University &f Pértland
Schéé éf Engineering

EE 271 — Electrical Circuits Laboratory — 1 credit hour

Fall 2011
Course Outline
Purpose : The goal of this laboratory is to teach the students how to

construct and test simple electrical circuits, measure various
physical quantities, such as voltage, current, and resistance,
using different types of test instruments, and verify the
relationships as well as observe and record the differences
between theory and practice.

Learning
Objectives : At the successful completion of this course, the student is
expected to gain the following skills:

* Become familiar with the basic circuit components
and know how to connect them to make a real
electrical circuit;

* Become familiar with basic electrical measurement
instruments and know how to use them to make
different types of measurements;

* Be able to verify the laws and principles of electrical
circuits, understand the relationships and differences
between theory and practice;

« Be able to gain practical experience related to
electrical circuits, stimulate more interest and
motivation for further studies of electrical circuits; and

 Be able to carefully and thoroughly document and
analyze experimental work.

Co-requisite : EE 261—Electrical Circuits
Instructor : EE 271-Section A—W 14:40-17:40
Dr. Aziz S. Inan
Phone#: 503-943-7429; Fax#: 503-943-7316
E-mail: ainan@up.edu
Office: Shiley Hall 215
Lab Location : Shiley Hall 309
Textbook A lab manual will be provided.

Notebook : Every student is required to have a lab notebook to be used for
reporting their lab work. The lab notebook brand should be fmm SM
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Compositions, which is a QUAD. RULED, 5 lines to 1”, 9% in. X 7% in., sewn-
binding, 100-page notebook. It is available at UP Bookstore.

Lab Experiments : Each experiment is designed for one lab period (i.e., ~3
hours) unless stated otherwise.

Lab Dates: The lab dates are tentatively scheduled as follows:
No lab on August 31, 2011
Exp. # O—Introduction to EE 271 Lab—September 7, 2011
Exp. # 1—Ohm'’s & Kirchhoff’'s Laws*—September 14, 2011
Exp. # 2—Simple Resistive Circuits*—September 21, 2011
No lab on September 28, 2011 (Midterm # 1 week)
Exp. # 3—Wheatstone-Bridge Circuit—October 5, 2011
Exp. # 4—Electrical Circuit Theorems*—October 12, 2011
No lab on October 19, 2011 (Fall Break)
Exp. # 6—3-Bit ADC Converter Circuit—October 26, 2011
Exp. # 5—DAC R-2R Ladder Network—November 2, 2011 (Midterm # 2
week)
Exp. # 7—First-Order RC Circuits—November 9, 2011
Exp. # 8—1%-Order RL & 2"-Order RLC Circuits—November 16, 2011
No lab on November 23, 2011 (Thanksgiving Break)
No lab on November 30, 2011 (Midterm # 3 week)
No lab on December 7, 2011 (Dead week)
No lab on December 14, 2011 (Final Exam week)
*The lab reports for these experiments should be written more formally
in comparison to the reports written for the other experiments.

Assessment/
Grades: The total score and grade for the course will be computed
based on the following percentages:
* 40% for lab quizzes
» 40% for the lab notebook (based on performance on the
pre-lab _assignments, accuracy and presentation of the
measurements, error __analyses, discussions and
conclusions; completeness, organization, and neatness
of the lab notebook applies to both the pre-lab and the
lab assessments)
e 20% for lab performance

The final letter grade for the course is assigned based on the
following total score/grade brackets over a scale of 100
possible points:

* 90-100 A -A (Excellent Performance)
« 80-89 B™-B* (Good Performance)
e« 70-79 C™-C" (Average Performance)
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Pre-lab
Assignments :

Lab Quizzes :

UP’s Code of
Academic

Inteqrity :

Accommodation

for Disability :

+ 60-69 D™-D* (Poor Performance)
e <60 F  (Inadequate Performance)

Typically, the class average of the course grade isa B".

Pre-lab assignments will be assigned for each experiment.
These pre-lab assignments are mandatory, that is, every
student is expected to complete these assignments before
coming to the lab.

There will be a 15-minute lab quiz at the beginning of some
of the lab periods. The lab quizzes will mostly be on the pre-
lab assignments of that week’s experiment.

Academic integrity is openness and honesty in all scholarly
endeavors. The University of Portland is a scholarly
community dedicated to the discovery, investigation, and
dissemination of truth, and to the development of the whole
person. Membership in this community is a privilege,
requiring each person to practice academic integrity at its
highest level, while expecting and promoting the same in
others. Breaches of academic integrity will not be tolerated
and will be addressed by the community with all due gravity
(taken from the University of Portland’s Code of Academic
Integrity).

The complete code may be found in the 2011-2012
University of Portland Student Handbook and as well the
Guidelines for Implementation. It is each student’s
responsibility to inform themselves of the code and
guidelines.

If you have a disability and require an accommodation to
fully participate in this class, contact the Office for Students
with Disability (OSWD), located in the University Health
Center (503-943-7134), as soon as possible.

- p. 3 0of 66 -



University ef Pertland
Sched ef Engineering

EE 271-Electrical Circuits Laboratory
Fall 2011

Laboratory Manual
(Copyright by University of Portland)

- p. 4 of 66 -



EE 271—Electrical Circuits Laboratory
Fall 2011

Table of Contents

A Tribute to Benjamin Franklin: Happy 305th Birthyd&en!
Requirements for Laboratory Notebooks

Sample Write-Up Format for EE 271 Lab Experiments

Checking Out the PB-503-C Lab Kit

Using the Triplett 2202 Hand-Held Digital Multi-Mst(DMM)

The Digital Multi-Meter (DMM) on the Lab Bench

Lab Experiment # 1: Ohm’s Law & Kirchhoff's Laws

Lab Experiment # 2: Simple Resistive Circuits

Lab Experiment # 3: Node Voltages of a Wheatstonidg® Circuit
Lab Experiment # 4: Electrical Circuit Theorems

Lab Experiment # 5: DAR-2R Ladder Network

Lab Experiment # 6: 3-Bit Analog-to-Digital Convert{ADC) Circuit
Lab Experiment # 7:%tOrderRC Circuits as LPF’s & HPF’s

Lab Experiment # 8: Transient Response*bOtderRL & 2"-RLC Circuits

- p. 5 0of 66 -

11
12
14
16
24
28
32
37
41
52
60



A Tribute to Benjamin Franklin: Happy 305th Birthda y Ben!

Thanks for remembering me on
my 305th birthday. | wish you the
best of luck in your electrical
studies. | hope someday, your
scientific contributions and
inventions will surpass mine and |
will salute you for that from the
bottom of my heart. Again, best of
luck in your electrical circuits lab
and please, remember me every

@e a lightning flashes in they

Benjamin Franklin—Born: Boston, Massachusetts, Janary 17, 1706
Died: Philadelphia, Pennsylvania, April 171790

Some quotations from Benjamin Franklin*

*Taken fromThe Wit & Wisdom of Benjamin Franklin: A TreasufyMore Than 900
Quotations and Anecdotearitten by James C. Humes, HarperCollins PubtishiSBN
0-06-092697-X, 1995.

* A pair of ears will drain a hundred tongues.

* Constant dropping wears away stones.

* Half the truth is often a great lie.

* Happiness in this world depends on internals, wtaraals.

* | have no objection to a repetition of my life frate beginning, only
asking the advantages authors have in a secondrediio correct its
faults.

* Necessity never made a good bargain.
* The cat in gloves catches no mice.

* The rapid progress in true science now makes, mtasMy
regretting that | was born so soon.

* There never was a good war or bad peace.
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Requirements for Laboratory Notebooks

Unlike most countries, the United States awardsmiatto the inventor who has "made”
the invention first, as opposed to the inventor whes a patent application first.

Therefore, in addition to keeping good records batwou have done for your own use,
and the use of your company, it is necessary tp keeords of your work in a way that
would be effective to in defending against legahlEnges to patent applications or in
disputes over the ownership of intellectual propert

One of the goals of this course is to learn howeep good records of laboratory work.
You will find that accurate, readable records ateegnely valuable in your work, and in
some situations can make the difference betweenoyoyour company successfully
defending a challenge to a patent or losing thergiat

The following is a list of requirements for the labtebook:

1. Entries should be written in a bound lab notébwarhich gives some indication of
tampering if pages are inserted or deleted, andskpages from being lost or from being
re-ordered.

2. Write all data and notes directly into the fadiebook. Do not use scrap paper and
later copy the data into your notebook. This sdwae and eliminates the possibility of
making a mistake while copying.

3. Use black permanent ink for all entries.

4. Do not erase or remove incorrect entries. irass them out so that the incorrect
entry is still readable.

. Write the date with your initials at the topeafch page.

6. Cross out any blank space that is more thaatahcee lines.

7. Do not use the back of the pages.

8. Record the names of anyone who helps you perfloe experiment.

9. If a separate sheet, such as a computer ptjmeeds to be inserted into the notebook,
staple it to a blank page and make a note in thaddebook describing the attachment.
10. Entries in the notebook should be clear andptete enough to allow others to
repeat the work. Record what was done, when itdea®, and who did it.

11. Entries should be signed and dated by a vatnes

12. If additional information is added after thegmal date, that information should be
signed and dated separately.

ol

For more information, seBuccessful Patents and Patenting for EngineersSamehtists
Edited by Michael A. Lechter, IEEE Press, ISBN:833-1086-1, 1995, pp. 156-182.
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Sample Write-Up Format for EE 271 Lab Experiments

The following is a sample write-up format for th& B71 lab experiments. Please follow
this format for all your write-ups in your lab nbteoks this semester. Note that the write-
up is provided in italics form.

SAMPLE LAB REPORT WRITE-UP

PROVIDE THE DATE!- January 17, 2011
PROVIDE YOUR INITIALS!- BF

PROVIDE THE TITLE! - Experiment # 1: Ohm's Law and
Kirchhoff's Laws

|. Objective - PROVIDE SUBTITLES!

In this experiment, the student will learn how &ad resistor color codes and how to
measure voltage, current, and resistance with tggad multimeter (DMM). The student
will also build circuits and take measurementseafy Ohm's law, Kirchhoff's laws, and
the conservation of energy.

1(a)-Prelab Assignment- PROVIDE SUBTITLES! The color code for a 10K
resistor with 5% tolerance will be Brown-Black-OgarGold.

DRAW EACH CIRCUIT, PROVIDE
VOLTAGES (WITH POLARITIES),
CURRENTS (WITH DIRECTIONS), &
RESISTORS AS VARIABLES,
PROVIDE ALSO THEIR VALUES,
ETC. CLEARLY!

Vs=5 \Y C
SHOW THE

REFERENCE NODE IN ——————)
EACH CIRCUIT! =

Figure 1. Circuit for pre-lab 1(a).
| ASSIGN FIGURE NUMBER AND
FIGURE TITLE (CAPTION) FOR
EACH FIGURE!
Note that in Figure [lthe resistor voltage V=5 V based on KVL. In addit note that the

currents of the voltage source and the resistor ega@al based on KCL. Using Ohm’s
law, we can find the current | as (next page)
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Next, the power absorbed by the resistor can be cutated as

ps = 1?2R=(05mAf(10kQ) = 25mW. Yes, it is safe to use resistors with 0.25 W powe
ratings in this experiment since 2.5 mW<0.25 W. pberer supplied by the voltage
source can be obtained aps =Vl = (5V)(- 05mA) =-25mW. Note that the minus
sign of the value of the source power indicatest thas is supplied power.
Sincepg + pg =25+ 25=0, the conservation of energy principle is sattfie

1(a)-Lab Experiment~ PROVIDE SUBTITLES!

We will construct the circuit shown in Figure 2r$t we start by measuring the actual
value of the 10 resistor. Always measure the resistor value witlibleing connected
to anything else! Never measure the resistor valde it is connected to the bread
board!!

Measured value of the 1Qkresistor using the handheld DMM isn&sured/79.96 K2 .
The percentage error in the resistor value carcéleulated as

e= |Rtheoretica B RmeasureJ x100= 10kQ - 996kQ
Rtheoreticzi 1

% error in theresistorvalu x1000040%

Since 0.4%<5%, the percentage error is less thansiecified tolerance of the resistor.

Construct the circuit shown in_Figure using the 5-volt DC supply in your lab kit (the
red terminal).

INDICATE THE POLARITY OF EVERY
VOLTAGE, THE DIRECTION OF
EVERY CURRENT, PROVIDE UNITS DRAW THE CIRCUIT TO BE

FOR EVERY VALUE! CONSTRUCTED! INDICATE ALL THE
VARIABLES, VALUES, ETC.
CLEARLY!

SHOW THE
REFERENCE NODE—>
IN EACH CIRCUIT! -/

Figure 2. Circuit for lab experiment 1(a).

L FIGURE NUMBER & CAPTION!

Measured V and | values using the handheld DMM (@ mDode are ¥.00 V and
1=0.497 mA. The percentage error between the theatetind measured values of the
current | can be calculated as

| — _
% error in thecurrentvalue= [Mneoretca = measured x100= 05mA=~0497mA
I theoretica 05mA

x1000060%
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The difference between the theoretical and measuaades of current could be due to
the additional resistance introduced by the coningctvires which was ignored in the
theoretical calculations.

Using the measured values of V and R, the prediadge of | using Ohm’s law can be
calculated as

V, SV

| — _"measured —

recicied = [00.502mA — PROVIDEAPPROPRIATE UNITS!
aneasured 996k‘Q

Table 1. Theoretical and measured resistor, voliage current values.
(For circuit shown in Figure 2.)

Rin(kQ) | Rn(kQ) | Vin(V) Vin (V) | n(MA) | b (MA) | K (MA)
10 9.96 5.00 5.00 0.5 0.502 0.497

Next, we calculate the percentage error betweenptiedicted and measured values of
the current | as follows:

| predicted — | -
predicted measurecl x100= 0.502mA 0'497mAx100|:|lOG)/0

I predicted 0.502mA

% error in thecurrentvalue=

The predicted and measured values for the currdférdsimply because the calculation
of the predicted current doesn’t take into accotim# resistances introduced by the
connecting wires.

Using the measured values, the powers absorbedédydsistor and supplied by the
voltage source can be calculated gs, = 1°R=(0.497mA)*(9.96kQ)= 246mWand

ps =Vl =(5V)(- 0.497mA) = —249mWrespectively. Yes, conservation of energy is
approximately satisfied sincps + p; 0O . The difference between the two power values

(which is ~0.03 mW) can be accounted as the powesumed by the wires and other
parasitic resistances.

V. Conclusion

The objective of this experiment was to construtipke resistive electric circuits to
verify Ohm’s law and Kirchhoff's laws. These lawsrevclearly used throughout this
experiment. In general, our measured values agmegld our theoretical values. The
differences were due to the accuracy of the instnim (the handheld DMM) used,
parasitic resistances introduced by the conductaresy etc. The maximum % error
calculated was ~1.00%. The errors between the medsand calculated values based
on theory were mainly due to the inaccuracies ittrced into the measured values by the
handheld DMM, parasitic resistances introduced iy tonductor wires, the conductors
of the board, and other imperfections associatetth Wie elements used to construct the
circuits. In general, this experiment went verylveeld the goals of the experiment were
achieved.
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Checking Out the PB-503-C Lab Kit

In order to become familiar with the lab kit, amdensure that it is operating properly, please
read pages 4 and 5 in the PB-503-C Instruction Mhrdo the following tests, and record
your measurements and results in your lab notebook:

Record the Kit number that is on the outside ofldlekit.

Measure the voltage between the terminal indicaied-5 V (it's the red-colored
terminal near the upper right hand corner) andgiteeind terminal (black-colored
terminal near the upper right hand corner).

Measure the minimum and maximum voltages availableveen the yellow-colored
terminal near the upper right hand corner (labeidter +5 to 15 V or +1.3 to 15 V)
and ground terminal while adjusting the +15 V atipent knob (small black-colored
knob near the top).

Measure the minimum and maximum voltages availdetsveen the blue-colored
terminal near the upper right hand corner (labeléaer-5 to-15 V or-1.3 to-15
V) and ground terminal while adjusting thd5 V adjustment knob (small black-
colored knob near the top).

Test each LED by simply connecting its input to tfeV terminal. Note that the
other terminals of the LED's are connected to gidaternally.

Test the function generator by connecting the dufypse the output on the right side,
NOT the TTL output) to one of the speaker inputs] @onnect the other speaker
input to the ground terminal. Set the functionegartor switch on the left to KHz and
the switch on the right to 1. Slide the FREQ cointo 1.0 and slide the amplitude
control to the top. Do you hear a tone? Switeh lower switch between square,
triangle, and sine waveforms. Do you hear a dffiee? (You may want to display
the different waveforms on the oscilloscope andsueathe frequency.)

Test the 10K potentiometer (labeled as 10K POT)m@asuring the minimum and
maximum resistance values between pins 1 and Zeveujusting the knob. Also
measure the minimum and maximum resistance betwesn2 and 3, and between
pins 1 and 3.

Test the 1K potentiometer (labeled as 1K POT) byasuoeng the minimum and
maximum resistances available between pins 1 amndhi® adjusting the knob.
Similarly, measure the minimum and maximum resistarbetween pins 2 and 3, and
between pins 1 and 3.

Are you finished early? Try thesptional experiments:

Measure the maximum frequency that an LED can fash still perceived to be as
flashing by connecting the TTL output of the funatigenerator to one of the LED's.

Find the minimum and maximum frequencies that yaun kear from the speaker by
connecting the function generator output (use thpud on the right side, NOT the
TTL output) to one of the speaker inputs, conneetdther speaker input to ground,
and set the waveform to sine.
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Using the Triplett 2202 Hand-Held Digital Multi-Meter (DMM)

General Setup

» Set the switch just below the display of the digiaulti-meter (DMM) to DC to
measure DC values, or AC to measure RMS values.

* The black-colored lead of the DMM should always dosnected to the COM
jack.

» Select the range of the DMM to be higher than Hosest to the value of the
physical quantity (voltage, current or resistangel expect to measure. For
example, if you expect to measure 5 V, the nextdriglosest range of the DMM
to be selected would be 20 V in this case. If tispldy shows "1.", that means the
measurement is out of range, so you need to seleigher range.

» The reading is in the same units as the selectegeraFor example, if you select
the 200 mV range, then the reading is in mV. Ifiyelect the 20 V range, the
reading is in Volts.

WARNING: When the dial is in the section marked as A nigter behaves like ghort
circuit. Do NOT connect the leads across a power source and sthigcHial into the
section marked as A because it can damage the aredéor the circuit!

To measur@oltage

» Connect the red-colored lead to th@A jack.
» Connect the red- and black-colored leadsossthe element whose voltage is to
be measured.

To measuregesistance

» Connect the red-colored lead to th@A jack.
« Removethe element whose resistance is to be measured the circuit and
connect the red and black leads across it.

To measureurrent below 0.2A

» Connect the red-colored lead to th@A jack.
» Connect the red- and black-colored leadsdrieswith the element whose current
is to be measured.
» If the meter always reads 0.0 mA, the fuse may nede replaced.
WARNING: When the dial is in the section marked as A nigter behaves like ghort
circuit. Do NOT connect the leads across a power source and sthigcHial into the
section marked as A because it can damage the aredéor the circuit!

To measureurrent above 0.2A

» Connect the red lead to the 10A jack.

* Connect the red- and black-colored leadsaneswith the element whose current
is to be measured.
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WARNING: When the dial is in the section marked as A nigter behaves like ghort
circuit. Do NOT connect the leads across a power source and sthigcdial into the
section marked as A because it can damage the aredéor the circuit!
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The Digital Multi-Meter (DMM) on the Lab Bench

The digital multi-meter (DMM) can be used to measé.C. volts, D.C. volts, A.C.
current, D.C. current, and ohms.

General Setup

* The black-colored lead of the DMM should always dmmnected to the black
COM jack.

» Select the range of the DMM to be higher than Dosest to the value of the
physical quantity (voltage, current or resistangel expect to measure. For
example, if you expect to measure 5 V, select the higher voltage range which
would be 20 V in this case. If the display shows,"that means the measurement
is out of range, so you need to select a higheggar{Some digital multi-meters
also have an auto-ranging functioning capability.)

* The reading is in the same units as the selectegeraFor example, if you select
the 200 mV range, then the reading is in mV. Ifigelect the 20 V range, the
reading is in Volts.

* When the DMM is set to measure DC, it measuhes average valueof the
voltage or current. For example, when measuriegQlC. voltage of a periodic

T
signal, the DMM computes the following?, :%J‘v(t)dt where T is the period
0

of the signal. For example, for the voltage sigu(re)l= Acos(ax)+ B, the average
value is equal t&,. =B.

* When the DMM is set to measure AC, it measuinesRMS valueof the voltage
or currentafter the D.C. value has been blockedFor example, when measuring
the A.C. voltage on a periodic signal, the DMM cangs the following:

=

vrmsz\/%j[v(t)—vm]zdt where T is the period of the signal. For the
0

signalv(t)= Acos(ax)+ B, the RMS value computed by the DMM is given by

V, - A for example
V2! '

rms

To measur@oltage
» Connect the red-colored lead to the re@Vdck.
» Connect the red- and black-colored leadsossthe element whose voltage is to
be measured.

To measurgesistance

» Connect the red-colored lead to the re@ Ydck.
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« Removethe element whose resistance is to be measurad the circuit and
connect the red- and black-colored leads across it.

To measureurrent below 2A:

» Connect the red-colored lead to the white 2A jack.
» Connect the red- and black-colored leadsdrieswith the element whose current
is to be measured.
WARNING: When the DMM leads are connected to the jacksctorent, the meter
behaves like @hort circuit. Do NOT connect the leads to the current jacks and then
across a power source because it can damage teeanétor the circuit!

To measureurrent above 2A

» Connect the red-colored lead to the white 10A jack.
» Connect the red- and black-colored leadsdreswith the element whose current
is to be measured.
WARNING: When the DMM leads are connected to the jacksctorent, the meter
behaves like @hort circuit. Do NOT connect the leads to the current jacks and then
across a power source because it can damage teeanétor the circuit!
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Kirchhoff's Laws
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Ohm's Law and Kirchhoff's Laws

|. Objective

In this experiment, the student will learn how &ad resistor color codes and how to
measure voltage, current, and resistance withith&alddmultimeter (DMM). The student
will also build circuits and take measurementsddfy Ohm's law, Kirchhoff's laws, and
the conservation of energy.

Il. Background: Resistor Color Codes

Standard resistors are labeled with a color codetwimdicates their resistance values.
The value indicated by each color band is listedables 1, 2, and 3, and the resistor's
value can be computed by the following equation:

R=[(ist Digit)x10+( 2nd Digi} | x( Multiplien

Consider a resistor that has the following colondsa brown, green, orange, and silver.
We first recognize that the silver band must be ttlerance band since the 1st Digit
cannot be silver (see Tables 1 and 2). So therbtmand must be the 1st band, which
indicates that the value of the 1st Digit equa(see Table 2). The second band, then, is
green, which indicates that the value of the 2nditDequals 5 (see Table 2). The
multiplier band is orange which indicates a valfiel & (see Table 3). So the value of

this resistor isR:[(l) ><10+(Eﬂx 1k= 15 K. Furthermore, the silver tolerance band
indicates that the actual value of the resistanigiindeviate by+10% (see Table 1).

A resistor with the bands red, violet, red, goldoowd have a value of
R=[(2)x10+(7)]x 100= 2700Q = 2.7 @ with a tolerance ot5 %

A resistor with the bands orange, orange, brownd,gwould have a value of
R=[(3)x10+(3]x 10= 330Q with a tolerance ot5 %
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Table 2. 1st and 2nd digits.

1st Digit / \ \ Tolerance

2nd Digit Multiplier

Figure 1. Resistor with 4 color bands.

Table 1. Tolerance band.

Color Tolerance
Red 2%
Gold 5%
Silver 10%
none 20%

Table 3. Multiplier band.

Color Value
Black 0
Brown 1
Red 2
Orange 3
Yellow 4
Green 5
Blue 6
Violet 7
Gray 8
White 9

Color Value
Silver 0.01
Gold 0.1
Black 1
Brown 10
Red 100
Orange 1k
Yellow 10k
Green 100 k
Blue 1M
Violet 10 M
Gray 100 M
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l1l. Procedure

PART 1: Ohm's Law

1(a)-Pre-lab_Assignment: Determine the color code for a 1@ kresistor with 5%
tolerance. For the circuit shown in Figure 2, akdte the theoretical value of the current
| (that is,l). Calculate the power absorbed by the resifgy &nd the power supplied
by the voltage sourceP§). Show your work. _Present all your results inl¢atformat
using the appropriate tables providédou need to provide the following tables in your
lab notebook to summarize your pre-lab calculateEsults.) The resistors we will use in
the lab can safely handle 0.25 W. Is it safe ®ma$.25 W resistor for this circuit? State
why. Is the conservation of energy satisfied is thrcuit? State why.

iy

Figure 2. A simple resistive circuit.

Table 4. Color code for the 1@kresistor (Figure 2 circuit).
First Second Third Fourth

Table 5. Theoretical resistor, voltage and curvahiies (Figure 2 circuit).
R (kQ) | Vin (V) | I (MA)
10

Table 6. Power values calculated (Figure 2 circuit)
Pr (MW) | Ps(mW) Safe or not? Energy conserved?

1(a)-Lab Experiment:

Provide the following table in your lab notebookcluding the measurements and
calculated values related to the circuit showniguFe 2.

Table 7. Theoretical and measured resistor, voléagecurrent values (Figure 2 circuit).
Rn(KQ) | Rn(kQ) | Vin(V) | Vm (V) | ln(MA) | Ipr (MA) | I (MA)
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Get a 10 R resistor and measure its actual value by conngdtino the DMM and
setting the DMM to DC mode to read resistance. Qatenthe % error of the resistance

a— R
value as follows% error= Ricoreica ™ Rmeasreg; 10 whereR,  eica=10 KQ.

R[heoretical
Is the % error less than the tolerance specifiethbytolerance color band?

Table 8. Percentage error in the actual value®flth ) resistor (Figure 2 circuit).

Rn (kQ) | Rn(kQ) | % error Less than
tolerance value?

10

Construct the circuit shown in Figure 2 using theo& supply in your lab kit (the red
terminal). Set the DMM to DC mode and use it toamge the actual values of the
voltageV and the currenit (represented by, andl,). Be very carefuto avoid setting
your DMM to measure current while it is connectedhe power supply or it will short
out the power supply and burn up the fuse in theMDM

Compare the measured valuel db the theoretical value from the pre-lab usingcpet

I =1 )
error as follows:% error=—theoetical _ measurede 10} |f the theoretical and measured

theoretical

values for the currentdiffer, explain why.

Now calculate the value of the currdnpredicted by Ohm's law using tmeeasured

. V
values of the voltage and resistantg;..,= —"*. Compare the measured valud of

Rmeasured

I |
to the predicted value as follow6 error=—2edcted _ measwed 10(  |f the predicted and
predicted

measured values for the currémtiffer, explain why. Box all your results.

Table 9. Percentage error in current values (Figuiecuit).
% error with respect thy, % error with respect th,

Using yourmeasuredvalues, calculate the power absorbed by the oesistd supplied
by the voltage source. Is conservation of eneaigféed in this circuit? State why.

Table 10. Power values calculated (Figure 2 ciycuit
Pr (MW) | Ps(mW) | Energy conserved?

PART 2: Kirchhoff's Voltage Law
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2(a)-Pre-lab Assignment:

Determine the color codes for 1.8kand 4.7 K resistors with 5% tolerance. What
condition must always be satisfied by voltagesaatid in Figure 3 based on Kirchhoff's
voltage law (KVL)? (Box this conditiop.

Table 11. Color codes for the 1.8 & 4.@ kesistors (Figure 3 circuit).
R (kQ) First Second Third Fourth

1.8
4.7

2(a)-Lab Experiment:

Provide the following table in your lab notebooktabulate theoretical and measured
resistor values related to the circuit shown inuiFég3.

Table 12. Theoretical and measured values of istogs (circuit in Figure 3).
Riin (KQ) | Rum (KQ) | Ron (kQ) | Reym (KQ) | Rsn (KQ) | Rem (kQ)

10 4.7 1.8

Measure the actual values of the resistors in Eiguand calculate the % error for each
resistor. Are all the % errors less than the tolee specified by the tolerance color
band? Present all your calculation results in t&irenat.

Table 13. Percentage error in the values of 1.84and#Q resistors (Figure 3 circuit).
R (kQ) % error Less than
tolerance value?

1.8
4.7

Provide the following table in your lab notebookttdulate the measured voltage and
current values in the circuit shown in Figure 3.

Table 14. Measured voltage and current valuesuitinc Figure 3).
V1 (V) Vo (V) | V3(V) I (MA) % KVL error KVL satisfied?

Set the adjustable power supply (the yellow teriimaeled +1.3 to 15V) in your lab kit
to 8V. Then construct the circuit shown in Fig@reMeasure the voltagas, Vi, Vo, and
V3. Also measure the curreht Do the measured voltage values in this circaiisfy
KVL? Using the measured values, calculate the peage error in KVL defined with
respect to the source voltage as
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Vs =V, +V, +V5)

% errorin KVL =S x100

Figure 3. Resistors connected in series.

For each of the three resistors, calculate theevaiiithe current into each resistor
predicted by Ohm's law using thmeasured values of the voltage and resistance:

\Y/ :
I = _measued - Compare the measured valuel @b the predicted value as follows:

predicted
Rmeasured

| - :
% error=_eded measwed 100 Present your values in table forms¥hy do the
predicted

predicted and measured values for the cuirdifter, if they differ?

Table 15. Percentage errors in current valuesyitine Figure 3).
[1,pr l1.m % error| Iy lom | %error| lzp Ism | % error
(mA) (mA) inly (mA) | (mA) inl, (mA) | (mA) inls

Design and perform an experiment to find out ifradiag the_ordein which the series
components are connected in Figure 3 will changevtiitage across the components or
the current through the components. Document xperanental setup, results, and your
conclusions.

PART 3: Kirchhoff's Current Law

3(a)-Pre-lab_Assignment: What condition must the currents at node A (sigeirgé 4)
always satisfy according to Kirchhoff's current I60CL) ? (Box this conditior).
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Figure 4. Parallel and series resistors.
3(a)-Lab Experiment:

Provide the following table in your lab notebooktédulate measured current values in
Figure 4.
Table 16. Measured current values (circuit in Fegdly.

1 (MA) [, (MA) I3 (MA) % error inly

Using the same resistors that you used in theskdion, construct the circuit shown in
Figure 4. Measure the currents |, andls. Do the measured currents in this circuit
satisfy Kirchhoff's current law at node A? Using tineasured values, calculate the
percentage error in KCL defined with respect todheentl; as

% errorin KCL = @ x100

1

Design and perform an experiment to find out ifrajiag the_ordem which the parallel
components R, and R;) are connected in Figure 4 will change the voltageoss the
components or the current through the componebBiscument the experimental setup,
results, and your conclusion.

V. Conclusion

Write a couple of paragraphs to summarize theotig items:

1. What was the objective of this experiment and tha@ objective achieved?

2. Did your measured values agree with the thezaetialues? What was the maximum
% error in your calculations?

3. What sources of error may have contributed ¢odifferences between the theoretical
values and the measured values?

4. Other comments relevant to this experiment.
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Simple Resistive Circuits

|. Objective

In this experiment, the students will design, buddd/or experiment simple
resistive electrical circuits to gain some experenn using Ohm’s law,

Kirchhoff's laws, and their extensions such as agdt and current divider
principles to analyze circuits consisting of serisd parallel-connected resistors.

Il. Procedure

PART 1: Voltage and Current Divider Principles

Part 1(a): Verification of the Voltage Divider Circuit

1(a)y-Pre-lab_Assignment: For the circuit shown in Fig. 1(a), using the agk
divider principle, provide a general equation Y& and calculate its numerical
value._ Box your answer.

1(ay-Lab Experiment: Construct the circuit shown in Fig. 1(a). Usinge th

handheld DMM in DC mode set to read resistance soreaand record the actual

values of the resistoiR; andR; used in your circuit in Table 1. Calculate the %
error in each resistor value as follows:

% errorin R Value: Rtheoreticih aneasuredx 100
Rtheoreticeh

Table 1. Resistor values and percentage errori€in Figure 1(a).)

Ri (kQ) Ri (kQ) % error in R, (kQ) R (kQ) % error in
(theoretical)] (measured) Ry (theoretical)| (measured) Ro

Provide the calculated percentage errors in thetogssalues in Table 1. Measure
and record the output voltad,. Also calculate the % error of thg,; value as
follows:

V

out,measured x 100

out,prelab

out,prelab -

% errorinV_ . value=

out

Box vour results.Comment on the differences between the theoretical
measured values.
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R1=1 kQ

V3=5V —— R2=1 kQ Vout

Figure 1(a). The voltage divider circuit.

Part 1(b): Verification of the Current Divider Prin ciple

1(b)-Pre-lab_Assignment: Connect a shunt resist®nun: across theR,=1 kQ
resistance of Fig. 1(a), as shown in Fig. 1(b)vki® simplified general equations
for currentd, andlghniflowing through the resistoRR, andRshuntand voltage/out
acrossR; and Rghynt in terms ofVs, Ry, Ry, and Rsnune Using these equations,
calculate the values ¢f andlspyntflowing through the resistofR, andRghyntand
the voltageV,y, for three different values d®nun: resistance which are 1@, 1
kQ, and 10 K respectively. Present your calculated current\aoithge values in
a table as shown in Table 2.

Provide the following table in your lab notebookcluding the measurements and
calculated values related to the circuit showniguFe 2.

Table 2. Prelab valuesRfun; 12, Ishuni @andVout. (Figure 1(b) circuit).
Rshun (kQ) I2 (mA) |shunt(mA) Vout (V)
0.1
1.0
10.0

1(b)-Lab _Experiment: Construct the circuit shown in Fig. 1(b). Measarael

record the actual values of the resistBisR, and Rshunt Used in your circuit in
Table 2. Recalculate the values of currdatandlsn,ntand voltageVo,: for three
different cases using the measured values of thistoesR;, R, and Rgyun: (for

three differenRsnhuntvalues) and provide your recalculated values inld 8.

Table 3. Recalculated valued o1 spun: andVo: Using actuaR values.
Rl (kQ) I:22 (kQ) Rshun (kQ) I2 (mA) Ishunt(mA) Vout (V)
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Measure and record the values of the currenégdlshyn:and the output voltage
Vout for each Rghynt resistor connected across tRe resistance. Present your
measured current and voltage values in a tabla@srsin Table 4.

Table 4. Measured valuesRafuns 12, Ishuni andVoye. (Figure 1(b) circuit).

Rshun (KQ) I, (MA) Ishunt (MA) Vout (V)

Using the recalculated and measured values (giveFables 3 and 4), calculate
and present in a table (see Table 5) the percerdgages in the current and
voltage values in each case and comment. Also, @rhon what happens to the
values of the two currents andlspun: With respect to one another Rg,ncresistor
increases? Why?

R1=1 kO Ishunt
M\
+ L Tt
VS=5 \Vj — R2=1 kQ g Vout g Rshunt

[

Figure 1(b). Tﬁe current divider circuit.

Table 5. Percentage errors in measurksafl, | shuns andVout.

Rshun (KQ) % error inl, % error inlshunt % error inVout

PART 2: Design of a Voltage Divider Circuit

2(a)y-Pre-lab_Assignment: Design a voltage divider circuit similar to theeon
shown in Fig. 2 to convert a fixqebwer supply voltage of 5 V to a voltage equal
to 2 V. For the circuit, all you have available #oeir 1 KQ resistors. Show the
circuit you designed on papé€Note: More than one circuit design is possible.)

2(b)-Lab Experiment: Test your designed circuit in the lab. Measure @udrd
the value of the output voltage in the circuit amdify your design.

2(c)y-Lab Experiment: Next, to investigate loading effect, use the \gsdtalivider
circuit designed in Part 2(a) to supply 2 V to artknown resistive load (which
will be provided in the lab). Connect the unknowesistive load across the output
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terminals of the voltage-divider circuit you dessgnand measure the voltage
supplied to the unknown load in each circuit. Dgesr voltage divider circuit
supply a 2 V voltage to the unknown load? If ngplain why.

2(d)-Lab Experiment: Measure the resistance of the unknown resistiad snd
redesign your voltage divider circuit accordingly that your circuit takes the
fixed 5 V voltage and supplies 2 V to the load. lgas before, all you have are
four 1 kQ resistors. (Hintif you design your voltage-divider circuit corrgtit
only dissipates power when the load resistancemnected across it, otherwise,
when the load is disconnected from the designemlitjrthe power consumption
in the voltage-divider circuit is zero.)

R
N M\ n >
VS=5 vV —/— Rz vout=2 \"/ To load

l

Figure 2. Voltage divider circuit.

A 4

[ll. Discussions & Conclusion

In this section, discuss the various aspects ofeEmpent #2 and make some
conclusions. In your write-up, you should at lezdtiress the following questions:

1. What was the objective of this experiment and vasobjective achieved?

2. Did any of your measurements have more than 5% &Néhat was your
maximum % error?

3. What sources of error may have contributed to fifflerdnces between the
theoretical values and the measured values?

4. Other comments relevant to this experiment.
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Node Voltages of a Wheatstone Bridge Circuit

|. Objective

In this experiment, the students will construct aedt a Wheatstone bridge
circuit. In addition, they will use a Wheatston&ge circuit to measure the value
of an unknown resistance.

[l. History

Wheatstone bridge is an electrical circuit that barused for measuring the value
of an electrical resistance in a circuit. This gitcis named after Sir Charles
Wheatstone (1802-1875), an English physicist anentor who was a major
figure in Victorian science. Wheatstone studiedteieity and became a professor
of experimental philosophy at King’s College, Umrsi¢y of London in 1834. He
worked with William Cooke to produce the electetegraph (1837), which some
people refer to as the “Victorian Internet”! In B8de invented the stereoscope.
Wheatstone is best remembered for the Wheatstomdgebrcircuit. The
Wheatstone bridge circuit was first described byn@a Hunter Christie (1784-
1865) in his papeExperimental Determination of the Laws of Magnetdeetric
Induction published in 1833. Wheatstone introduced thisudinm his Bakerian
Lecture on electrical measurements in 1843 aneadtla Differential Resistance
Measurer. In his lecture, although Wheatstone plybitated that the principle of
this circuit was not his own invention but it waghrer an adaptation of a device
originally suggested by Christie, the circuit wéil samed after him because he
was the one who popularized it and put it in prattuse. One such practical use
IS measurements using strain gauges that exhibdll stchanges in electrical
resistance when strained as a result of stress.

1. Procedure

Variable
resistor

Figure 1. Wheatstone Bridge circuit.
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Pre-lab_Assignment 1: A Wheatstone bridge circuit is shown in Fig. 1.iSTh
circuit is said to be balanced Wheatstone bridgeutti when the currenit=0.
Determine the required relationship between thest@s R, Ry, R, Ry andRs
needed to achieve this balanced circuit. (Hikhdte thatis=0 means/g=Vc. That
is, resistorRs acts like an open circuit. This means one can vemesistorRs
from the circuit as if nodes B and C are not coter@t all. This removal will
simply the circuit and make it much easier to datee the relationship needed
between resistoR;, Ry, R, andR, to achieve/g=V¢.)

Lab Experiment 1: Constructing and testing a Wheat®ne bridge circuit.

Construct the Wheatstone bridge circuit shown ig. Bi on your circuit board.

Record the actual values of all the resistors usegbur circuit. Note that the

resistorR, is a variable resistor. Use the following values R, (measure and

record their actual values): (R=150Q, (b) R=1.5 kKQ, and (c)R=15 kQ. For
eachR, value used, do the following:

1. Use your handheld DMM available in your lab-kitrteeasure and record the
node voltaged/a, Vg, andVc. Present your measurements in table form as
shown.

2. Use the node voltages measured along with Ohm’saladvthe actual resistor
values measured to calculate the currents, is, i4, andis. For example, the
currenti, through theR;, resistance is given in terms of the node voltegges

i, =(V, —V.)/R,. Present your calculated values in table formhasvs.

3. Use the current values calculated in part 2 tofyd€irchhoff's current law
(KCL) at nodes B and C.

Table 1. Measured node voltage and calculated muvedues (Figure 1 circuit
with R, = 150Q).

Va(V) | Ve(V) | Vc(V) | i1(mA) | iz (MA) | i3(MA) | ia(MA) | is (MA)

Table 2. Measured node voltage and calculated muvedues (Figure 1 circuit
with Ry = 1.5 Q).

Va(V) | VB(V) | Ve (V) | i1(mA) | i2(mA) | is(mA) | is(MA) | is (MA)

Table 3. Measured node voltage and calculated muvedues (Figure 1 circuit
with R, = 15 Q).

Va(V) | Ve(V) | Vc(V) | i1(mA) | iz (MA) | i3(MA) | ia(MA) | is (MA)

Lab Experiment 2: Measuring the value of an _unknownresistor using the
Wheatstone bridge circuit. Reconstruct the circuit shown in Fig. 1 by using

Ri=1 kQ, R,=10 KQ, R;=10 kQ-potentiometer and replaciri® with an unknown
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resistor to be provided, as shown in Fig. 2. KéepresistoRs the same. Vary the
potentiometer resistand®, until is==0. Measure and record the valueRufthat
balances the bridge. Compute the value of thetoedis as determined by the
Wheatstone bridge. Measure using the handheld DMM and compare it with the
calculated value. Calculate the percentage errtivaR; value using

|R3,bridge - R3,DMM | %100

% errorin Ry value=

3,bridge

\10 kQ

potentiometer

Figure 2. Wheatstone Bridge circuit for Lab Expezim2.

Lab Experiment 3: Measuring small resistor values ging the Wheatstone
bridge circuit. Replace the resistét; with a 4.7 resistor in Fig. 1, as shown in
Fig. 3. Our goal is to measure the value of thisalsmesistance using the
Wheatstone bridge circuit. Resistors this smallvalue are hard to measure
accurately. Choose the appropriate valueR,0dndR, so that you can precisely
measure the value &% using the Wheatstone bridge. Again, use a potemtier
for Ry. Compare your measurement value obtained fromWheatstone bridge
circuit with measurements from your handheld DMMe tDMM on the lab
bench, and theCR meter. Again, calculate the percentage erroréRthvalue.

is

Vs=5V

potentiometer
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Figure 3. Wheatstone Bridge circuit for Lab Expezim3.

IV. Discussions & Conclusion

In this section, discuss the various aspects ofeEmpent #3 and make some
conclusions. In your write-up, you should at lezdtiress the following questions:

1.
2.

3.

What was the objective of this experiment and kasabjective achieved?
Did any of your measurements have more than 5% ®Néhat was your
maximum % error?

What sources of error may have contributed to tifferdnces between the
theoretical values and the measured values?

Other comments relevant to this experiment.
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Electrical Circuit Theorems

|. Objective

In this experiment, the students will analyze, ¢ard and test dc resistive
circuits to gain further insight and hands-on eigrere on electrical circuits as
well as to verify some of the circuit theorems tHegrn in class such as the
Superposition Principle Thevenin and Norton Equivalent Circuits and
Maximum Power Transfer Theorem

Il. Procedure

PART 1: Superposition Principle

Pre-lab Assignment 1.a:For the circuit shown in Fig. 1, calculate thetagkV,
across the resistét; using the superposition principle. Provide yourkvstep by
step and box your answers.

Pre-lab Assignment 1.b:For the circuit shown in Fig. 1, reverse the pojaof
the 5 V dc voltage source and redo pre-lab assighfné. (Hint:You can use the
results of Pre-lab 1.a.) Box your answers.

R1=1.2 kQ R3=2.4 kKQ

Vs1=7.5 Vv V32=5 Vv

Figure 1. A resistive circuit excited by two dc tage sources.

Lab Experiment 1.a: Construct the resistive circuit shown in Fig. Isitgj the
LCR meter, measure and record the actual values ofefistorsR;, R;, and Rz
used in your circuit. To verify the superpositiamngiple, measure and record the
voltageV; for three cases (record your measurements in Tlafem as provided
below):

(a) When Vg; voltage is on and/s; is off. (Voltage source “off” means you
disconnect the voltage source from the circuit ainalrt the terminals in your
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circuit where this voltage source was connectedrrillg: Do not short the
terminals of the voltage source itsglf!

(b) WhenVs; voltage is off and/sz is on.

(c) When bothVs; andVs; voltages are on.

Table 1. MeasureW, values in the circuit shown in Figure 1.

V2 (V) V2 (V) V (V)
(Vs10n and \; off) (Vs off and V; on) (Both V53 and \; on)

Check to see if superposition holds. Also checg&de if your measured, values
agree with the/, values calculated in your pre-lab assignment ileg €alculate
percentage error between the calculated and theures/, values).

Lab Experiment 1.b: Reverse the polarity of the 5 V voltage sourceyaur
circuit and repeat the sanv@ measurements done in Lab Experiment 1.a, parts
(@), (b) and (c). Again record your measurement3able 2 form as provided
below.

Table 2. MeasureW, values in the circuit shown in Figure 1 where plogarity of
the 5 V voltage source is reversed.

V2 (V) Va2 (V) V2 (V)
(Vs10n and \; off) (Vs off and V; on) (Both V53 and \; on)

Check to see if superposition holds. Also checkde if your measured, values
agree with thé&/, values calculated in your pre-lab assignment 1.b.

PART 2: Thevenin, Norton & the Maximum Power Transfer Theorem

Pre-lab Assignment 2.a:For the circuit shown in Fig. 2, find the Thevemind
Norton equivalent circuits seen between termialndB. Draw each equivalent
circuit separately with the appropriate values pited. Provide your work step by
step and box your results.

Ri=1kQ R=1kQ 4

AWM\ AN——

VS=5 V R2=1 kO § Voc
. B

Figure 2. A resistive circuit excited by a dc vgkasource.
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Pre-lab Assignment 2.b:For the circuit shown in Fig. 2, find the optimwalue
of the external load resistanBgop: to be connected between the termirfaland
B so that it receives maximum power from the circWhat ISP max? (Hint: Use
the results of pre-lab assignment 2.a.)

Lab Experiment 2.a: Construct the circuit shown in Fig. 2. Using tleR meter,
measure and record the actual values of the resigt®d in your circuit. Verify
the Thevenin and Norton equivalent circuits obtdiimepre-lab assignment 2.a by
measuring the open-circuit voltagéc and short-circuit currentsc between
terminalsA andB.

Table 3. Measured values\déc, Isc andV,, and calculated value &; (or Ry)
andP, in the circuit shown in Figure 2.

Voc (V) Isc (MA) Rror Ry (Q) Ve (V) P (MW)

Lab Experiment 2.b: Connect a load resistance with the optimum vaug:
between terminal#A-B in the original circuit shown in Fig. 2. Measureet
voltageV, acrossR opc and use it to verify th®_max value calculated in pre-lab
assignment 2.b.

PART 3: Maximum power to a load resistance with fied value

Pre-lab Assignment 3:In Fig. 3, assume that the load resistaRcédas a fixed

value given byr =1 kQ.

(a) How much power is being deliveredRp? Show your work step by step.

(b) Your job is to introduce a single external resig®gy into the circuit with an
appropriate value to maximize power delivery to thkQ load. What is the
value of Rex? (Hint: The external resistor could even be a piece oé.\ir
Where should it be connected? With the externast@sproperly connected
to the circuit, what i mnax? (Note that this problem is different than the
maximum power transfer theorem.) Show your work laox your results!

Lab Experiment 3: Verify the results of pre-lab assignment 3 expentally.
Measure and record the load voltageand the currenk_ with and without the
external resistance connected and calculate tlledower usind®. =V_I_ in each
case. Approximately how much percent did the loadiqr increase due to the
introduction of the external resistarigg; into the circuit?

Table 4. Measured values\éf andl,, and calculated values Bf in the circuit
shown in Figure 3.

VL (V) VL (V) IL (MA) IL (MA) PL(mW) | PL(mW) % PL
(NORex) | (With Rex) | (N0 Rex) (With Rexy) (NORex) | (With Rex) | increase
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Re=3kQ

Vs=5V R=1kQ W

Figure 3. A circuit with a fixed load resistancevimg a valueR =1 kQ.

Ill. Discussions & Conclusion

In this section, discuss the various aspects ofeEmpent #4 and make some
conclusions. In your write-up, you should at leaddress the following questions:

1.
2.

3.

What was the objective of this experiment and kasabjective achieved?
Did any of your measurements have more than 5% %®NMéhat was your
maximum % error?

What sources of error may have contributed to tifferdnces between the
theoretical values and the measured values?

. Other comments relevant to this experiment.
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Digital-to-Analog Converter (DAC) R-2R Ladder Network

|. Objective

In this experiment, the students will analyze, ¢ard and test a Digital-to-

Analog Converter (DAC)R-2R Ladder Network to gain further insight and
experience on electrical circuits and to verify goaf the circuit theorems they
learn in class such as tBeiperposition PrincipleandSource Transformations

Il. Introduction

A Digital-to-AnalogConverter (DAC or D/A Converter) is an electroniccait or

a chip that is used to convert digital (usuallyany) information or code (for

example, from a CD or CD-ROM) into analog (usualyurrent or a voltage)

information (such as sound or audio signals). DAfpg are currently being used
in many applications involving modern communicatiand instrumentation

systems. For example, all digital synthesizers,dara and effect devices have
DAC chips at their outputs to create audio sign&tsme of the new DAC chips
available in the high-tech market are designeetims of highly complicated and
sophisticated electronic circuits to be able tovmle high speed and high
resolution to the high performance communicatiatfumentation systems.

A simple passive DAC circuit can be constructedhvat network of resistors,
usually a ladder consisting of two sizes of resgstone twice the other, as shown
in Fig. 1. TheR-2R ladder network seen in Fig. 1 is an elegant implatation of

a DAC. In this experiment, the students will coustrthis 3-bit DAC circuit
consisting of only resistors, switches, and a simpgiwer supply.

[ll. Procedure

For theR-2R ladder network shown in Fig. 1, the switch posiid, S, and $
together represent a 3-digit binary numNegiven byN=(5S,S;),. Note that each
switch can either be in position 0 (when connededground) or 1 (when
connected to the power supply voltaye). Since there are>28 different
combinations, the 3-bit binary numbdd can take any value between
N=(000)=(0)10 to N=(111)=(7)10. The R-2R ladder network shown in Fig. 1 is
designed to convert the 3-bit binary (digital) nwenmiN=(S3S,S,), into its
equivalent decimal (analog) numbé&i=(+);0. The output voltageVo,=(*)i0
measured between terminals A and B is in fact theindal equivalent of the
binary numberN=($3S,S;), set by the positions of the three switches. For
example, if the switch positions arg=3%, $=0, and $=1 which represents the
binary numberN=(101), then, the decimal equivalent of this number sthoul
come out to b&/,,=5.
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Pre-lab_Assignment 1:For the circuit shown in Fig. 1, findy in terms ofVs
and R for each combination of the three switches. Youl find 8 different
expressions fo¥,,. Based on these expressions, you will be ableterchine the
appropriate value of the power supply voltdgeeeded to realize the goal of this
design. (Hint: Transform theR-2R ladder network shown in Fig. 1 to the
equivalent circuit shown in Fig. 2. Note that thmmer supply voltage¥ss, Vs,
andVs; can take a value equal¥g or 0 depending on the position of the switches
S1, $, and Sin Fig. 1. Using this equivalent circuit and saittansformation (or
superposition principle), find the general expresdor the output voltag¥,: in
terms ofVsy, Vs, Vsz andR. Then, use the generd},; expression to find the
output voltage for each case.)

A R R
n NV NV
2R 2R 2R
(AVOll.It 0 §
\nalog 1 SR
signal) O S3| 1 s, 0 s, 1
® Two wires
onnect here! )
Wires cross, Wires cross,
no connection! no connection!
B _l_
Figure 1. 3-bit binary to decim& 2R ladder network.
A R R
NV AAAY

_|_

2R §2R 2R

V
(Analog 2R §
signal)
VS3 C_) Vsz VSl
B —l—

Figure 2. Equivalent circuit for thHe-2R ladder network shown in Figure 1.
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Pre-lab Assignment 2:Can you redesign the circuit shown in Fig. 1 taabke to
convert any 4-bit binary number into its decimalieglent? If so, how many
additional elements would you need and what wilthee new value of the power
supply voltage/s?

Lab Experiment: Select a value for the resist@rand construct the DAC circuit
shown in Fig. 1. Set the power supply voltageto the value you calculated in
your pre-lab work. Measure and record the actuhlegof the resistors used in
your circuit. Measure and record the value of tbguot voltageV,,: in each one
of the eight different switch combinations. Presgmir values in a table similar
to Table 1 shown below.

Table 1. Predicted and measured output voltagessalu

Vout (predicted) (V)| Vout (measured) (V) Error (%)

SN ==]=]=1
Rlr|lololkr|lr|loo@
Rlolk|olk|ojr|lol@

IV. Discussions & Conclusion

In this section, discuss the various aspects ofeEmpent #5 and make some
conclusions. In your write-up, you should at leaddress the following questions:

1. What was the objective of this experiment and vaasobjective achieved?

2. Did any of your measurements have more than 5% &Néhat was your
maximum % error?

3. What sources of error may have contributed to tifferdnces between the
theoretical values and the measured values?

4. Other comments relevant to this experiment.
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3-Bit Analog-to-Digital Converter (ADC) Circuit

|. Objective

In this experiment, we will construct a 3-bit argto-digital converter (ADC) circuit,
observe the digital outputs using LED's, and cohnkedo a 3-bit digital-to-analog
converter (DAC) circuit. This experiment will ibtrate how an analog signal can be
converted to digital and back again to analog.

[l. Introduction

There are many advantages in using digital systenaperate on signals. Compared to
analog systems, digital systems are less inseesittyv temperature and power
fluctuations, external noise, aging, and the toleeaof the components. Digital systems
can also use computer technology that is fast,g;hrefiable, and programmable.

However digital systems only work with digital sajs, and many of the signals in which
we are interested are analog, such as speech, ,monsiges, etc. Therefore analog
signals must be converted to digital signals tovalthe use of digital systems, and the
digital signals are usually converted back agaiao analog signals. The conversion from
analog to digital increases the complexity of ateays Since it would take an infinite
number of binary bits t@xactly represent an arbitrary analog voltage (or currearyl
we cannot create an infinite number of bits, theveosion from analog to digital always
results in errors in the signal (or equivalentlydaadoise to the signal). However, this
error can be reduced by using more bits to reptékeranalog signal.

In music, for example, the analog electrical mssgmal generated in the studio is usually
represented by 16-bit binary samples, which iscgihy enough bits to accurately
represent the voltage (or current) without causindible noise.

In this experiment, we will construct a 3-bit flagimalog-to-digital converter (ADC)

circuit, which is probably the easiest type of ABlCunderstand and construct. We will
observe the digital output of the ADC by connectitsgoutput to LED's, and we will use
a 3-bit DAC circuit to convert the digital outputtbhe ADC back to an analog signal.
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[ll. Background

Part A: The LM339 Comparator

The 3-bit flash ADC circuit uses LM339 comparattyscompare the input voltage to a
series of reference voltages. The LM339 compaiatsinown in Figure 1.

2V \Y,

cc cc

100 kQ

LM339

Figure 1. LM339 Comparator.

As shown in Table 1, the comparator compares tloarput voltages and the output is
Vo = Ve WhenVi, is greater thaW,;, otherwise the output M, = 0 Volts. The 100R
pull-up resistor on the output is required to ackia valid logic 1.

Table 1. Operation of the LM339 Comparator.

Vin Vo
Vin > Vret Vo = Ve (Logic 1)
Vin < Vret V, = 0 (Logic 0)

In the 3-bit flash ADC circuit shown on the leftdsi of Figure 2, there are seven
comparators each of which compares the input veltdg to a different reference
voltage, where the reference voltages are l[abéledo Viesr.

Pre-lab Assignment 1: Calculate the values of the reference node vett¥g: through
Vier7 INn the ADC circuit in Figure 2 if the power supplgltage is set t&/,c = 8.0 Volts
and the resistors are each set to an arbitrarye\Rlexcept for the resistor at the top of
the ADC circuit whose value is Rsand the resistor at the bottom whose value is R/2.
Assume thano_current flows into the LM339 comparators' inputs. Do theues of
Vier1 throughV,es7 in Figure 2 depend on the valueRs#
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Part B: How the Comparators are used in the 3-BiElash ADC

In the 3-bit flash ADC circuit in Figure 2, thedtrcomparator (the one at thettom of
the ADC circuit) compares the input voltagg to the reference voltagéesn, and ifVi, is
greater tharnV,er; this comparator's output M, = V¢ (logic 1), otherwise it i3/, = 0
(logic 0). So ifViy < Vier1, for example, then the first comparator will outpdogic 0. In
addition, since the values ®fer1 throughV,es; increase etz being the largest reference
voltage), all the comparators will output a logidf ¥, < Vier1.

3-Bit Flash Analog-to-Digital Converter (ADC) Circuit LED's 3-Bit Digital-to-
Analog Converter
(DAC) Circuit
T VCC < VCC < VCC < VCC
Vin
O
LM339 100 kQ
15R 5003 )
v 4| UL
ref7 i 12 100 kQ
R 7 = CD4532N
y p ) 1 16 \Ijnonty&gcoder
ref6 {M339 100 kQ 4| ‘o0 5|6 Q, 200 k@ Vout
R 11 D7 Q o
v 10| U3 3! b6 Q1L
ref5 100 kQ j 2 D5 Qo0 9 100 k@
R 9 1
Ul - D4 Q 200 k@
\Y; 8 13| b3 1
ref4] 100 kQ
12
R 5 11| P2
4| U2 D1 100 k2
Vref3 10
100 kQ ——1 DO 200 k@
R 7 1 Q
6|2 L5 |15
Vied V. 100 kQ El B0,
R 1183 8 GS— 200 k@
— It 13 Vss
10| Yz — NS I8
Vet 7 LM339 <
RI2 QL Q|

Figure 2. 3-Bit Flash ADC and 3-Bit DAC Circuits.

Likewise the second comparator (the one that isrsdrom the bottom) compares the
input Vi, to Vier, and ifVi, is greater thaW,er, this comparator's output V4 = V¢ (logic
1), and so on.

We can tell approximately how large the input vo#tavi, is by observing which
comparator outputs are logic 1. For example, libhlthe comparator outputs are logic
zero, then the inpW¥i, must be belowWer (i.€. Vin < Viers). If the first comparator (the
one at the bottom of the circuit) has an outputogic 1, and the rest have outputs of
logic 0, then the inpu¥i, must be abov¥,er but belowVies, (i.€. Vienr < Vin < Vrerz), and
SO on.
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Part C: How the Comparator Qutputs are Converted irto a Binary Number

The outputs of the seven comparators can be cauvarto a 3-bit binary number that
represents the highest reference voltage thatdsesbed by the input voltagé,. For
example, ifVi, < Vien, all seven of the comparator outputs would becddi and we
would want to output the binary number (09OWhich corresponds to the decimal
number (0)o (see the first row in Table 2). The binary num{@f0) would indicate that
the input voltagd/i, does not exceed any of the reference voltages.

Table 2. Relationship between input voltage amautyi number.

Analog Input Priority Encoder Input Priority Encoder Analog

Voltage ( D7DsDsDsDsD, D1 D) 2 Output Output

Vin (QQQ) 2 Voltage

VOUi

Vin<V/ef 1 00000001 000
Vi ef 1< Vin<Vs ef 2 00000011 001
V; ef 2< Vin<Vs ef 3 00000111 010
V; ef 3< Vin<Vs ef 4 00001111 011
Vi ef 4< VinVs ef 5 00011111 100
Vi et 5< Vin<Vs ef 6 00111111 101
Vi et 6< Vin<Vs ef 7 01111111 110
Vin>V, ef 7 11111111 111

Likewise, if Vi, is greater thaiW e but less thaW er (i.€. Vrer1 < Vin < Vier2), then the first
comparator (the one at the bottom of the circutjld output logic 1, and the rest of the
comparators would output logic 0. In this case, want to convert the comparator
outputs to the binary number (0@Which corresponds to the decimal numbeg1Yhis
binary number would indicate that the input voltAgeexceeds/en, but not any of the
other reference voltages.

Note that the outputs of the seven comparatorstitoies a seven-bit binary number
which could take any of the eight values listethiea second column of Table 2. Our goal
is to convert this seven-bit number into a threebimary number which corresponds to
the approximate decimal equivalent of the analqumiirvoltageVi,. The logic function
required to convert the seven-bit output signalhef comparators into a three-bit binary
number is performed by a circuit called a priogtycoder (see Table 2). The priority
encoder is designed to generate a three-bit binamber that represents the highest
numbered input that has a logic 1.

In the ADC circuit shown in Figure 2, the priorigncoder inputs Dthrough O are
supplied by the seven comparators, whereas theitprencoder input B is connected
directly to V.. which always generates a logic 1. If all the ptyoencoder inputs D
through O are logic 0O, the priority encoder would output thi@ary number (00Q)
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because Pis the highest numbered input with a logic 1 (8e=first row of Table 2).
Likewise, if both 3 and OO are logic 1, and the other inputs are all logi¢h@, priority
encoder would output the binary number (@ddgcause Dis the highest numbered input
with a logic 1 (see the second row of Table 2).

Thus if Vi, is greater thaVer, but less thaV s (i.€. Vierz < Vin < Viers), thenboth the
first and second comparators (counting from theédootof the circuit) would output logic
1, and the rest of the comparators would outputlfg Since the second comparator is
connected to B and D would be the highest numbered input with a logithg priority
encoder would output the binary number (Q1lQ¥hich corresponds to the decimal
number (2)o. In this way, the input voltagé, is converted to a three-bit binary number
that indicates the approximate value of the inpitage.

This type of analog-to-digital circuit is calledflash ADC circuit because it is very fast
compared to other types of ADC circuits. The disadage of this circuit, however, is
that it requires2" —1 comparators, where n is the number of bits. Wailg-bit flash
ADC circuit only requires2® —1= 7comparators, the number of comparators needed
increases quickly with the number of bits.

Pre-lab_Assignment 2: Determine how many comparators would be requioecn 8-
bit flash ADC circuit. Also determine how many cpanators would be required for a
16-bit flash ADC circuit.

Part D: Converting the Binary Number Back into an Analog Voltage

The binary number (§0:Qo)> generated by the 3-bit flash ADC circuit can bsesked
by the three LED's in Figure 2. If an LED is ohe tcorresponding bit is logic 1. If an
LED is off, the corresponding bit is logic O.

The 3-bit binary number is also converted backranalog voltage by the 3-bit DAC
circuit shown in Figure 2. The output pins of fireority encoder will produce a voltage
that is approximately equal to the power supplytage V.. = 8 Volts for logic 1, and
approximately O Volts for logic 0. The DAC circwiiill take these three binary outputs
and generate a voltadk,: that is approximately equal to the decimal eqe@rtbf the 3-
bit binary number (€Q:Qo). applied to its input. For example, if the outmitthe
priority encoder is the binary number (04,Ghe output of the DAC circuit is expected to
be approximately¥y,: = 2 Volts.

Pre-lab Assignment 3: Determine the output of the DAC circuit for eaolw in Table 2
assuming that each output of the priority encogé Yolts when it is logic 1, and 0 Volts
when it is logic 0.

Pre-lab Assignment 4: Make a table similar to Table 2 using the valuethefreference
voltagesVien throughVies; you calculated in Pre-lab Assignment 1 and theeslof the
output voltage¥ot you calculated in Pre-lab Assignment 3.
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V. Procedure

Part A: Construct the Circuit

Build the circuit shown in Figure 2 using. = 8.0 Volts. For the ADC circuit ude =1

kQ so that the small amount of current that flow® itite inputs of the comparators is

negligible. The DAC useR = 100 K2 and R = 200 K2 so that the DAC does not draw

too much current from the outputs of the prioritceder. Use the LED's that are built in

to your lab kit. The LED's in the lab kit have ental resistors (not shown on the
schematic) that limit the current to a safe leaakl are grounded internally, so you do not
need to make the connections to ground.

Figure 3 shows how the pins on the integrated tgqlC's) are numbered. There is a
notch on one side of each IC (seen at the topeofGfs in Figure 3) that shows where pin
1 is located. Since there are seven comparatattseirircuit in Figure 2, and there are
only four comparators in each LM339 chip, you widled two LM339 IC's. One LM339
IC is labeled as U1 in Figure 2, and the otherlseled as U2. The CD4532 priority
encoder is labeled as U3 in Figure 2.

Measure the node voltag¥gssn throughVez and compare them to the theoretical values
found in Pre-lab Assignment 1 using percent error.

CD4532
LM339 1-—D4 VDD716
2 —D5 EO—15
% ig 3-—1D6 GS— 14
4 — D7 D313
—V GND——

3 o 12 5 El D212

4 N { 11 ] b1l
c 10 6 Q2 11
5 S ) 9 7 —Q1 DO— 10
; > < 3 8 —V, Q0— 9

Top View Top View

Figure 3. Pinout of LM339 Comparator and CD453®@My Encoder.
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Part B: Convert a D.C. Voltage to Digital and Backio Analog

Using the 1 R potentiometer built into the lab kit, build theauit shown in Figure 4
with V.. = 8.0 Volts, and verify that this circuit can bged to generate any D.C. voltage

between 0 and 8.0 Volts.
AN/

cc

1 kQ

_ <« oConnectto V,
Potentiometer

Figure 4. Variable D.C. Voltage to test the ADCdaDit.

Connect the output of the potentiometer in Figute the inputVj, of Figure 2. Measure
the actual range of the input voltagg and the output voltag®,,: that corresponds to
each of the binary numbers represented B¥{Qo).. Present youmeasuredvalues in a
table similar to Table 2, and compute the percemir dor each measured output voltage
Vout.

Note that the ADC circuit introduces an error ithe system because a whoéege of
input voltages applied to the ADC circuit are assi to the same binary number. The
binary number does not represent the analog voléxgetly, but only approximately.
Therefore, even if we had a perfect DAC circuig thutput voltage/y,: would not be
exactly the same as the input voltage The difference between the output volt&ge
and the input voltag®/, represents the error caused by representing tAl®@mnput

voltage by a binary number. If we define the emerError =|\/Out —Vin|, what is the
maximum value of the error that can occur? Howtbaimaximum error be reduced?

V. Discussion and Conclusion

Write a couple of paragraphs to summarize theotig items:

1. What was the objective of this experiment and tix@ objective achieved?

2. Did your measured values agree with the thezaetialues (use % error)? What was
your maximum percent error?

3. What sources of error may have contributed ¢odifferences between the theoretical
values and the measured values?

4. Other comments relevant to this experiment.
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VI. How to debug the experiment

This circuit consists of four stages, and eachestadl only work if all the previous
stages work. The first stage is the resistor laddat generates the reference voltages.
Measure the reference voltages to see if they ameeat. If not, fix the resistor ladder
and check to make sure the reference voltagesammeected to the correct pins on the
comparators.

The second stage is the LM339 comparators. Thgestan be checked by connecting
the outputs of the seven comparators to the LED\etify that each output turns on in
sequence as;yincreases, and they all are on wh&gn> 6.5 volts. If not, check wires to
comparators and check to make sure each compavatput has a 100<k pull-up
resistor.

The third stage is the CD4532 priority encoder. c¢Feeck to see if it is operating
correctly, connect the LED's to the output of th@nity encoder to see if the output
counts in binary from 000 to 111 ¥g increases. If not, check priority encoder.

The last stage is the DAC, which can be checkeohégsuring the output voltayg,: for
each input range. If it is not correct, checkbsistors and wiring of the DAC.
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First-Order RC Circuits as Low-Pass & High-Pass Filters

|. Objective

In this experiment, the students will make measer@and observations on the
step and sinusoidal steady-state responses ofesifingi-orderRC circuits. They
will also understand how first-ord&C circuits can be used as low-pass or high-
pass filters.

Il. Procedure

PART 1: Step Excitation of First-Order RC Circuits

Pre-lab Assignment 1.a:A first-order capacitive circuit is excited by arpdic
rectangular pulse train as shown in Fig. 1. Thenel® values of the circuit are
given byR;=10 kKQ andC;=10 nF respectively. Calculate the following:

» The time constant of this circuit (call this time constamte janhOr ).

* Approximate time it takes for the capacitor to yudharge or discharge.
(The time for the capacitor to fully charge or diamye corresponds to the
time it takes for the capacitor voltage to reachrapimately 99% of its
final value.)

R1=
10 kQ

- v v v »
-

+

+
Scope 25V Scope
Ch?nnetl 1 Vs ”” 2- . c= _1_ y Crgantnelt2
npu -2.5 c1 utpu
Signal 10 nfF 7T Signal

; LPF - .
L

Figure 1. First-ordeRC circuit connected like how-PassFilter (LPF).

Lab Experiment 1.a: Construct the first-ordeRC circuit shown in Fig. 1 using
R;=10 kQ andC;=10 nF. Using the digitdlCR meter, measure and record the
actual values of the resistor and the capacitod useyour circuit. Use these
actual element values measured to recalculateirtiee dconstantr (call this time
constantraca OF 7). Use the function generator available on yourchetio supply
the periodic rectangular pulse train to the circiet the function generator to
provide the rectangular pulse train representeth witurce voltagéd/s(t) which
oscillates betweer2.5 V and 2.5 V (i.e., 5 V peak-to-peak) with fregay of
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oscillationf =1/T =500 Hertz (Hz). (Note thafT=f 1 is the period of the

periodic pulse train). Use the oscilloscope to rurthe source voltageés(t) and
the capacitor voltag¥c;(t) simultaneously. Do the following:

Measure the approximate value of the time constaftthe circuit from
the Vci(t) waveform (call this time constambeasuredOr Tm). Note that over
eachT/2 time interval during which the source voltagst) is either-2.5
V or 2.5V, assuming=0 to be the starting time of each one of th&&
intervals, the capacitor voltag€ci(t) varies with respect to time as
Ve, (t) =V, (0)e™™ +V,,(00)(1- € ') whereVc;(0) is its initial value and
Vca(e) is its final value. So, for example, the capacitoltage at = 7, is
approximately given by, (t = t,,) 00.368/,(0) + 0.632/,( .)Refer to
the middle portion of th&/c,(t) sketch shown in Fig. 2 for whic¥;(0) =
-2.5 V andVci(») = 2.5 V. Substituting these values yidlg(7,) = 660
mV. Using this portion of th&/c;(t) waveform seen on the oscilloscope
display, measure and record the approximate vdltieectime constant,,
using theVey(7m) voltage point on th¥cy(t) waveform.
Calculate the percentage error in thevalue measured using
Ta - Tm
T

a

CompareT/2 (or 1(2f)) with ~57,, and comment on the two waveforms
(Vs(t) andVca(t)) observed simultaneously on the scope. (HDdes the
capacitor have enough time to fully charge ovettitne intervalT/27?)

% errorin r,, value= x100

Vc1(t> ST)EVm(OO) =25V

Figure 2. The capacitor voltajye;(t) versus time.
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Pre-lab Assignment 1.b (Optional):For theRC circuit shown in Fig. 3 excited
by a periodic voltage signals with period T, show that whenl/2 << 7, this

circuit acts like anntegrator, i.e., the output voltage signdt; is approximately
proportional to the integral of the input voltaggnal Vs. (Note thatr = RC))

R
Input +
signal i Output
Vs Ci A~ Y signal
(Period T)
TI2<< 7 —

1

Figure 3.RCcircuit as an integrator.

Lab Experiment 1.b: In Fig. 1, change the source frequency o5 kHz and 50

kHz. ObserveVs(t) and V¢4 (t) voltage waveforms simultaneously for each case.

Sketch and label the waveforms. Based on your whSens, explain what
happens and why this circuit is referred to as w-Rass Filter (LPF).

Pre-lab Assignment 1.c (Optional):For theRC circuit shown in Fig. 4 excited
by a periodic voltage signals with period T, show that whe/2 >> 7, this
circuit acts like a differentiator, i.e., the output voltage signaVm Iis
approximately proportional to the derivative of thput voltage signaVs. (Note
that7=RC)

Ci
| £
I\ +
Input
signal
Vs R Vr1 25527
(Period T)
TI2>> ¢ —

1

Figure 4.RCcircuit as an differentiator.

- p. 55 of 66-



Lab Experiment 1.c: Switch the places of the 10 nF capacitor and @@ ésistor

as shown in Fig. 5 and use the oscilloscope torebsthe voltage waveforms
Vs(t) and Vgi(t) simultaneously for each one of the above sourequencies
which are 500 Hz, 5 kHz, and 50 kHz. Sketch anell#iire waveforms. Explain
why this circuit is referred to as a High-Passdfi(HPF).

C1=
10 nF
| £

-l
-«

Scope
Channel 1
Input
Signal

Vsm

-
<

I\

.
.

25V
R1=

10 kQ

HPF

-25V

+

vR1

Scope
Channel 2
Output
Signal

.
>

L

Figure 5. First-ordeRC circuit connected like Bigh-PassFilter (HPF).

Pre-lab_Assignment 1.d:For the first-orderRC circuit considered in Fig. 1,

introduce a second resistes=2.2 kQ in parallel with resistoR;=10 kQ as shown
in Fig. 6. Calculate the value of the new time ¢anzye.ja, Or 7, for this circuit

and the approximate time it takes for the capatgdully charqehor discharge.

R2=
2.2 kQ

<
-

Scope
Channel 1
Input
Signal

+

vs (I

<
-

R=
a5y 10 kQ
25V Ci= —
- 10 nF 7]
LPF

+

~ Ve

»
-

Scope
Channel 2
Output
Signal

»
-

Figure 6. First-ordeRC circuit connected like how-PassFilter (LPF).
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Lab Experiment 1.d: For the first-ordeRC circuit shown in Fig. 6, measure and
record the actual value of the 2.2 kresistor using the digitalCR meter.
Recalculate the actual time constanusing the actual element values measured.
Set the source frequency to 500 Hz. Set-up thdlesobpe connections so that
both Vg(t) andVcy(t) waveforms appear on the screen simultaneoushitc8lkand
label the waveforms.

* Measure the time constant using theVci(7) voltage point on th&/c4(t)

waveform seen on the oscilloscope display.
» Calculate the percentage error in thevalue measured using

Ta_rm

T

% errorin r,, value= x100

a

Pre-lab_Assignment 1.e:For the first-orderRC circuit considered in Fig. 1,
introduce a second capacitGs=100 nF in parallel withC;=10 nF as shown in
Fig. 7. Calculate the new time constanfeian Or 7, of the circuit and the
approximate time it takes for the two capacitorfutlty charge or discharge.

R1=
10 kQ
- \/ \/ \/ >
+ +

Scope Scope

crael 1 vt @ v e Loge L o
-25V
Signal 10 nF 7T 100 nF 7T 2 Signal
-— LPF — -

Figure 7. First-ordeRC circuit connected like how-PassFilter (LPF).

Lab Experiment 1.e: Construct the first-ordeRC circuit shown in Fig. 7.
Measure and record the actual value of the 100ap&aitor using the digitdlCR
meter. Recalculate the actual time constgnusing the actual element values
measured. Set the source frequency to 50 Hz. Obdawth Vs(t) and Veiot)
waveforms on the oscilloscope display simultangouSketch and label the
waveforms.

* Measure the time constant using theVciA7) voltage point on th&ciA(t)

waveform seen on the oscilloscope display.
» Calculate the percentage error in thevalue measured using

Ta_rm

T

a

% errorin r,, value= x100
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PART 2: Sinusoidal Excitation of First-Order RC Circuits (Optional)

Pre-lab Assignment 2:Replace the rectangular pulse source inRBecircuit in
Fig. 1 with a sinusoidal source as shown in FigN8te that thecutoff frequency
of this first-order LPF circuit is defined as tlrequency at which the peak value

of the output signal |z{1/\/§) (or ~0.707) times the peak value of the inpuhaig
and is given byf, =1/(27RC)=1/(27r) (in Hz). This means that a sinusoidal

input signalVs with an oscillation frequency below this cutoféfiuency yields an
output signal which is very close to the input sig(that is the input signals
applied at the input port of the circuit resultsam output signal at the output port
of the circuit which is almost identical to the utpsignal) whereas a sinusoidal
input signalVs with frequency above this cutoff frequency yieddsoutput signal
which has a much smaller peak value compared t@#adk value of the input
signal. Calculate the cutoff frequency of this LBRBm the element values
provided in the Fig. 8 usind, =1/(27RC).

Lab_Experiment 2.a: Construct the circuit shown in Fig. 8. Observe hbot
voltagesVs(t) andVc;(t) on the scope simultaneously for 500 Hz, 5 kHzl 5@
kHz. Sketch and label the waveforms. Comment orr wiservations based on
the cutoff frequency calculated in the pre-lab grssient.

R1=
10 kQ
- " T >
Scope 25V Scope
Channel 1 V. . C.= Channel 2
S 1 N
Input r\/ 25V 10 nF A1~ V1 Output
Signal Signal

Figure 8. First-ordePF RC circuit excited by a sinusoidal source.

Lab _Experiment 2.b: Construct the circuit shown in Fig. 9. Observehbot
voltagesVs(t) andVgi(t) on the scope simultaneously for 500 Hz, 5 kH- &6
kHz. Sketch and label the waveforms. Comment orr yiservations based on
the cutoff frequency calculated in the pre-lab grssient.
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10 nF
€
< " - >
Scope 2.5V R,= Scope
Channel 1 Vs r\J 25V 10 1kQ VR1  Channel 2

HPF -

A

Y

Figure 9. First-ordeHPF RC circuit excited by a sinusoidal source.

[ll. Discussions & Conclusion

1. In this section, discuss the various aspects ofeEmmgnt #8 and make some
conclusions. In your write-up, you should at lezddiress the following questions:

2. What was the objective of this experiment and asobjective achieved?

3. Did any of your measurements have more than 5% ®k¢hat was your maximum
% error?

4. What sources of error may have contributed to tfierdnces between the theoretical
values and the measured values?

5. Other comments relevant to this experiment.
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Transient Response of First-OrderRL and
Second-OrderRLC Circuits

|. Objective

In this experiment, the students will make measer@and observations on the
transient step response of simBleandRLC circuits.

Il. Procedure

PART 1: Step Excitation of First-Order RL Circuits

Pre-lab_Assignment 1.a:A first-order inductive circuit is excited by arpmlic
pulse train as shown in Fig. 1. The values of fleenents are given big;=1 kQ
and L¢;i=15 mH respectively. Assuming both the source dadinductor to be
ideal (i.e.,Rs = 0 andR; = 0), calculate the time constant (designate i -
lab O Tp) of this circuit. Approximately how long does #@kie for the inductor of
this circuit to fully charge or discharge undergmikxcitations?Fully charge or
discharge means the time it takes for the inductiorent to reach approximately
99% of its final value.)

Low-frequency equivalent circuit

Internal resistance for a practical inductor coil
of the
function generator
Ligea=15 mH
Ideal
A inductor B
coil
< | Leoi=15 mH J

L ]

Practical
inductor B

+ coil +
Scope 25V Scope
Channell . : _ Channel2
Input S J-“-I- -2.5V Ri=1kQ Vi Output
Signal — Signal

LPF
T :

A

Figure 1. First-ordeRL circuit connected like how-PassFilter (LPF). (Note
that terminals Aand B are the same.)
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Lab Experiment 1.a: Construct the first-ordeRL circuit shown in Fig. 1 using

Ri=1 kQ andLc=15 mH. Do the following:

Using the digitalLCR meter, measure and record the actual valud®; of
andLcj You use to build your circuit. Note that a praatimductor coil is
not an ideal inductor. For low-frequency applicaipa practical inductor
can be represented in terms of an equivalent timmadel which consists
of an ideal inductor with valugjgea=15 mH in series with the internal
resistancdR,; of the inductor (see Fig. 1). Using th€R meter, measure
and record the internal resistanBg,;, of the inductor coil.

Also, assume the internal source resistance ofuthetion generatoRs to
be 50Q.

Use the actual element values measured to rectddhia time constant of
this circuit (designate this time constantrag,, or 7).

Next, use the function generator available on yeemch to supply the
periodic rectangular pulse train to the circuitt 8 function generator to
provide the rectangular pulse train representedh whe source voltage
Vs(t) which oscillates betweer2.5 V and 2.5 V with frequency of
oscillationf = YT = 1 kHz. Use the two channels of the oscillosctpe
monitor the source voltagés(t) and the resistor voltagéz(t) across the
resistor simultaneously.

Measure the approximate value of the time constasftthe circuit from
the Vri(t) waveform (call this time constamheasuredOr 7m). NOte that over
eachT/2 time interval during which the source voltagst) is either-2.5
V or 2.5 V, assuming=0 to be the starting time of each one of th&&
intervals, the resistor voltag¥ri(t) varies with respect to time as
Ve, (t) =V, (07)e™V ™ +V (0)(1- €7V ) where Vry(0") is its initial value
andVg () is its final value. So, for example, the resistoltage at = 7,

is approximately given by, (t =z,,) 00.368/,(0") + 0.632/,(«) . Refer
to the middle portion of th&/ri(t) sketch shown in Fig. 2 for which
Vri(0) = 2.5 V initial andVri(0) = 2.5 V final voltage values are
indicated. Substituting these values vyi#lgh(7,) = 660 mV. Using this
portion of theVgs(t) waveform seen on the oscilloscope display, measur
and record the approximate value of the time congtausing theVg(7m)
voltage point on th&r(t) waveform.

Calculate the percentage error in thevalue measured using

r,—T,

T

a

% errorin 7,, value= x100

CompareT/2 (or 1(2f)) with ~57,, and comment on the two waveforms
(Vs(t) and Vgy(t)) observed simultaneously on the scope. (Hides the
inductor have enough time to fully charge overtthree intervalT/27?)
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VR1(t)5 Vei(t> 59)~Vri(e)

Figure 2. The resistor voltadé (t) versus time.

Pre-lab Assignment 1.b (Optional):For theRL circuit shown in Fig. 3 excited
by a periodic voltage signals with period T, show that whe/2 << r, this
circuit acts like anntegrator, i.e., the output voltage signsk, is approximately
proportional to the integral of the input voltaggnal Vs. (Note thatr = L¢oi/Ry.)

Lcoil

Ideal
inductor

Input coil +
vo(;age v Output
s Rl voltage
(Period T) g

TI2<< 7t

Figure 3.RL circuit as an integrator.

Lab Experiment 1.b: Repeat Lab Experiment 1l.a for the following source
frequenciesf = 5 kHz, 30 kHz, 50 kHz, and 100 kHz. ObseXgtt) and Vg (t)
waveforms simultaneously for each case. Sketch label the waveforms.

Explain what happens.
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Pre-lab Assignment 1.c (Optional):For theRL circuit shown in Fig. 4 excited
by a periodic voltage signals with period T, show that whe/2 >> 7, this

circuit acts like aifferentiator, i.e., the output voltage signdl is approximately
proportional to the derivative of the input voltaggnal Vs. (Note thatr =

I—coillRl-)

R4
Input +
voltage Ideal Output
Vs inductor VL  voltage
(Pe riod T) Leoil

Figure 4.RL circuit as an differentiator.

Lab Experiment 1.c: Switchthe places of the 15 mH inductor andQ fesistor
as shown in Fig. 5. Use the two oscilloscope chiante observe the voltage
waveformsVs(t) andV 1(t) simultaneously at the same frequencies used In La
Experiments 1.a and 1.b. Sketch and label the wawef Explain what this
circuit does and why.

Low-frequency equivalent circuit

Internal resistance for a practical inductor coil
of the
function generator
Ligea=15 mH
Rcoil=?
Ideal
B /ndugtor B'
P coil
2 \
Rs=50 Q Ri=1 kQ >
> B
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chamelt v, ()] ) 23V Practical 4 €, Ghannel2
Input 25V inductor coil L1 Output
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A HPF
B'

| = ‘
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Figure 5. First-ordeRL circuit connected like Bligh-PassFilter (HPF).
PART 2: Step Excitation of Second-OrdeRLC Circuits

Lab Experiment 2: Construct the second-order sedIsC circuit shown in Fig.
6 usingL¢y=15 mH andC;=10 nF. Using the digitalCR meter, measure and
record the actual value of the capacitor used. dJtie actual element values of
the circuit measured, do the following:
* Find the characteristic equation of this circuibt®l that the characteristic
equation of this second-order sef®isC circuit is given by
"+ (Rs + Ry )S/ Leoi +]/(|—coi|C1) =0
* Find the roots of the characteristic equation aedfy that the transient
response of this circuit will be an under-dampegpomse.
» Calculate the damping frequendy of the under-damped response by
using the following expression:
fq = %T\lag -a® = %T\/l/(l—coilcl)_ [(Rs + Ry )/(2Lcoil )]2
Next, set the function generator to provide theamegular pulse train represented
with the source voltag¥®s(t) which oscillates between2.5 V and 2.5 V with
frequency of oscillatiorf = T = 250 Hz. Use the oscilloscope channels to
observe the two voltage wavefornus(t) andVci(t) simultaneously. Sketch and
label the waveforms. Explain the difference betwt#envoltage wavefornvc(t)
observed in this circuit versus in a first-ord®C circuit (like the one used in Lab
Experiment # 8). Measure the damping frequemg¢yf the under-damped
oscillations observed in thé:;(t) waveform by measuring the damping periad
and usingf, =1T,. Calculate the percentage error in the measurie \od fg.

Repeat this experiment at 5 kHz, 10 kHz, and 20 &htt observe the two voltage
waveforms on the oscilloscope simultaneously imezase. Sketch and label the
waveforms. Provide an explanation as to what happernhe two waveforms as
the source frequency increases.

Low-frequency equivalent circuit
Internal resistance for a practical inductor coil

of the
function generator
% Lideal=1 5mH
Rcoil=?

inductor B

A :
_ coil
< | Leoi=15 mH

Practical

A inductor B
coil +

Scope
Channel2
Output
Signal

Scope
Channell g

Input

Signal

C=10nF < Vi

Figure 6. Second-order serie&C circuit.
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Ill. Discussions & Conclusion

1. In this section, discuss the various aspects ofeEmgent #9 and make some
conclusions. In your write-up, you should at leaddress the following questions:

2. What was the objective of this experiment and vaasobjective achieved?

3. Explain how the output resistance of the functiemerator affected some of the
waveforms observed on the scope and why. Why waseffect not observed in
the first-ordeiRC experiment (i.e., Experiment # 8)7?

4. Did any of your measurements have more than 5%r2rWhat was your
maximum % error?

5. What sources of error may have contributed to tieerdnces between the
theoretical values and the measured values?

6. Other comments relevant to this experiment.
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