bungee cord acts like alinear spring with a stiffness of Kp.

The Disney people would like the system to behave like an undamped spring.

Design an analog circuit to control the security robot. You will get full credit if you:

5)

Show your control law, in MKS units.

Provide appropriate control gains with units.

Show your control law, in units of volts

Draw an op-amp circuit that can implement your controller. Label what the inputs and outputs of your
circuit should be connected to.

Choose appropriate values for the resistors and capacitorsin your circuit.

PLEASE ENTER YOUR ANSWERS ON THE ANSWER SHEET

W eeeeel
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Solutionsto MAE106 Winter 2004 Design Exam

1) Answer: (20 pts)
F=-K,(x=X%) = KX

2) Answer: (20 pts)

Approach 1: K, = Ky N/m or kg/s?
Kq=-B Ns/mor kg/s
Approach 2: K, =100M? N/m

K, =2,/K,M —BNS'M

3) Answer: (20 pts)

Note: F=C,v, = v, = motor voltage
Vs = sensor voltage = C,*x

Vg = input voltage = C*xgq

Cyv, ==K, I1C, (v, —vy) =K,V /C,
Vv, ==1/C (K, /C,(v, —Vvy) =KV /C))

Overview: There are two ways to do thisdesign. In both approaches, we will use a
PD position controller to make the controlled system behave like an undamped spring
with K=K,. The PD position controller equation is:

F=-K (x=x,)-Kx
Approach 1: Make the controller have K, = Ky, and cancel the friction with Kq = -B.
Then the controlled dynamics are:
MX + BX = =K | (X = X;) = K X = =K, (X = X3) + BX > MX = =K, (X = X;)
which are the dynamics of an undamped spring with K=K,
In this approach, we want the rest length of the spring to be half way down the track
X4=50ft =16.5 meters

Approach 2: Make the controller track the motion of an undamped spring with K=K,
In this case, we let X4=16 (cos(wdt)-1) meters, so X4 = 0, max(Xg) = 33 m = 100ft. The
frequency of the sinusoid ws should be the frequency of an undamped spring with
K=K}, and arider of mass M o, =K, IM -

Then, we choose K, and K, so that the tracking is good. We choose the bandwidth
of the controlled system o, = 10 ws (the factor 10 is arbitrary; the point is that we
want the bandwidth significantly wider than wsfor good tracking)

@, =K, /M =100, > K, =100M@? = 100K,
And choose ¢ = 1 for good tracking without resonance and find Ky

¢ =(B+K)I(2JK,M)=1->K, =2/K.M - B

100k

Desired —’V\/V\/

position x4

4) Answer: (20 pts) The circuit from Lab 6 will work for Approach 2:

Opamp 3

For Approach 1, we need to invert the voltage into the capacitor with an op-amp
inverter circuit (similar to Op amp 1 circuit), in order to get a negative Ky

-Kp(X-Xa) - KaX

Amp ‘(motor ( pot( X

5) Answer: (20 pts)

Kp = Rz/Rl
Kd = RzC
So choose:

R=K4/C Ri1 =Ry Kp
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4.4.3 Design Exam Solutions 2002 2003

MAE 106 Mechanical Systems Laboratory A ﬁjﬁ%

Winter 2003 Design Exam 5

Part 1: In-Class Problems — NOTE: You must show your work to get full credit. You will not full credit

if you just write the answer — you need to show how you got the answer. 2«/./@/
2o

1. Write the differential equation that describes the following system:

by
s . .
c e o 5 Myt cxsbxn jVi
. {

2. Using Ohm’s and Kirchoff s laws, find Vo for this circuit (Assume both
resistors have value R). Note that you will NOT get credit if you simply

write the answer —~ you must derive the answer. { T
/ S B
Ve VAR S S A
L 28, z L "S/

3. Given ¥+ Ax=A x(0) =0 Find x(t).
. -4t
G o AR = C@A
Tox= Ce 4| Xe)Epsy oz :>\f<: bh-¢ D

4. What is s1s2 if s1 = 2+, s2= 2-j?
(2?’?)&2 - ;>

s ?—L »"Z‘} B ';2“ (/

El
5. Give the amount by which a 100 Hz sinusoid input at V; would be scaled and phase shifted in creating
the output Vo for the following circuit. Assume R=1KQ and C= 1 uF,

9 - R SRS
Vi'—\/\/\/\I v, // CI go=Go” M)

w=: 2uk
“z ) {isony
oo ey CTEE
w o L2y T

R

== tan G 08
- P gf f‘ﬁf
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Part 2: Contro] Design Exam

You are a control engineer working for the security department of a weapons factory. Your fask is to
design a mobile robot that can patrol the fence in front of the factory. The robot should also be able to
move quickly to confront any intruders that are attempting to penetrate the fence.

- Fenee that must be patrolled by your robot (Just the froat fence must be patrofled)

A 4

Top View of Factory-Compound

You are given the following information and equipment to work with:

The fence that must be patrolled is 100 m wide. .

The robot behaves as a mass M = 100 kg with some damping B =1 Ng& & /.

The robot is controlled by a DC brushed motor and a linear current amplifier, A one volt input into
the current amplifier gives 1 Nm of motor torque. o

You have access to the voltage signal from a potentiometer that measures the rotation of the robot
wheels, and thus the position (x) of the robot along the fence. The pot voltage is zero at x = () m, and
1 voltatx = 100 m.

The robot must be able to operate in two modes with the same controller: patrol mode and attack
mode.

In patrol mode, the robot must move back and forth along the fence at 0.1 Hz.  The controller
receives a sinusoidal command voltage from the command center in the factor. The voltage varies
between 0 and 1 volt at 0.1 Hz telling it to patrol the fence in this periodic fashion.

In attack mode, the robot must move within 1 sec to the position of an identified intruder. The
intruder is identified by a camera, which radios a command voltage to the robot, A command voltage
of 0 corresponds to an intruder at left end of the fence, and a command voltage of 1 corresponds to the
right end of the fence. Voltages Between 0 and | gorrespond to other locations along the fence.

When an intruder is identified, the command voltage changes in step function fashion.

You must implement your controller using op-amps, resistors, and capacitors.

The radius r of the wheels of the robot is 0.1 m.

Design an analog circuit to control the security robot.  You will get full eredit if you:

D

2)
3)

4y
5)

6)

Show a control law for the robotic conveyor belt that relates the motor torque to the desired (x¢) and
measured robot position along the fence (x).

Write the differential equation that describes the dynamics of the confrofled robotic system.

Choose gain values for your control law. State units. Make sure to consider both patrol and attack
modes, and remember that one set of gain values must work for both modes.

Briefly explain why vou chose the gains vou did. *

Draw an op-amp circuit that can implement your controller. Label what the inputs and outputs of your
circult should be connected to. ’

Choose appropriate values for the resistors and capacitors in your circuit.

PLEASE ENTER YOUR ANSWERS ON THE ANSWER SHEET
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Part 2: Answer Sheet — Put your answers in the boxes, and show your work to the right of the boxes.
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OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

MAE 106 Mechanical Systems Laboratory
Winter 2602 Design Exam

You are a control engineer working for a mass-manufacturer of computers. Your task is to design a
robotic conveyor belt for the motherboard assembly line. The conveyor belt should catch a
microprocessor chip that fafls from a chute, and plug it into a motherboard that arrives on another
conveyor belt:

chip chute
motherboard motherboard
chip holder chip conveyor belt (moves
. in and out of page)

(moves with z /
v

conveyor belt)
\* »
—p

(O | ©)

robotic conveyor belt motor

pulley shaft

You are given the following information and equipment to work with:

the chip chute is at x = 0 m and motherboard isatx = 1 m

chips are ejected out of the chip chute onto the chip holder once per second. Likewise, a new
motherboard arrives on the motherboard conveyor belt once per second. The delay between arrival of
a new chip and arrival of a new motherboard is 0.5 seconds. The chip holder must hold stationary for
0.1 seconds at the chip chute to catch the chip, and at the motherboard to insert the chip. Thus, your
robotic conveyor belt must move between the chip chute and the motherboard conveyor belt in 0.4
seconds.

the conveyor belt behaves like a linear mass (M = 1 kg) and a linear damper (B = 1 N/s).

the conveyor belt is controlled by a DC brushed motor with a linear current amplifier. A one volt
input inte the current amplifier gives 1 Nm of motor torque.

you have access to the voltage signal from a potentiometer that measures the rotation of the conveyor
belt pulleys, and thus the position (x) of the chip holder along the conveyor belt. The pot voltage is
zeroatx =0m,and | voltatx=1m.

your controller receives a 0-1 V square wave voltage input telling it to move from the chip chute to
the motherboard. When the input voltage is 0 V the conveyor belt should move to the chip chute.
When the input volfage is 1 V the conveyor belt should move to the motherboard.

you must implement your confroller using op-amps, resistors, and capacitors.

the radius of the pulley that drives the conveyor beltisr=.1m

Design an analog circuit to control the robotic conveyor. You will get full eredit if you:

)

2)
3)
4

5)

Show a control law for the robotic conveyor belt that relates the motor torque to the desired (xg) and
measured chip holder position (x).

Choose gain values for your control law. State units.

Explain why vou chose the gains you did.

Draw an op-amp circuit that can implement your controller. Label what the inputs and outputs of your
circuit should be connected to.

Choose appropriate values for the resistors and capacitors in your circuit.
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Mea_ﬂ 5[‘/ ‘

S Dev ! g
MAE106 2002
Design Exam Seolution

The basic idea of this problem is to design a proportional/derivative {PD) position controller that
is critically damped and moves to its final value in about 0.4 seconds in response to a step input.

1.

2.

(20 pts) Control law: 7=~k (x—x,) -k, X

(20 pts) Conveyor dynamics: Mk + Bx = 2
’

I

. k, .
Controlled dynamics: M+ Bi = (x=x,}——%%
-

.. k, . k
Rewrite in standard from: M¥ + (B + L)+ -5 x =L x,
r r ¥

[
r r
-- design system to be critically damped to push chip into board without overshoot =1

ie. M+ Cx+ Kx=EKx, where(C =B+

= .45

-- design system so that it is within 2% of its final value in 0.4 sec 7, =

n

thus, m,=10 rad/s = 1/—3 = K=100 kg/s® = ky/r = ky= 10 kg mv/ ¢

=1= C:B+-]c—d—:2 Q00X = kg = 1.9 kg m/s
r

now é’:"-w-—c———~
"7 2JKM

(20 pts) I choose the daraping ratio to be 1 (critically damped} so the system would not
overshoot. 1 choose the settling time so that the system was within 2% of its final value at
0.4s.

(20 pts)

Square wave 1000
input ngigi

Ry

To Motor
Amplifier

€ From

potentiometer

(20 pts) Choosing the values is made easy because 1 volt = L m on the inputs, and 1 volt
=1 Nm at the output to the motor amplifier (i.e. the calibration factors are equal to 1, and
circuit gain values should just equal the controller gain values from the dynamics)

¥ = Re/Ryy =5 So if I choose Ry = 100KL, then Ry =10 KO

ks =R{C = C=1.9/100KO = .19 uF
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444 MAE 106 Midterm Exam 2001

MAE 106 Midterm Exam
Winter 2001

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Problem 1: Motors (25 pts)

a. Shown below is a diagram of a DC
brushed motor. Assume that the
commutation stops working, such
that current flows only in the N
direction shown. At what angle 0
will the armature come to rest?
Assume the armature is initially at
0 = 0° as shown when the
commutation fails, and that positive
0 is defined clockwise looking into the page, as shown.

b. For the rest of this problem, assume the commutation is working. Draw the circuit model,
and write the circuit equation describing the motor:

c. Derive and plot the torque versus velocity relationship for the motor. Plot torque on the y-
axis and velocity on the x-axis. Label the x-axis and y-axis intercepts with the appropriate
terminology. Assume that:

e the motor receives a constant voltage input of V

e the inertia of the motor shaft equals J

e the motor’s torque constant is B and is equal to the back-EMF constant
e the current into the motor does not change.
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d. For what torque load does the motor produce maximum power?

e. Assume you have a low-power control signal from a computer, and that you would like the
unloaded motor shaft to spin at mq when the control signal = +5V, and to stop spinning when the
control signal is 0 V. Design a circuit using only a MOSFET, a power supply, and resistors to
achieve this control. Label the gate, drain, and source of the MOSFET, and the control input
from the computer. Specify the voltage of the power supply assuming the motor’s torque
constant is B and is equal to the back-EMF constant.
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Problem 2: Op Amps and Feedback (25 pts)

a. Write the name of this circuit:

b. Briefly describe a practical situation in which you might want to use the circuit in a)

c. Assume that V, = K(V.- V.) for the op amp. How big would K have to be such that V, is
within 1% of V;?

d. For areal op amp, the output takes some time to respond to the inputs due to delays in the
op-amp’s internal circuitry. We can model these dynamics with a differential equation:

V,==AV, + AK(V, -V_)

where A > 0 is a constant. Given these dynamics, plot the voltage response of the circuit in a)
to a unit step input in V; versus time. Label the time at which the output is 63% of its final
value.

e. Assume that you misconnect the circuit in a) such that the feedback goes to the non-inverting
input instead of the inverting input (i.e. positive feedback instead of negative feedback), and
the input goes to the inverting input. Assuming the op-amp has the dynamics in d), for what
values of K will the circuit be unstable (i.e. for what values of K will the output go to infinity
as time goes to infinity)?
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Problem 3: Filters and Signal Processing (25 pts)

You are hired to improve a wire-tapping signal for the FBI. Shown below is a Bode plot of the
typical frequency content of the signal that the FBI’s currently-used system generates:

Voice signal

X(o)l

Noise signal

/

|
100 1000 10000 o [rad/s]

a) Sketch (very roughly) what the signal would like in the time domain. Include a time scale.

b) What type of filter should you apply to clean up the signal?

¢) You have only a few resistors and capacitors in your toolbox, as shown below. Design an
RC circuit to filter the unwanted noise. Draw the circuit, with the input and outputs labeled,
and identify the values of R and C that you would use.

Toolbox Contents:
R=1Q, 10Q, 1000, 1 KQ
C=1pF,0.1 pF, 1 pF

d) By what factor would your filter attenuate the noise in the signal at 10000 rad/s?
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Problem 4: Control Theory and Laplace Transforms (25 pts)
Consider the problem of controlling the angle of a one degree-of-freedom robotic leg. The
transfer function of the robot arm is given by the following block diagram:

I(s) ¥ i 4 9! s) Motor axis 0
Js2

Leg

where I(s) is the current input to the robot’s motor, J is the inertia of the motor, B is the motor
torque constant, and 0 is the angular position of the robot.

a) Shown to the side is a block diagram of an

open-loop (i.e. feedforward) controller for feedforward

the motor, where 04 is the desired angular controller robot
position of the robot. What transfer function g o) Is)Y B 0(s)
should the controller box have to make the — B e
output equal the desired output? Write the Js

transfer function the controller box.

b) In the time domain, write the relationship between I and 04
¢) What is a disadvantage of an open-loop controller like this one?

d) A proportional-derivative (PD) feedback controller is a common type of controller that
provides a control signal to the plant that is the sum of a signal proportional (by a gain K;) to
the output error and a signal proportional by (a gain Ky) to the derivative of the output error.
In the following diagram, fill in the appropriate transfer function such that the robot would be
controlled by a PD controller.

feedback
controller robot

Ba(s) )y B 0¢)

_ Js 2

e) Find the overall transfer function for the PD-feedback controlled robot system in d)
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4.4.5 MAE106 1999 Final Project Description

Department of Mechanical and Aerospace Engineering
University of California, Irvine
MAE 106 Mechanical Systems L aboratory
Winter 1999

Final Project Details:
Cruise Control Crash Course

Project Summary:

Your final project involves the design of a battery-powered car that is capable of cruising at a
constant velocity. The car should maintain its velocity whether it is travelling uphill, downhill, or
on alevel surface. On the day of the scheduled final (March 18, 8-10 AM in EG2110), there will
be a contest testing your car. The car will be required to traverse a course that contains a hill,
then pass through a swinging pendulum. The car will have to move at the appropriate speed so
that the pendulum does not squash it.

Course Details:

The course will be four feet wide and approximately 35 feet long. It will be made out of white
wall board. It will look as follows:

Starting
line

v

Photo Photo Pendulum
Gate 2 Gate 3 of
Destruction

Photo Photo
Gate 1 Gate 4

Notes:

Thereis a6 feet-long runway for your car to get up to constant speed.

Thetime Ty it takes your car to pass between Photo Gate 1 and 2 will be measured, and
compared to the time T, it takes to pass between Photo Gates 3 and 4. The goal is for your
car to make T12- Tax= 0. Carswill be rank-ordered based on how close the time difference is

1)
2)

3
4
5)

The angle thetawill be less than 30 degrees.

The diameter of the mass at the end of the pendulum will be less than 6 inches.

On the day of the contest, you will be given the pendulum length L and the surface distance
along the track from the starting line to the pendulum. The pendulum will be dropped from a
starting angle of 15 degrees away from vertical. Based on these course parameters, you will
have to select a suitable speed for your car. You should design your car with an adjustable,
calibrated speed control, and you should do the math ahead of time to predict the desired
speed for your car based on the unknown parameters.

For extra credit, you can incorporate automatic steering into your car, and the ability to track
black electrical tapelaid in acurved pattern on top of the wallboard.
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Grading:

Thefinal project isworth 30% of your grade. Y ou grading will be based on:
1. the performance of your car the day of the contest
2. awritten fina project report

The goal of the written final project report is to describe your design as clearly as possible, and
the effort you put into building and testing the car. One write-up should be turned in per project

group.

Format for Final Project Write-Up (3-5 pages):
1. Summary (200 words or less)
2. Design
A. Controller Design, including:
block diagram
brief summary of how the controller works
dynamical equations and solution
circuit diagrams/equations
how you chose controller gain values
B. Mechanical Design
3. Construction/Testing
A. How you built the controller (include a parts list, including where you bought/procured
the parts and how much they cost)
B. Any tests you performed to calibrate/verify/improve performance (with graphs)
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4.4.6 MAE106 2000 Final Project Description

MAE 106 Mechanical Systems L aboratory
Final Project 2000

BATAPULT

For your final projed youwill design and buld a motorized catapult that is cgpable of hurling a
Batman action figure over a scae representation d Gotham City Hall in order to “fight crime”:

Crime in
Gotham City AP))QTGSS

o

The goal isto make Batman fly as far as possble withou the cdapult knocking over Gotham
City Hall. No mechanicd stopswill be dlowed to halt the caapuit.

Motor

On the day of the scheduled final, there will be a ©ntest testing your catapuilt.
Youwill be provided with a motor as a starting point, and will work in teams of two or three

Discussion Question: What are some of the subproblems that you will need to solve in order to
successfully complete your project?
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4.47 MAE106 2001 Detailed Final Project Description

Department of Mechanical and Aerospace Engineering
University of California, Irvine
MAE 106 Mechanical Systems Laboratory
Winter 2000

Final Project Details:

PELE' 2001

Project Summary:

For your final project you will design and build a teleoperated robotic soccer player capable of
both kicking a ball into a goal and defending the goal. You are expected to work in project
groups of 2 or 3. On the day of the scheduled final (Tuesday, March 20, 4-6 PM) there will be a
tournament testing your robotic soccer player. The tournament will be held in the MAE106 Lab.

Lab Hours:

The lab will be open from 8-12 A.M. and 1-5 P.M from February 26" until the contest. If the lab
door is locked, you must sign-in with Dwayne Gates in room EG2118 before the lab will be
opened. For safety reasons, there must always be at least two students in lab for the door to be
opened for you, so bring a partner. While you are in lab, do not leave the room unattended. You
are responsible for all laboratory equipment while you are in the lab. Sign-out with Dwayne
when you leave.

There will be no lecture March 13" or 15" to allow time to work on your project. Prof,
Reinkensmeyer will be available in lab during the regular lecture time on those days for
consulting. In addition, your TA’s will be available in the lab during your regular lab time that

week.
Setup:
Defending '\C/Isr:tl;l‘s:
Manual Robot Knob
Control @
Knob @ A\
Shooting ﬂ
Robot >
Control \.y /]
Electronics .
-
I Control
- - Electronics
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Contest Rules:

The contest will be a single-elimination tournament similar to a soccer “shoot-out”. Two teams
will be selected. The referee will toss a coin and the team that wins the toss will take the first
kick. The kicks will be taken alternately by the teams. Subject to the conditions explained below,
both teams will take five kicks. The kicks will be taken alternately by the teams. If, before both
teams have taken five kicks, one has scored more goals than the other could score, even if it were
to complete its five kicks, no more kicks will be taken. If, after both teams have taken five kicks,
both have scored the same number of goals, or have not scored any goals, kicks will continue to
be taken in the same order until one team has scored a goal more than the other from the same
number of kicks.

Notes:

1) The distance between goals will be 31%4”.

2) The width of the goals will be 11”.

3) The robot motor will be required to rest on a ring stand.

4) The height of the ring stands will be 14”.

5) The diameter of the rings on the ring stands will be 4”.

6) Two practice fields will be available in lab.

7) The same robot and control system must be used for both kicking and defending.

8) You will be allowed to adjust the yaw angle of the robot on the ring stand before kicking or
defending.

9) The leg of the robot must be able to fit through a paper-towel core (at all times).

10) The ball will be a ping-pong ball.

11) You will be provided with a power supply for your motor (the same ones used in the labs).

12) You are not allowed to store energy in your system before the kick.

13) Your robot must be teleoperated using a potentiometer to control leg angle.

14) Your robot must use a feedback controller.

Starter Kits:

You will be provided with a starter kit comprised of:

e | Pittman DC Gearhead Motor

e 1 Butyrate Tube (1.57)

1 Vinyl Tube (1.5”)

1 Garolite Collar (.5”)

2 Spring Pins

The tubing, collar, and pins are useful for coupling the motor shaft to a lever and to a
potentiometer. The kit may be checked out from Duane Gates in EG2118 beginning Feb 28" 8

AM—12PM, 1 PM — 5 PM. IMPORTANT!!!!!: You must return the kit in order to receive
your final grade. If the motor is not in working order, you will be required to pay for it
(323.50).

Other Required Parts:

You will need to purchase other components for your project, such as a protoboard,
potentiometers, resistors, wire, op-amps, and MOSFETS. The total cost of your project should
be under $20. Suggested vendors are:

327



4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

e Radio Shack: 4716 Barranca Parkway, Irvine (949)552-1091 (and other locations)

e Marvac Electronics: 2001 Harbor Blvd., Costa Mesa (949)650-2001

e Fry’s Electronics: 10800 Kalama River Ave., Fountain Valley (714)378-4400 (and other
locations)

You can also purchase parts from bulk vendors, such as:

e Digikey: www.digikey.com

e Newark Electronics: www.newark.com

To avoid a service charge for small orders, you may want to partner with several groups when

ordering from these vendors.

Grading:
The final project is worth 30% of your grade. Your grade will be based on:

1. the performance of your catapult on the day of the contest
2. awritten final project report

The goal of the written final project report is to describe your design as clearly as possible, and
the effort you put into building and testing the catapult. One write-up should be turned in per
project group.

Format for Final Project Write-Up (<= 5 pages):
1. Summary (200 words or less)
2. Design
A. Controller Design, including:
block diagram
brief summary of how the controller works
dynamical equations and solution
circuit diagrams/equations
how you chose controller gain values
B. Mechanical Design, including:
any mathematical analysis you did in the design
a parts list, including where you bought/procured the parts and how much they
3. Testing: Any tests that you performed to calibrate/verify/improve performance (with graphs)

Projects with quantitative analysis and detailed experimental testing will score higher.
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4.4.8 MAE106 2002 Final Project Description

MAE 106 Mechanical Systems Laboratory
Final Project 2002

SKIBOT 2002

In honor of the 2002 Winter Olympics, you will design a teleoperated robotic vehicle capable of
“skiing” down a slalom course for your final project.

Manual
Control
Knob

Control
Electronics

&

The goal is to steer the gravity-powered vehicle using a manual control knob. You will be
provided with a motor for steering as a starting point, and will work in teams of two or three. On
the day of the scheduled final, there will be a contest testing your skibot.

Discussion Question: What are some of the subproblems
that you will need to solve in order to successfully complete
your project?
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449 MAE106 2004 Final Project Description

MAE 106 Mechanical Systems Laboratory
Final Project 2004

WAKEBOT 2004

You will design a teleoperated robotic vehicle capable of wakeboarding through a slalom course
for your final project. A high-power motor will pull on a string (the “leash”) attached to your

robot.
Wakeboard
Control Gate Leash
Electronics O O

“Boat” — high
torque wench

The goal is to control the speed of the “boat” and to steer
your wakeboard using a manual control knob. You will
be provided with a motor for steering as a starting point,
and will work in teams of two or three. On the day of the
scheduled final, there will be a contest testing your
wakebot.

Discussion Question: What are some of the
subproblems that you will need to solve in order to
successfully complete your project?
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4410 Midterm Exam 2002

MAE 106 Midterm Exam
Winter 2002

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Problem 1: Circuits (25 pts)

a) Shown below is a 10Kohm potentiometer wired incorrectly. Assume Vinis 10 V and is
provided by a 100 Watt power supply. Assume the potentiometer is rated at 1 Watt. Assume
the shaft can rotate 180 degrees, and define 0 degrees rotation as the shaft angle when the
resistance between the wiper and the ground is 10Kohm. At what shaft angle do you expect
to smell smoke?

b) What does the following circuit do? (give VA
proof) Assume the four resistors have
equal values.

V2 TN Yo

¢) Why are op amps such as the ones used in lab unsatisfactory for powering most motors?

d) Assume that you have a low-power control signal from a computer, and that you would like to
make a motor spin when the control signal is +5 v, and to stop spinning when the control signal
is 0 V. Design a circuit using a MOSFET to achieve this control.
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Problem 2: Motors (25 pts)

A DC brushed motor has an internal resistance of 10 ohms. You hold the motor shaft fixed and
apply 10 V, and find that the stall torque is 0.1 Nm, and that it takes 1.5 s to generate 0.063 Nm
of torque. Assume the motor’s torque constant equals the back EMF constant.

a) How fast will the unloaded motor shaft turn if you let it go?

b) What is the inductance of the motor windings?

¢) The motor takes 5 seconds to reach its no-load speed. If you double the shaft inertia, how

much longer will the motor take to reach 99% of it’s no-load speed?

d) Why does a DC brushed motor have brushes? (Explain in 15 words or less).
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Problem 3: Control Theory (25 pts)

1) Consider the problem of controlling the velocity of a motor. A simple model of the motor is
given by the following block diagram:

motor

1
B

where v is the voltage input to the motor and o is the angular velocity of the shaft.

a) Shown below is a block diagram of an open-loop (i.e. feedforward) controller for the motor,
where @4 is the desired output of the motor. What gain value should the controller box have
to make the output equal the desired output? Write the gain in the controller box.

feedforward
controller motor

1
B

b) Name two disadvantages and two advantages of an open-loop controller like this one.

¢) Draw a block diagram of a feedback controller for the motor, label all arrows, including the
error signal.

d) Prove that your feedback controller cancels an additive disturbance V4 to the voltage input to
the motor, given a high enough feedback gain.
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Problem 4: Signal Processing, Differential Equations, and Frequency Analysis (25 pts)

a) Describe a practical situation in which the following circuit would be useful:
+ Vr -

b) Assume Vj, is a step input at time zero and V.(0) = 0. Find V(t).

¢) Find the transfer function for the above circuit.

d) Find the frequency response of the above circuit. Be sure to provide equations for how the
circuit scales and phase shifts a sinusoidal input.

e) Assume R =100 ohm, C =.01 F. How much more attenuated will a 1000 Hz sinusoidal
input signal be than a 100 Hz input signal? (Provide proof).
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4.4. OLd exam to practice from

CHAPTER 4. OTHER CLASS MATERIAL

4411 Midterm Exam 2003

MAE 106 Midterm Exam

Winter 2003

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Problem 1 Circuits (25 pts)

a) Find V, for the following two circuits. Assume all resistors values = R.

Vi

Answer:

Vi

Answer:

b) For the following circuit, draw conceptual sketches to show how you would simplify
the network to solve for V,. You do not need to find V,, just illustrate the steps.
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¢) What are the two “golden rules” of op-amp analysis?

d) What two conditions must be true for these golden rules to apply?

e) Using an op-amp and resistors, design a circuit to amplify an input signal by a factor
of 20. Show mathematically that your design works.

f) Assume that you have a low-power control signal from a computer, and that you
would like to make a motor spin when the control signal is +5 v, and to stop spinning
when the control signal is 0 V. Design a circuit using a MOSFET to achieve this
control.
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Problem 2: Motors (25 pts)

a.

Shown below is a diagram of a DC brushed motor. Assume that the commutation
stops working, such that current flows only in the direction shown. At what angle 0
will the armature come to rest?
Assume the armature is initially

at © = 0° as shown when the

commutation fails, and that < i

positive 0 is defined clockwise
looking into the page, as shown.

For the rest of this problem,
assume the commutation is .
working. Draw the circuit model, and write the circuit equation describing the motor:

Solve this differential equation for the current through the motor as a function of time
when:

e the shaft of the motor is held fixed

e aconstant voltage v is applied across the motor at time = 0

e the initial current i(t = 0) through the inductor is zero
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c. Plot the torque that the motor generates as a function of time for the conditions
described in part b. Label the axes, the final value of the torque, and the time at
which the torque has reached 63% of its final value. Assume the motor’s torque
constant is some constant B, equal to the back EMF constant.

d. What is the term for the maximum torque a motor can produce when its shaft is held
constant?

e. What is the term for the maximum speed that a motor free to spin will reach?

f.  What happens to an unloaded motor spinning at steady-state speed ® when you
double its input voltage?

g. At what speed does an ideal DC brushed motor produce maximum power and why?
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Problem 3: Control Theory (25 pts)

1) You design a new type of motor for which the speed is proportional to the input
voltage squared:

motor

A( )2 o=Av

where v is the voltage input to the motor and o is the angular velocity of the shaft and A
is a constant.

a) Shown below is a block diagram of an open-loop (i.e. feedforward) controller for the
motor, where wq is the desired output of the motor. What function should the
controller box compute to make the output equal the desired output? Write this
function controller box.

feedforward
controller motor

4 v AP |o

b) If the estimate of A used by the feedforward controller is too small by 10%, how
much faster will the actual speed be than the desired speed?

¢) Draw a block diagram of a feedback controller for the motor, label all arrows,
including the error signal.

d) Prove that, the actual velocity equals the desired velocity as the feedback gain gets
large.
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CHAPTER 4. OTHER CLASS MATERIAL

Problem 4: Frequency Analysis: Motivation, Theory, and Practice (25 pts)

a) Give two reasons for studying frequency domain analysis:

g) If you input a sinusoidal input u(t) = asin(wt) into a linear, time-invariant system,
what is the output x(t)? Express your answer in terms of an equation and in words.

h) Below is a proof of the correct answer to part b). On the left are the equations for
each step of the proof. On the right is a description of what is happening in the proof.
Fill in all blanks to complete the proof.

Step

Description

Equation

An n™ order linear system with output x(t) and
input u(t) can be described by a differential
equation like this:

X(s)=B(s)/A(s)U(s)+IC(s)/A(s)

Assume the system is stable, then in the steady
state Equation 2 can be simplified to:

The Laplace transform of the sinusoidal input is:

Thus, the steady state output of the system in the
frequency domain is:

Ki/(sHjw)+Ko/(s-jw)+Ks/(s-
s1)+Ku(s-s2)+...

But the system is stable, so the K3 and K4 terms
go to zero with time, and the output in the time
domain is thus Equation 7, with K;=-a/(2j)G(-
jw), and K; = a/(2j))G(jw), G(s)=B(s)/A(s)

Simplifying Equation 7 using the fact sin(0) =
1/2j(e"-¢%) gives:

PROOF COMPLETE

PROOF COMPLETE
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i) What two pieces of information do you need to describe the frequency response of a
system?

j) Draw an example of the magnitude response of the following types of filters. Make
sure to label the axes.

Low Pass Filter High Pass Filter Notch Filter Band-pass filter

k) Prove that a mass M acts like a low-pass filter, if force f is considered its input and
position x its output
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4412 Midterm Solution 2004

MAE 106 Midterm Exam: Closed Book/Notes Section
Winter 2004 Meap= 37 /§ -

T
University of California, Irvine U=
Department of Mechanical and Aerospace Engineering

1. What is Ohm’s Law?
V= IR

2. What is Kirchoff’s current law?
g
Fiods
. What is Kirchoff’s voltage law?
<7,
<V - C
Lo
4. If you input a sinusoidal input u(t) = asin(et) into a linear, time-invariant system,
with a transfer function H(s), what is the output x(t)?

5
.

e . T

¢

E

Kk bR o % h(;;‘%% S //LJ'[/ + i‘i\/ E’W‘%
|
<§' 5. Now, apply these concepts to find the frequency response of the following circuit.
C : -
Provide both the magmn}gf and phase response.

T N T IET

- 7~ Fe) .
Teuns bor Yoachen
0

. 1
or ODE pA s
Vin
ﬁagﬁfm% (t5povse, = ?f H va‘\}l - - J
P (eponse. = Iﬁ;f’p,} = o' Rew — Ayt Rew 2
’ & -
B i
v . — C?{;C‘ _ ‘frmﬂﬁgfgcw
Li g 6. What type of filter is this? Provide mathematical proof.
I , o R X ~
bw o f i /'u;}f = \{iim = o a ﬁf‘imwfsc; p‘fé’ik’ %’f‘é%@fj
-
> ~ ! {%e, & / ;o
o i iz - sses hug ; s
{ w2 £C !ﬁijw}j’}{. 2w 1 fxxéggt k';fﬁ gg’iﬂm,e@

2}& Lo pasy i
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La} 7. Shown below is a diagram of a DC brushed motor. Assume that the commutation
stops working, such that current flows only in the direction shown. At what angle 0
will the armature come to rest? Assume the armature is initially at © = 0° as shown
when the commutation fails, and that positive 6 is defined clockwise looking into the
page, as shown.

e
Isi

i\:"”f/ 14}5 * B

2

©-=90 S

% 8. Assume that the commutation is working correctly, and the motor’s torque constant is
B. Find the torque that the motor produces as a function of time, when:
e The shaft of the motor is held fixed

e A constant voltage is applied across the motor at time =0 Mw;w-»-‘g"”“‘s
’ e The initial current through the motor is zero : Y 7y

v é‘ , e oy o o E C' )

5 mcter é@»: ya »;f,gewcﬁ V' Bé=o éewmef;ﬁff* e B B ll-e
E Hemeoq. soln (* A‘f/ e e” 7 A
e V?..Pa,;»l“ solp: €= R fey f2 :E;
“ f% ok Z“f sofs. (= JpAAe " but fo) > S0 = iz\(iwc . =
2 9. Draw ablock dlagram of the motor, assuming that the input is the current i and the
output is torque T. 1

(T B Tk

if 10 Draw a block diagram of an open-loop (i.e. feedforward) controller for the plant of
part (fﬁ’), where the input to the controller is 1q4, the desired torque output of the

a2

[f 11. Draw a block dlagram of a feedback controller for the motor, label all arrows,
including the error signal. Again, the input to the controller should be 14, the desired

torque output of the motor. o - ~
%Wﬂ” [i'>

7. 12. What type of sensor do you need to make this feedback controller work?

1

r CH—*L Seaser

o8

343



4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

MAE 106 Midterm Exam: Open Book/Notes Section
Winter 2004

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Your goal isto design a power-assist for amotorized bicycle. The device will measure the small voltage produced by leg

muscles of therider, using small electrodes taped over the muscles. This measurement is called the electromyogram, or “EMG”.
The device will low-pass filter the EMG voltage signal with a cutoff frequency of 10 Hz in order to get a smooth control signal,

and generate amotor torque proportional to the low-pass-filtered EMG signal. The proportionality constant should be adjustable

between two values by flipping a switch, from 10 (workout mode) to 100 (cruise mode). Thus, when the rider pedals, he or she

will aso activate the motor attached to the bicycle, giving a power assist.

Design acircuit using operational amplifiers that can implement the power-assist controller for the bicycle. Y ou may

assume that you have a power operational amplifier capable of generating the current needed to directly power the motor. Hint: In

order to control the current through the motor, you can control the voltage across aresistor that is in series with the motor, using

the power op amp.

T Choose 1o design o circurt with 3 stages,; i

1 3 2 z : Mean = 23/5'0

EMG reent” L) Mb‘h)(‘ 5 = / o
- Filfce —?léa\h '_—’Amyly‘n 1 =

51’“36 j; Achve )(Mé Pass Citker (@uw ako use passive Liter w‘) [ b\k@‘f’&r}l
‘ el $eequeney, 4= 5 20(Iote)
G R i B cﬁrrf{aca o “Re” of
v, "R (/+£2c5 1 =63 Z&
g‘af‘m{,lﬂ choe CH004F =8, = ¢30 ¢ 2
Chooge R,': 630K se Gain= )

S"Wde 2! Gaw S'H&cf:“[mverﬁg amp/nqe/ 5 Coul) alis wse nnn-/nvzfﬁ,'y aM/a/}:ﬁ:er}

switdh TV
. >3 zs‘ % ﬁ.ﬂ;‘(m‘ He $w,}c£\/ jou can (;lr\ar:ja
b_—MM”‘}‘ LA Hre gam, for cruie o weekouT mede
fa Ve Ry Crvise Mede: Suitch op, G =100
v R3 chiae Ry = dxsz, R =(00 %52
Workod Mode © Suikch dewn, 8:“\;1 = 1o
Shae 3 Cowed Amplifier =@, > fo kST
v, v Nete: (= % =  gureat %mua’)\ motor o frbpc-‘ffm&
(&)
& .
Mohy P inpuf vollaye . Chocse Ry to

9.\}9 q‘opmpnde Qw«-z(; J[ CA)WT

@v\,‘ oo &)6 must be @
Eg, power resishr ¢ Hhis opmamp

= most e o poer Spanp, both

- copable E'f (ua( cvrresly

Hise fon m/,,ﬁf
L_'nmAx ﬂ :
') icpfs FHer diremt
v v
= Mok Z)IOPfS R, C valus for w,
) Spls Bﬁ%n' oK
Y)lepts Gemn six’zz
5)!3{-’}‘ Lot tm\p/:ﬁrf

344



4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

4413 midterm 2000

MAE 106 Midterm Exam
Winter 2000

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Problem 1: Motors

a. What type of motor did we analyze in Lecture and did you use in Lab 2?

b. Draw the circuit model of such a motor, as presented in class:

C.

Assume that the motor shaft is allowed to spin freely. At t =0 a constant voltage V is applied
to the motor. Derive an expression for the angular velocity o of the motor as a function of
time. Assume that the inertia of the motor shaft equals J, the motor’s torque constant is B,
and the current into the motor does not change. (Hint: Based on the model you drew in part b
and your knowledge of physics, write a differential equation in terms of ® and solve it).
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Problem 2: MOSFETS and Power Control

A circuit for controlling a motor with a MOSFET is shown below. The motor is modeled
simply as a resistor. By changing the input gate voltage to the MOSFET, the motor can be made
to spin. A table of the MOSFET’s drain/source resistance (like the one you generated in lab) is

also shown.
Vin (volts) | Rps (KQ) Ve = +15V
0 100
1 100
2 90 Motor
3 80
34 75 Vot
3.6 41 Vo Gate
3.9 4 MOSFET
4.2 0.1
5.5 0.01

a) To make the motor spin, should the input gate voltage (Vi) to the MOSFET be high or low
and why?

b) Assume Ry = 1KQ. Calculate V, corresponding to an input gate voltage of 3.9 volts.

¢) How many watts of power will the motor consume with the input gate voltage equal to 3.9
volts?
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Problem 3: Operational Amplifiers

a) Why are op-amps such as the ones used in lab unsatisfactory for powering most motors?

b) Find the relationship between V, and V; for the following non-inverting amplifier circuit:

R,

R,

¢) Using an op-amp and resistors, design a circuit to amplify and invert an input signal by a
factor of -100. Show mathematically that your design works.
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Problem 4: Filters and Frequency Response

a) Find the transfer function relating V. to Vi, for the following filter:

b) What kind of filter is this? Show mathematically.

¢) Suppose Vi, =sint, R= 1Q and C =1 Farad. Whatis V(t) Assume V(0)= 0.
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Problem 5: Control Theory
Consider the problem of controlling the velocity of a motor. A simple model of the motor is
given by the following block diagram:

motor
\Y 1 ®
—_—» — —>
B

where v is the voltage input to the motor and  is the angular velocity of the shaft.

a) Shown below is a block diagram of an open-loop (i.e. feedforward) controller for the motor,
where wyq is the desired output of the motor. What gain value should the controller box have
to make the output equal the desired output? Write the gain in the controller box.

feedforward
controller motor

(QF] v 1 Q)
E— » . >

B

b) What is a disadvantage of an open-loop controller like this one?

¢) Draw a block diagram of a feedback controller for the motor. Label all arrows, including the
error signal.

d) Assume that the output velocity of the motor is affected by a disturbance such that ® =
(1/B)v + @, where . is the (constant) error in velocity introduced by the disturbance. Prove
that your feedback controller, with high enough gain, can cancel the disturbance and make
the motor move at the desired velocity mq.
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4414 Solutions to Old Midterms

ey *

MAE 106 Midterm Exam Gyadu o
Winter 1999 U
100 PfS To -h;d University of California, Irvine

Department of Mechanical and Aerospace Engineering

( I +% 1) Based on your experience in laboratory and lecture, provide brief answers to the
P following questions:

( s ) a) Why is it wrong to use a potentiometer in the following configuration?

(5) Whann Ry O, have o
dort  dAecuat 2 A [ oo ot

Has o+ (Or vy e (o adh “C"l}sg Vpur,
v\o>wwv~¥ '\C(MS derruglh R, Ve BN

Vi Moo
gy o e, , m Tl B T
> Vo = fll Vin
- PR
Ddﬁuf‘ Tl";Q + b
(2) & lood is aching gv;i-i:owd“} Fﬂﬁjﬁwcw< ﬂ#@wnes v for s cvond,
65\ by no load. acvars Vm, ot Vo = Rt bay , sk aS ‘
g AL ot e cwrrendt %ravxj(« ﬁ,j o wdh goggb}t

- Np = ©°)
Q) Gllerish, masty w, a0, Vo
(5) b) A motor can also be used as what kind of sensor?
Ny [
(5) Tac,[fxovvuz}% (3) Vel faqe QAP Semser

ou b} 2
9 Spad 55 @ i
(§> Av\a\,\\or ooﬁ"a Semsor

@PWW

( 5> c) What kind of filter is the following circuit? (Assume V. is the output)

. Ve (V) chsss}v{

Vi W\: (4)  low - poss ey
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&O +5> 2) A circuit for controlling a light bulb with a MOSFET is shown below. The light bulb
¢ is modeled as a resistor. By changing the input gate voltage to the MOSFET, the
light bulb can be turned on and off. A table of the MOSFET’s drain/source resistance
(like the one you generated in lab) is also shown.

V, = +15V
Vi (voits)  Rps (KQQ)
0 100
R Light 1 100
- L Bulb 2 90
Drain ¢ Voo 334 gg
3.6 41
MOSFET 3.9 4
4.2 0.1
Source 55 0.01

( 5\) a) To turn the light bulb on, should the input gate voltage (Vi,) to the MOSFET be high
or low?

g t \/ \/ w
- ’ (s) Hig > - e
; ; X o+ Ras Rug
L \.ﬁ{(\j— bu-\ bs nee * CQ«('{”C‘JK\ \/ _ E
amoud  of  eltage dep To owr = _EBS.
v . ”ﬂr\aj' QAT Vou:r :«\AW{J rag_'i’-gj)s
wot b2 wear  HIS V, 50 Via showld ke Lyl
( 67\ b) Assume Ry = 1KQ . Calculate V, corresponding to an input gate voltage of 3.9 volts. Cﬂ)
Vie= 329 V=D Ry d kN1 fo hn&”m
4 ﬂm ) L Ve njﬁ“f <)
- 13 _
Vour = (R e o (Z)(9) = 1AV
/. ey k
A g W Nea. 9{5% N
gg;?;!s@&"/ %> ﬁa‘f{h’; \/OuT = |2 \/ 4 M;M[b 1
~ (-\\

(7) ¢) How many watts of power will the light bulb consume with the input gate voltage
equal to 3.9 volts?

W\y:gﬂ_»P;\J:]::I"R: %; (Com use any o
Ned o of G @) ad Q) D
[d1 0 e)p /
Ho 2 - Vs _ Y, 3 A - .03 AwmpS
N et Bos 5 kA
é é\' p- Y _[4 )
* (3 Vv)(.003 A) = .009 Wels - L[
-3 ~
= TPR= (3x1073) (1x10% A) = X107 wahs of watfs
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(2 0 Pb) 3) A circuit model of a DC Brush motor is:

where o is the angular velocity of the motor shaft.

(53 a. Write the differential equation that describes the relationship between input voltage
and current for this circuit. (Hint: use Kirchoff’s voltage law). pi 59”"}

V o= Vi + Ve+ Vpw )
(5) V4 L3 FR4Bw = O ‘ G- -
O S )G ) (=g

<§? \) b. Solve this differential equation for the current through the motor as a function of time
when: B - eelfasl wit cmend”
o the shaft of the motor is held fixed
e aconstant voltage v is applied across the motor at time =0
e the initial current i(t = 0) through the inductor is zero (,’;L)
V(o) = constord, w0 =0, () =0

@W (B ok culac selln 4= “’“S{M.L _
AT i Lok (e, = ¢
Lde?® L Rip =V ~ oty
gé—‘;—:\g“‘ -B'— dt ot L = —V—- C)\i +'\é‘:
- PT R .
bt = t + : v GRS
( 7) c. Plot the tor e that the motor generates as a function of time for the conditions 3

described in part b. Label the axes, the final value of the torque, and the time at - =
which the torque has reached 63% of its final value. Assume the motor’s torque

constant is some constant B. . v
/t:KL/SO /vacxx: /L(Z)

(" Trryrt
T=4
5 -G
Fiee (V)
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(2 S 0%5} 4) Consider the following op-amp circuit:

Rz

(33 a) Derive the relationship of the output to the input:

__ Ba oy (£mn  op-arup ass o
G) Vo= T Vi wrben s Fesdiack
S Ww
(02> \/O - J%_;‘ \/"y\
3 b) What function does this circuit perform if R, >R;?
(3
(V) i/\wer’HAcg Crecall He — %"O)"\\')
(&) W\f’ﬁ‘ef‘/ Lg <M“ 77& Vo >V¢\¢>

Ly o B

f

(\\ if"”S %'N\{
(0 NN 1/5&%@ J?c“é*%’(

(6) Teeease Tho Vary
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Problem 4 continued: If we add a capacitor, the circuit becomes a filter:

R,

( L.D —c) Derive the transfer function of the filter using the impedance of the capacitor,
Kirchoff’s laws, and your knowledge of how the Op-Amp works.

VO = -.___“@——3\-—“ V. - —_ QQCB
i —_— PN
R+ 3 RiCe + 1
( D) !Zz\(er Hign . 3
(3) Bt amsures ; Z: T

QB) d) What are the time constant and corner frequency of this filter?

’HWUL CMSW - R{C— , Comer

. (2D (% re ) ST
: C}) e) Find the filter’s gain (i.e. the magnitude of the transfer function):

GCS@B = m D o3
Q C.y)d +\
\ 6’(5@3\ = Ralw \

f@or o U

( '%3 f) Assume we input a sinusoid to this filter. For frequencies much greater than the

2( |y Qﬁa :Dtl}

comer frequency, what is the filter’s gain? C \
o D7 7‘?7}3 Lo~ RaCw o R Gatn =1 (1)
b | Gl = TGy = -k foke if
R.Cw) Rl 42/1 &
(3’) g) For frequencies much less than the comner frequency, what is the filter’s gain?
SRR o

b

(3) h) Whatkind of filter is this? ) Ao )[,(7

() [mv@r’ﬁ“% (a)“«\o)bvpaéf £lter

/ N ke '{'; e

droys )4"’\

e

slber

()
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(20 efb 5) Consider the problem of controlling the velocity of a motor. A simple model of the
motor is given by the following block diagram:

motor

)]
St A

1
B

where v is the voltage input to the motor and @ is the angular velocity of the shaft.

C‘S ) a) Shown below is a block diagram of an open-loop (i.e. feedforward) controller for the
motor, where @4 is the desired output of the motor. What gain value should the
controller box have to make the output equal the desired output? Write the gain in the
controller box.

feedforward
controller motor
N o A ®
(s) > B .]1§ -
. ~
‘ /:QB (Y

(q} b) What is a disadvantage of an open-loop controller like this one?

Aoesu‘-i* ,—e&«;‘\‘ distur boarces \ ’
(>? u) o & eS‘f‘)M_O#_Q o'p % W‘Q\Acl/k (s c/f/\o.mju\%

o 600

fied
(3) e =7 a2 Z;f vt b ot Y od ey

(‘7) ¢) Draw a block diagram of a‘bfeedback controller for the motor, label all arrows,
including the error signal. P et

.= UJd'-L’\)

(LO d) What hardware (beside the motor) that we have discussed in class could you use to
implement this feedback controller?

Wow&jﬁ’/" )Y
() () Swmmer (1)

MongT Cok., Lk weh m(‘c!) (0
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Mean "'7[, 3
S =7

(/ 3 X N
3 MAE 106 Midterm Exam qvou e @ e el sdo

Winter 2000

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Problem 1: Motors
a. What type of motor did we analyze in Lecture and did you use in Lab 2?
PC Brvsh Motor

b. Draw the circuit model of such a motor, as presented in class:

[ R
+ —ovor—WW—
Ses

\4

] |

c. Assume that the motor shaft is allowed to spin freely. At t =0 a constant voltage V is applied
P to the motor. Derive an expression for the angular velocity ® of the motor as a function of
LD time. Assume that the inertia of the motor shaft equals J, the motor’s torque constant is B,
and the current into the motor does not change. (Hint: Based on the model you drew in part b
and your knowledge of physics, write a differential equation in terms of ® and solve it).

V= 17/5—%2+RL+6§9 T=8i;, T=20

{,3 L*«“—vzsi.‘c—zb
. ‘ R 8 3
B@é@*Bw*ﬁ\f
B . 5
. ~B .
b= WY
“ty .M
Hamgmm (A)L’ Ae T B?,
Pacticlor = ¢ = R B, - C"‘L
‘Mﬁ 5 C#QQ\/ 2 B
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/w Problem 3: Operational Amplifiers
a) Why are op-amps such as the ones used in lab unsatisfactory for powering most motors?

b) Find the relationship between V,, and V; for the following non-inverting amplifier circuit:

v, —V, ¥
R, R..
v ". ‘L W €|‘+1'~‘l’—
RO IR v
\lﬁ _ £ tRy

c) Using an op-amp and resistors, design a circuit to amplify and invert an input signal by a
/D factor of -100. Show mathematically that your design works.

W,
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

r\

Problem 4: Filters and Frequency Response

a) Find the transfer function relating V. to Vi, for the following filter:

\ {
+ Vr oC

N + V = oC Vi = +

Vo - & L1, TR Res +1
in T CTY‘ ~C,g
HEY= peer

b) What kind of filter is this? Show mathematically.

low - pass “-\(JWB\ = m

He P c00P™ )
¢) Suppose Vip=sint, R= 1Q and C =1 Farad. Whatis V(t) Assume-¥=(0)y="0.

[ sun -+ P

l

2

Ve

i

W =]

i\

Son (4 * ‘5"5

{”f% o= 0 - tant CRC%D = —tan (1) = —i5°- :LLIT,_

R
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4.4. OLd exam to practice from

CHAPTER 4. OTHER CLASS MATERIAL

Problem 5: Control Theory
Consider the problem of controlling the velocity of a motor. A simple model of the motor is
given by the followmg block diagram:

motor
v 0]
> L >

where v is the voltage input to the motor and ® is the angular velocity of the shaft.

a)

b)

©)

d)

Shown below is a block diagram of an open-loop (i.e. feedforward) controller for the motor,
where oy is the desired output of the motor. What gain value should the controller box have
to make the output equal the desired output? Write the gain in the controller box.

feedforward v: Buwl
controller motor !
we Ly Bud =
o v 1| @ > g |
—_— B > >
B

‘What is a disadvantage of an open-loop controller like this one?
Con't fgjgd dohw Baves, pad e 69@{ ookl ay\(ﬂ reatfoem

Draw a block diagram of a feedback controller for the motor. Label all arrows, including the
error signal.

€Wk R
e I e N e

Assume that the output velocity of the motor is affected by a disturbance such that ® =
(1/B)v + . where . is the (constant) error in velocity introduced by the disturbance. Prove
that your feedback controller, with high enough gain, can cancel the disturbance and make
the motor move at the desired velocity .

_,_@{ Wv[j e ﬂc’g*r -

.e- 4+ (AJ& o w‘z (*f%‘ ‘L'\} 4 L;tj(;’

po 0o W Lu£

wf
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4.4. OLd exam to practice from

CHAPTER 4. OTHER CLASS MATERIAL

O

Problem 2: MOSFETS and Power Control

A circuit for controlling a motor with a MOSFET is shown below. The motor is modeled
simply as a resistor. By changing the input gate voltage to the MOSFET, the motor can be made
to spin. A table of the MOSFET’s drain/source resistance (like the one you generated in lab) is

also shown.

Vin (vOlts) | Rps (KQ) Ve = +15V
0 100

1 100

2 90

3 80

34 75

3.6 41

3.9 4

4.2 0.1

55 0.01

a) To make the motor spin, should the input gate voltage (Viy) to the MOSFET be high or low

and why?

Haé{\ «épf@xu{y A, MoSFET lstane | allow cumend o Dl How weotor

b) AssumeRp =

1KQ. Calculate Vo corresponding to an input gate voltage of 3.9 volts.

W’Vs - oy . v,
Vin 730 = R = e, Yout ?-H?)}
— Vout" - ,f""'% ° {? g)
‘Y4
QDS
= |2V
¢) How many watts of power will the motor consume with the input gate voltage equal to 3.9
volts? . ( )1 7
Vv s iz
z 2 SO v T T ,0
i ? 1Ka. Jooo ! o7 wals
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

- _ o Mean = 59
SOLUTION  KEY oo -1
(O MAE 106 Midterm Exam
/ Winter 2001

University of California, Irvine
Department of Mechanical and Aerospace Engineering

¥ Use RMrule
Problem 1: Motors (25 pts) to Bind dicectron
' i) L of B f
a. Shown below is a diagram of a DC S R
brushed motor. Assume that the . Feix®
P ks commutation stops working, such F
V that current flows only in the N S !‘;ﬁi -
direction shown. At what angle 6 {] f =L Li
will the armature come to rest? g YR

Assume the armature is initially at A e es+ w‘ hm

6 = 0° as shown when the - y @
commutation fails, and that positive BNS amnd 6:9 are
0 is defined clockwise looking into the page, as shown. a,i{g ned,. Do =-90 o

b. For the rest of this problem, assume the commutation is working. Draw the circuit model,
and write the circuit equation describing the motor:

c¢. Derive and plot the torque versus velocity relationship for the motor. Plot torque on the y-
axis and velocity on the x-axis. Label the x-axis and y-axis intercepts with the appropriate
terminology. Assume that:

G ets ¢ the motor receives a constant voltage input of V
o the.inertia-of th not- needeol /
e the motor’s torque constant is B and is equal to the back-EMF constant
* the current into the motor does not change B Wi e =
@ : = ’\i = =3 V ) w j
@ at nelead C= O, 0,7 zV .
Y = BL ) (Subs%h&) v
! . é s
\ = T R+ BE | RV
P ,f for
Solwe oo y Gualitetively
\ ‘ E}z‘ ﬂ | / % S‘QW‘"‘? ‘;ﬂe‘.f‘
\\/; \\ - ?‘3“\ & + %1\/ @ . ? § re_(g-‘wnslnp
L S
L.
eV &

361



4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

(\ d. For what torque load does the motor produce maximum power?

('019"‘ P 't 9 ( M{Cif\mm\ca/( Pgwww @

ne-eol Q(t\ X = _:g__{ + %\/ (Peonn (C\)

2\
&
S - - R A
= e Ezt+6v

P=2e
p=v (Bt =Rt r e @
lti*i’it“@

Mg E _ N a4 <L = - =V -
?;w-w{ 27T O 2 B> ,t*"f’\} > > LM" 2R a2
@ 'ta"c“?
e. Assume you have a low-power control signal from a computer, and that you would like the
unloaded motor shaft to spin at w4 when the control signal = +5V, and to stop spinning when the
control signal is 0 V. Design a circuit using only a MOSFET, a power supply, and resistors to
\/jfts achieve this control. Label the gate, drain, and source of the MOSFET, and the control input
7 from the computer. Specify the voltage of the power supply assuming the motor’s torque
constant is B and is equal to the back-EMF constant.

VSeurce, = %wo\ @
Nojrcs !
[N k
\/ & MeSTET @ V)Ourc( %V“"";{ %m +D~ lﬂj_ l
Lnivol lond A @ -V (re@v
@ e loac sﬁee, N (O m+>
rio {o i
N@ ﬁ/@’\ﬁg SC"V{J”'I?,~ ’(’; (o Cc,}‘re(/’{” v .
@ O Hier C&‘Y\"Qv:ﬁwrocﬁﬂms Aaccep Yocbole
v )
5 x
g’ R’ '\“»’D“u;\k{{ f«/\“
\Y M .: b dablevent
- - = c?u,a +o
e Voltaae
ci{xflf‘;%u\’\c
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

a. Write the name of this circuit:

dpts Vottage Follower , Buffer, efc.

(\, Problem 2: Op Amps and Feedback (25 pts)

b. Briefly describe a practical situation in which you might want to use the circuit in a)

é. 9. ISO’&HWQ 2ens ) Ve Circer +”2» ?«am Afpevjcmj as‘%““Q (VOB
59“"5 l/} + o A * 1 a cireuit without
1gh  cwrren t;jwﬁ Ve Ooading Hhe cireuit theat
'vt\ 15 “ /«cw Lqrt—w‘l‘ SOLM‘*(,QD %(/namf(_( ‘fﬁc 51‘711«[ (V‘(;;%)

c. Assume that V, = K(V+ V.) for the op amp. How big would K have to be such that V, is
within 1% of V;?

V.*K V -V _.K_. —_ =] = =
o te ‘ \ Tx =091 = ’K ‘?‘7!
Vo=, = V;

s v
A+ o
d. For a real op amp, the output takes some time tdrespond to the inputs-due to delays in the
op-amp’s internal circuitry. We can model these dynamics with a differential equation:

V,=—AV, + AK(V, -V.)

ﬁ+ . . . o

s where A >0 is a constant. Given these dynamics, plot the voltage response of the circuit in a)
to a unit step input in V; versus time. Label the time at which the output is 63% of its final
value. Yoassime V=0 ok t=0

\EQ ,?‘AVa,j%K(Vi“VA : X : MK:/»( -»A(HQ{—)J@

* . : P b N T
\3 + A(“’K)V :AKVL\\ (15 oxdder OD!:) [ = \/A( K) - e -consant
mb%ad/ iﬂk‘)m"’"ﬂ__%‘:'j""” - @

A+ ACHE, [ Ve
(6 ) V\ AK e \VL CK ' e~
6A(Hk\bvp - jAK"'A(”K e\/ dt +C

K A(HQ€V X 63?% _

Tl e ct | {

cwm o L t=r= aar)
\/ ~ABE :/M = LT Al
0 = ‘_C"" V + Cie ( €

e. Assume that you misconnect the circuit in a) such that the feedback goes to the non-inverting
input instead of the inverting input (i.e. positive feedback instead of negative feedback), and
the input goes to the inverting input. Assuming the op-amp has the dynamics in d), for what
values of K will the circuit be unstable (i.e. for what values of K will the output go to infinity

6pf’.s as time goes to infinity)? /% ex meir‘,@( derm ﬁg@w? S

- switeh op-amp lads epovetent | L

- Hy ub st SV .
v " X DN {«E@r K>q  sulpat will

S0 fu{ww\ +o {?quri e " ‘\Jx) \ v
je Rl {"”g) " g'«:\\;«{

e ()]t L
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

( ™~ Problem 3: Filters and Signal Processing (25 pts)

You are hired to improve a wire-tapping signal for the FBI. Shown below is a Bode plot of the
typical frequency content of the signal that the FBI’s currently-used system generates:

XGo) Voice signal

Noise signal

100 1000 10000 ® [rad/s]

a) Sketch (very roughly) what the signal would like in the time domain. Include a time scale.

: cad
! @ qml\q"“"ﬂ Rase "Cr(émcg_ 1008 =

il /1<5h ,Qre?_ Ao ise  on 1“949

‘ij_ RBase period = Lo Lo 2x

4 @TT + 1o0/2tc /60

U

/o0 100 /0O
@ correch time Scole
b) What type of filter should you apply to clean up the signal?

Low Pass Filter @

h
y,

¢) You have only a few resistors and capacitors in your toolbox, as shown below. Design an
RC circuit to filter the unwanted noise. Draw the circuit, with the input and outputs labeled,
and identify the values of R and C that you would use.

; 1@
Toolbox Contents: - \/a N \
R = 1€, 102, 1002,( K) o—VVV ® ot
C=1pF, 0.1 pF,{ pF) —
T
%— @-7 ‘]_: © S,nrj é, R g;ﬂﬁle C’
yam L. i othes? uwt,wchw\s
cud _ _ - = Ipoe =4 cad (/H( o erel
> O a kX wc F AN L jo o i?"
a.)ﬂ, b } DO 5; Rc G.kﬁ)(iﬂ' j @ S VI 6 w ln&(ﬂz‘\n} oru 5{}0(1‘
d) By what factor would your filter attenuate the noise in the signal at 10000 rad/s? voice Sygne )
‘ \lfgw”" \ @ (X .
e - — T - & 0995
Vin \[ (% \ / L /eoeeNE T
‘\# { + ( jov 0> @
i i W p ) | atenuehon
N K - - - -
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

(’\ Problem 4: Control Theory and Laplace Transforms (25 pts)
/ Consider the problem of controlling the angle of a one degree-of-freedom robotic leg. The
transfer function of the robot arm is given by the following block diagram:

,I(S) 3 5 , - -
(s) Motor axis 0

JS2

Leg

where I(s) is the current input to the robot’s motor, J is the inertia of the motor, B is the motor-
torque constant, and 6 is the angular position of the robot.

& f‘fj a) Shown to the side is a block diagram of an

open-loop (i.e. feedforward) controller for feedforward bot
the motor, where 8y is the desired angular coniroller oo

position of the robot. What transfer function g ) Js* |Ks)| B 0(s)

should the controller box have to make the  ———®» —— |—» 5]
output equal the desired output? Write the © Js
transfer function the controller box. there Hhe AN tndicaks approximaton .

6 ty b) Inthe time domain, write the relationship between I and 64
6) Lap‘ace/ Aoved i : T2 "f*'w‘“ -
I(S): %JZQ((S> > C({\ = ‘é‘; dtagdf@ o
N6 9 ©) What is a disadvantage of an open-loop controller like this one?
Y ¢ Dent bnovo T and D -C)(ac”(’);L»
v Can't vegect disturbances
L/ \ d) A proportional-derivative (PD) feedback controller is a common type of controller that
4 provides a control signal to the plant that is the sum of a signal proportional (by a gain K,) to
the output error and a signal proportional by (a gain Kg) to the derivative of the output error.
In the following diagram, fill in the.appropriate:transfer function such that the robot would be
controlled by a PD controller.

) = = @&Ct)

i

feedback
controller robot
FG)
B4(s) KF FK s 1(s) B 9(=s)
2
- Js

3 Fh e) Find the overall transfer ﬁmcnon for the PD-feedback controlled robot system in d) ) (
Let vy s) (. B)j>&<s \,},ﬁ: oo )
ey o
/ [ ¢ (kp i s5) (“;Z)

©() = G(S) ECD)  chee EO)= Ge0)-¢C)

e - N /_," ivr/ ‘
- QYC&))}’&(S)”G’“{( SNEc Bk, + L Q s
R v ‘ ) S 5 .. . o // —:__,, N :_: w‘wm:‘”_ 1
eL I G| = GOy G 09) 6&;(»\7 Je® % B(Kpt¥ys) |
[+ Gj('f‘)
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

Seludron Mean 6]
sD i

MAE 106 Midterm Exam
Winter 2002

University of California, Irvine
Department of Mechanical and Aerospace Engineering

Problem 1: Circuits (25 pts)

7 a) Shown below is a 10Kohm potentiometer wired incorrectly. Assume Vin is 10 V and is
provided by a 100 Watt power supply. Assume the potentiometer is rated at 1 Watt. Assume
the shaft can rotate 180 degrees, and define O degrees rotation as the shaft angle when the
resistance between the wiper and the ground is 10Kohm. At what shaft angle do you expect

to smell smoke? Poiv 2L - P- _\{_j‘ - W v byop 1000
+ " @ Q.“)mvllé ng“ké
4
A ,gDn \.fji% ! O @ -
+ O Vou tota) ) - IE?O 100«’70 (1 ?O) ’go

B Eifﬁj

77 b) What does the following circuit do? (give
proof) Assume the four resistors have
equal values.

Ve s Just = L‘ﬁ/“fé? Aiiles se

Ve
Ry - 1
%’EEV& Tz A
At peele 4 : 0 B
V=Y =2l =
=z | |
/ Th cocwit & @ Subtvacto,

5 ¢) Why are op amps such as the ones used in lab unsatisfactory for powering most motors?
ﬂ/z\/ cannct previcle enouﬁﬁ Caftent o7 prver Gor oot Meters
b d) Assume that you have a low-power control signal from a computer, and that you would like to

make a motor spin when the control signal is +5 v, and to stop spinning when the control signal

is 0 V. Design a circuit using a MOSFET to achieve this control.
V' (cartrent soure

V.S {éafit‘wf écwmf,)
ok &
o water "‘ p \_/-d
iV4 [3) al% fé(cez#aé@
ot el
5

2
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

Problem 2: Motors and Power Control (25 pts)

A DC brushed motor has an internal resistance of 10 ohms. You hold the motor shaft fixed and
apply 10V, and find that the stall torque is 0.1 Nm, and that it takes 1.5 s to generate 0.063 Nm
of torque. Assume the motor’s torque constant equals the back EMF constant.

7 a) How fast will the unloaded motor shaft turn if you let it go?
4%1&?»«-\21},@—-« shed 1 -fm), s+ea.i\1—ﬂ¥zié Ve R = Jovezv o = (= d Gmp

y Hné nowfrad Forque sttt YL R0 5 B+ ’f”m =4
- 7 & o
i New assvive shatt s Hree 12 Spin. (%& ~0)

' ‘ . - PN . . 1 -
\flL%;{'{fQ}Bé &“gwr&f/\jj V=B 06 = (- T?,G'—’.)ém/““
Ri-— .
o bor modef B «L?;w'v‘ =D A S«i(ﬂ,;&i sizde oo V,g: Yo Load speed o
= ¥V o
’in'uéa

7 b) What is the inductance of the motor windings?
Fime constant Aéeé«wﬁ o To wlen shdd $ Bixed

A4 R =y
LO‘“"“’LR’/V

. R 'Ci;sg.}
de V%L_‘_ V=) five covshant ES("“MS ‘wawﬁ.c)f b g r(\;; —':é

;065 N = égi}abf -1 N Z;:?i "hW\Z Cm"&\’} C‘QWJ:$> TC; T{‘T "gs

L= hS s = Joz =]\$ ¢ i

7 c) The motor takes 5 seconds to reach its no-load speed. If you double the shaft inertia, how
much longer will the motor take to reach 99% of it’s no-load speed?
shodt 'cTte, ;%3\,,} b Pw Ty C*gvvm ((,Q\)
- ';Ei_ N ¥ ’c‘re’g/v ﬁ
w: oggw itV ST gm
Nte the D et whew the shafi & feee i
goxopwhcri«af Yo B2 J = 2xq —> Zx,,.ﬁlmg

e

rTm@ a< Lowme (co 10 e

Y d) Why does a DC brushed motor have brushes? (Explain in 15 words or less).

— ) . N
‘c CeNTSE. dhae lugchiona 5( cuve vt *(/\v*o\‘m‘i'\ cm'\s
p)

So mete E6QS Si"vwsw«l 1’60“*"“‘***}“9")
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

Problem 3: Control Theory (25 pts)

1) Consider the problem of controlling the velocity of a motor. A simple model of the motor is
given by the following block diagram:

motor
v 1 o
—Pp 7 —

where v is the voltage input to the motor and @ is the angular velocity of the shaft.

L{ a) Shown below is a block diagram of an open-loop (i.e. feedforward) controller for the motor,
where @y is the desired output of the motor. What gain value should the controller box have
to make the output equal the desired output? Write the gain in the controller box.

Assume  qaw i an vakvg onslaut (5
feedforward I N e

controller motor then V= (‘; wa 6
L= —»é vV = ;3 \u&
(O] A 1 Q) ) }
B -—E —> To make VJ:LO&, we want =3

{  b) Nameiwo disadvantages and two advantages of an open-loop controller like this one.
Dicadvan 'ijé }46’\/9;17’(4 #ag

to Can't ngpom\muﬂmeede,) At hrloances {. Can f’/?foréﬁca/? ,mducc a ;Mf&’cf ou 'iryvaf )
2. refuarel & 8(}09‘ model of plant (doesn ¥ weed "o error To jzheraré a confmlmﬁ,i)

€ AL ‘& A oo d oF plent 1 2. Dvcsg‘sz:l tire o s€nSor
I Aok calt make ﬁﬁm ef phnt {3 CGWPM 3. quﬁg wrtpl cafpalubaons #"H"/'fﬂel"ra%er Han in veel Frine

7 c) Draw a block diagram of a feedback controller for the motor, label all arrows, including the
error signal.

wd ) e | pg{l w
<~—-'>%¢ 1 K >l

% d) Prove that your feedback controller cancels an additive disturbance V4 to the voltage input to

the motor, given a high enough feedback gain. ,
\/‘ - e = K (“)A” ""‘\)

) ‘L\fa
\.dcl =\ & v v ) ww - f
: € - / o |
-+ :——9@‘“@——9{ "!é‘ . >> Ve \:s A—\F'A | 4 (u,«oi g) 4 \/J
W= )B Vg (vt \{AB

W = é(kf(wfj-w) & dj%) —
us b

[ K ((,,waw) 4 A Vj (/ i
s gl 515
BN K i%t’i; - yoo wil s Ve
W)= gty D Wi A
o b as £ A2

.,s’p,,; £ A Ll}’i& ﬂ'f 368



4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

Problem 4: Signal Processing, Differential Equations, and Frequency Analysis (25 pts)

5 2 Describe a practical situation in which the foHowmg circuit would be useful:
+ Vel s Pass Friter (/OSSMC )

+
Vi ! ‘R' v | v, (/r el be crsecd b 1[/1!& st h,‘jk f:w?ufncy (m/\w AC;Sw}

c
1 | - o0 noise bom an apat sgnal fo o System leg petebimeta )

b) Assume Vi, is a step input at time zero and V,(0) = 0. Find V().

K
> Vir Vs Hemoquntens \{i; “‘C/C;—\gi Cockiealee 1 leb V2V Const, Ly
-
wne (5 + Vs Av =V = b= Ae Vi
T p;)’ v
- A —kt 4 \/(0)05» f%»c\xn*e ~é/”r Vi
e

\/bce Voo ( )

S c¢) Find the transfer function for the above circuit.

—_— E - = S
\lsl\ ___.‘_. + Q\ ) N ‘Z(/S

5§ d) Find the frequency response of the above circuit. Be sure to provide equations for how the
circuit scales and phase shifts a sinusoidal input.

s |
PG| 7 “:
f ’k Vior @Cw) M ;(
;Z:(éw) = {’a 7‘ - f’aw*‘ RCW = ]l?:m’) ﬂ(”“;’ j

= e) Assume R =100 ohm,C=.01F. How much more attenuated will a 1000 Hz sinusoidal

e input signal be than a 100 Hz input signal? (Provide proof).
/j:'; ﬁ{,: G{:}O.Q\JC',QIF) = /éé(y o ® ZF:\L
Y. ) )
Hlw) = ———= . - o
g ¥ 7 |+ (RL0)* ’ﬁ/fwl | } |

; gl | ~ i (e | o0 1 - — = v Rl

‘,x&{:,;ﬁg,c/y)g . ) ;__L,.M A EH (Z;alo (}V)\’ m"f“‘ﬁ 207 ooc

f Lo e 2F)00 , g T
[+ (2o | oot wil b ffeavated byl

E
RN/ S
o fo/% Lo ficter o L

' 1O o
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

Mean (2.5
. . 124
MAE 106 Midterm Exam o
Winter 2003
University of California, Irvine
Department of Mechanical and Aerospace Engineering
Problem 1 Circuits (25 pts)
Y a) Find V, for the following two circuits. Assume all resistors values = R.
Vi Answer: Vi M\ v Answer:
i 0 by
Vo235V V=2
Vo R
I, .\
2@% ZE+2E
e = L yp*
= gg =k

1;/ b) For the following circuit, draw conceptual sketches to show how you would simplify
‘ the network to solve for V,. You do not need to find V,, just illustrate the steps.

i!é;‘g %?*32 é";‘»’i Ere

N, S

370



4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

«f ¢) Whatare the two “golden rules” of op-amp analysis?

A

2. L TLED

4 d) What two conditions must be true for these golden rules to apply?

i. ﬂéci‘g:‘"%\“l&;’ef Q,ﬁyéew&!-é
3

2. net setveed Eeé

£ e) Using an op-amp and resistors, design a circuit to amplify an input signal by a factor
of 20. Show mathematically that your design works.

Pag V, - vy, Vo Dt
\;L T ) — \!D .,»D, .,f - e
. £ _ .
W}ﬁ @‘ Gt Q’L %*’ A . = )
| Y, =y~ ,‘iﬁ. V.
. “r Koo 19
Ra ¢, R,
B v’s = {n‘ + ?{ \j\xb P -y
= Ex {I‘Qs" R, |
PO |

4 f) Assume that you have a low-power control signal from a computer, and that you
would like to make a motor spin when the control signal is +5 v, and to stop spinning
when the control signal is 0 V. Design a circuit using a MOSFET to achieve this

control.
t oV
L.
5’@}3 N’{b%b*‘
%
! H
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

Problem 2: Motors (25 pts)

’_b a.

L?lb.

6b.

Shown below is a diagram of a DC brushed motor. Assume that the commutation
stops working, such that current flows only in the direction shown. At what angle 6
will the armature come to rest?
Assume the armature is initially
at © = 0° as shown when the
commutation fails, and that
positive 0 is defined clockwise

For the rest of this problem,
assume the commutation is
working. Draw the circuit model, and write the circuit equation describing the motor:

£ L de

A e AN B2 Ve (R Lo + EB
7 |+ dt
7
'
W/ z _
- MM_‘MMM,:‘.%M

Solve this differential equation for the current through the motor as a function of time
when:

e the shaft of the motor is held fixed

e aconstant voltage v is applied across the motor at time =0

e the initial current i(t = 0) through the inductor is zero

Lg‘i\_af’f" fordh :;’)8:6 <5
vz oL "ﬁi + (R,
e T
[ Vo7l ¢ 3\ M
Lo 5 U 3 x’&j
Y
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

L’ % c. Plot the torque that the motor generates as a function of time for the conditions
described in part b. Label the axes, the final value of the torque, and the time at
which the torque has reached 63% of its final value. Assume the motor’s torque
constant is some constant B, equal to the back EMF constant.

| d. What is the term for the maximum torque a motor can produce when its shaft is held
constant?

SRl b

| e. What is the term for the maximum speed that a motor free to spin will reach?

IatZ }?@’c{“é §FW(

2 f. What happens to an unloaded motor spinning at steady-state speed ® when you
2 app P g P y
double its input voltage?
sp! w ool 2w
L,? g. At what speed does an ideal DC brushed motor produce maximum power and why?
i T -
-y Wm;ﬁui é}t ;f; \\ A/fF
AL
VN
AN
tune . L sdan 4
?of‘%“f’ sée"fi’i’; o Gina L
’T; o F 'T,} bt Tep S W Weag O= F"’?w&‘”?}
g
Power = Toa = mawd ,z;*“" M
4P e 7

4f
P
2
(N
A
-
A
8]
&
|
]

A . ‘ ‘
dw . T Twa [ N 5 Y liad
_ ,ﬁ‘,}_i,, is S e L 2 2.

W= = =N =z *
2 g TN _ L
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

Problem 3: Control Theory (25 pts)
1) You design a new type of motor for which the speed is proportional to the input
voltage squared:

motor
A( )2 o= AV2

Yo

where v is the voltage input to the motor and o is the angular velocity of the shaft and A
is a constant.

é; a) Shown below is a block diagram of an open-loop (i.e. feedforward) controller for the

motor, where mq is the desired output of the motor. What function should the
controller box compute to make the output equal the desired output? Write this
function controller box.

feedforward
controller motor AsSume wo wd ,W
©d foa | v A(Y |o e AvEe wd
_______..> \é ,}; )
' i
B v
VA

é b) If the estimate of A used by the feedforward controller is too small by 10%, how

much faster will the actual speed be th‘ar}%&}g desired speed? -
2 wd o uwd N7 b

\f'"é(rg& w?féif‘v‘é";’
~] ¢) Draw ablock diagram of a feedback controller for the motor, label all arrows,
including the error signal.

T, T T
T ¢ I v -
- o Mw,\ﬁ,g:f—mﬂt 6 ﬂj«%% AC ¥ wﬁ””?’?
N s ’E T [
L S —— S i
. T

e

d) Prove that, the actual velocity equals the desired velocity as the feedback gain gets
large.
Vi Ge < GCwd- e
- 2
s T ‘f‘;\di'»" A {/5 {w‘é\” “’“’;}

et
P

AT

; 2
{8 TV
as (=P Ll ;

(Ld- D

s
7
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4.4. OLd exam to practice from CHAPTER 4. OTHER CLASS MATERIAL

2 i) What two pieces of information do you need to describe the frequency response of a
system?

j) Draw an example of the magnitude response of the following types of filters. Make
Li’ sure to label the axes.

G > Scakiy B

| |
é {

Low Pass Filter N High Pass Filter

Notch Filter Band-pass filter

g k) Prove that a mass M acts like a low-pass filter, if force fis considered its input and
position x its output

»{E e § z ®
seees A AP 5
AT s s
i» !}\; £y Fres = ﬁ; ’
e ,;,11»
g ij/ﬂw s
7 ;i,:#j - P
{ .
I s
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4.4. OLd exam to practice from

CHAPTER 4. OTHER CLASS MATERIAL

Problem 4: Frequency Analysis: Motivation, Theory, and Practice (25 pts)

a) Give two reasons for studying frequency domain analysis:

7

/.

5

S

iehechon = gyx%:m% behae Lfe Flbog
p2ELE, "'59{\51"\5 ”gt?w *‘f{%j fmgcw
/ -
}v?%ﬁ»j !fsr"f?m, djﬁm;gng
v ¢

g) Ifyou input a sinusoidal input u(t) = asin(wt) into a linear, time-invariant system,
what is the output x(t)? Express your answer in terms of an equation and in words.

Wiy = alsSwe (wfﬁ«f»v‘;
Sinuisedild ovtpt ot Sornne e/\7
bt akddd w5 sk 6 &
f?éwkw.,r&vf(j ‘?J

h) Below is a proof of the correct answer to part b). On the left are the equations for
each step of the proof. On the right is a description of what is happening in the proof.

Fil

1 in all blanks to complete the proof.

Step Description Equation
1 An n™ order linear system with output x(t) and A A4
input u(t) can be described by a differential T T gt FE S
equation like this:
2 X(s)=B(s)/A(s)U(s)+IC(s)/A(s
’fﬁ‘*@{;%éf (s)=B(s)/A(8)U()HIC(s)/A(s)
3 Assume the system is stable, then in the steady v 5y= Ry
state Equation 2 can be simplified to: A
4 The Laplace transform of the sinusoidal input is: ;'—Q‘%?’
P
5 Thus, the steady state output of the system in the x/3) > oy W
frequency domain is: D07 A gir
6 e /1 = N Ki/(s+Hjw)+Ko/(s-jw)+Ks/(s-
PFE égivhé,(. AT T a@?mxaw%‘% Sll)J(rKj(s-)szﬁ—.(‘ . JwW)+K5/(
7 But the system is stable, so the K3 and K4 terms . it
go to zero with time, and the output in the time k ! Yk . eV
domain is thus Equation 7, with Ky=-a/(2j)G(- !
jw), and K5 = a/(2))G(jw), G(s)=B(s)/A(s)
8 Simplifying Equation 7 using the fact sin(6) = vy [6hw [sin {w%*¢&\>
12j(¢"-e%) gives: '
PROOF COMPLETE PROOF COMPLETE
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