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Lab-Volt License Agreement

By using the software in this package, you are agreeing to
become bound by the terms of this License Agreement,
Limited Warranty, and Disclaimer.

This License Agreement constitutes the complete
agreement between you and Lab-Volt. If you do not agree
to the terms of this agreement, do not use the software.
Promptly return the F.A.C.E.T. Resources on Multimedia
(CD-ROM) compact discs and all other materials that are
part of Lab-Volt's F.A.C.E.T. product within ten days to
Lab-Volt for a full refund or credit.

1. License Grant. In consideration of payment of the license
fee, which is part of the price you paid for this Lab-Volt
product, Lab-Volt, as Licensor, grants to you, the Licensee, a
nonexclusive, nontransferable license to use this copy of the
CD-ROM software with the corresponding F.A.C.E.T. Lab-
Volt reserves all rights not expressly granted to the Licensee.

2. Ownership. As the Licensee, you own the physical media
on which the CD-ROM is originally or subsequently recorded
or fixed, but Lab-Volt retains title to and ownership of the
software programs recorded on the original compact disc and
any subsequent copies of the CD-ROM, regardless of the
form or media in or on which the original and other copies
may exist. This license is not a sale of the original software
program of Lab-Volt's CD-ROM or any portion or copy of it.

3. Copy Restrictions. The CD-ROM software and the
accompanying materials are copyrighted and contain
proprietary information and trade secrets of Lab-Volt.
Unauthorized copying of the CD-ROM even if modified,
merged, or included with other software or with written
materials is expressly forbidden. You may be held legally
responsible for any infringement of Lab-Volt's intellectual
property rights that is caused or encouraged by your failure to
abide by the terms of this agreement. You may make copies
of the CD-ROM solely for backup purposes provided the
copyright notice is reproduced in its entirety on the backup
copy.

4. Permitted Uses. This CD-ROM, Instructor's Guide, and all
accompanying documentation is licensed to you, the
Licensee, and may not be transferred to any third party for
any length of time without the prior written consent of Lab-
Volt. You may not modify, adapt, translate, reverse engineer,
decompile, disassemble, or create derivative works based on
the Lab-Volt product without the prior written permission of
Lab-Volt. Written materials provided to you may not be
modified, adapted, translated, or used to create derivative
works without the prior written consent of Lab-Volt.

5. Termination. This agreement is effective until terminated.
It will terminate automatically without notice from Lab-Volt
if you fail to comply with any provisions contained herein.
Upon termination you shall destroy the written materials,
Lab-Volt's CD-ROM software, and all copies of them, in part
or in whole, including modified copies, if any.

6. Registration. Lab-Volt may from time to time update the
CD-ROM. Updates can be made available to you only if a
properly signed registration card is filed with Lab-Volt or an
authorized registration card recipient.

7. Miscellaneous. This agreement is governed by the laws of
the State of New Jersey.

Limited Warranty and Disclaimer

This CD-ROM software has been designed to assure correct
operation when used in the manner and within the limits
described in this Instructor's Guide. As a highly advanced
software product, it is quite complex; thus, it is possible that if
it is used in hardware configurations with characteristics other
than those specified in this Instructor's Guide or in
environments with nonspecified, unusual, or extensive other
software products, problems may be encountered by a user. In
such cases, Lab-Volt will make reasonable efforts to assist the
user to properly operate the CD-ROM but without
guaranteeing its proper performance in any hardware or
software environment other than as described in this
Instructor's Guide.

This CD-ROM software is warranted to conform to the
descriptions of its functions and performance as outlined in
this Instructor's Guide. Upon proper notification and within a
period of one year from the date of installation and/or
customer acceptance, Lab-Volt, at its sole and exclusive
option, will remedy any nonconformity or replace any
defective compact disc free of charge. Any substantial
revisions of this product, made for purposes of correcting
software deficiencies within the warranty period, will be
made available, also on a licensed basis, to registered owners
free of charge. Warranty support for this product is limited, in
all cases, to software errors. Errors caused by hardware
malfunctions or the use of nonspecified hardware or other
software are not covered.

LICENSOR MAKES NO OTHER WARRANTIES OF ANY KIND
CONCERNING THIS PRODUCT, INCLUDING WARRANTIES
OR MERCHANTABILITY OR OF FITNESS FOR A
PARTICULAR PURPOSE. LICENSOR DISCLAIMS ALL
OBLIGATIONS AND LIABILITIES ON THE PART OF
LICENSOR FOR DAMAGES, INCLUDING BUT NOT LIMITED
TO SPECIAL OR CONSEQUENTIAL DAMAGES ARISING OUT
OF OR IN CONNECTION WITH THE USE OF THE SOFTWARE
PRODUCT LICENSED UNDER THIS AGREEMENT.

Questions concerning this agreement and warranty and all
requests for product repairs should be directed to the Lab-Volt
field representative in your area.

LAB-VOLT SYSTEMS, INC.

P.O. Box 686

Farmingdale, NJ 07727

Attention: Program Development

Phone: (732) 938-2000 or (800) LAB-VOLT

Fax: (732) 774-8573

Technical Support: (800) 522-4436

Technical Support E-Mail: techsupport@labvolt.com
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






DC Fundamentals Unit 1 — Trainer Familiarization

UNIT 1 — TRAINER FAMILIARIZATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to set up the F.A.C.E.T. system by using standard
lab procedures.

UNIT FUNDAMENTALS

BAsE LT

The first course in the F.A.C.E.T. system, or the Fault Assisted Circuits for Electronics Training
system, consists of a base unit and a plug-in board of dc circuits called DC FUNDAMENTALS.
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The base unit has built-in variable +10 Vdc and -10 Vdc regulated power supplies.



DC Fundamentals Unit 1 — Trainer Familiarization
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Additional protective circuitswithin the base unit guard against over voltage, over current, and
reverse voltage in any circuit board; connected to the base unit.
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Circuit boards are inserted into the base unit through the use of a Zero Insertion Force (ZIF)

connector.
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When open, the ZIF connector allows circuit boards to be inserted without any friction.

ZIF COMMECTOR
LOCKED IM FLACE i
CIRCUIT BOARD '-—:|

ZIF oo,
BASE UNIT COMMEC TOR F.ﬂ’_‘\.j :

When closed, the ZIF connector provides power and other electrical signals to the circuit board.



DC Fundamentals Unit 1 — Trainer Familiarization

The base unit contains twenty circuit modification (CM) read relays that modify an existing
circuit. The base unit also contains twelve fault read relays that insert a fault in a circuit. These
circuit faults, used in the troubleshooting unit, provide student training and assessment.
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The schematic of each circuit on your trainer is drawn on the circuit board. Standard industrial
components are used on the circuit boards.

NEW TERMS AND WORDS

dc circuits - direct current circuits; a flow of electrons in one direction along an electrical path.
circuits - paths for current to flow.

circuit board - specially constructed board containing many electrical circuits.

power sources - devices that supply electricity to an electrical circuit; also called power supplies.
cells - basic sources of power that produce electricity through chemical action.

schematic - drawing that uses standard symbols to show electrical paths and components.
symbol - a simple representative drawing of a component.

crowbar - a circuit that rapidly shorts the output voltage to ground.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board
Multimeter
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DC Fundamentals Unit 1 — Trainer Familiarization

Exercise 1 — Instrument Familiarization

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to activate a power source on the
F.A.C.E.T. system. You will verify your results by measuring the output voltage of the power
source with a multimeter.

DISCUSSION

Multimeters measure electrical quantities of current: resistance, and voltage.

An analog multimeter has numbers printed on a scale that, in conjunction with a range
switch, covers the measurement values possible with the multimeter.

A digital multimeter directly displays the value measured.

Digital multimeters are recommended for this exercise.



DC Fundamentals Unit 1 — Trainer Familiarization

NOTES




DC Fundamentals Unit 1 — Trainer Familiarization

Exercise 2 - F.A.C.E.T. Base Unit Familiarization

EXERCISE OBJECTIVE

When you have completed this exercise, you will discover the operating features of the base unit
and DC FUNDAMENTALS circuit board. You will verify your results with an operational test.

DISCUSSION

The base unit contains CM and fault read relays, power supply controls, LEDs (light-emitting
diodes), and a ZIF connector that accepts circuit boards.

Power is applied to the base unit when the AC cord is plugged in and the power switch is on.
The base unit's power switch should be in the off position when inserting circuit boards.

On the base unit are LEDs indicating the presence of the plus and minus 15 Vdc internal
supplies. The LEDs are located above the control knobs of the negative and positive variable
supplies.

When power is applied to the base unit, the LEDs illuminate.

One or both LEDs will be off should a base unit and protective circuit activate (to crowbar
the base unit's power source).

To remove the crowbar condition on a base unit, correct the problem, and turn the POWER
switch on.

Each of the internal variable power supplies are adjusted with COARSE and FINE knobs
(concentric shaft) located on either end of the base unit.

The left controls adjust the negative variable supply between 0 Vdc and -10 Vdc.

The right controls adjust the positive variable supply between 0 Vdc and +10 Vdc.

There are twenty computer-controlled CM read relays, numbered through 20, in the base
unit.

Initially, CMs are made inactive by the computer.

When a CM is activated, a selected circuit located on the circuit board is modified.

There are twelve computer-controlled fault read relays in the base unit.

Initially, all faults are made inactive by the computer.

Each fault, when activated, inserts a malfunction in a selected circuit located on the circuit
board.
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Exercise 3 — DC Board Familiarization

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to use specific trainer functions on the
DC FUNDAMENTALS circuit board. You will verify your results with voltage and current
measurements.

DISCUSSION

The DC FUNDAMENTALS circuit board is divided into 10 training areas called circuit
blocks.

Each circuit block consists of circuits designed to introduce the student to electronic
principles

Each circuit block has a drawing or schematic that shows how every component in the circuit
block is electrically connected.

Test points are located at each end of the circuit blocks and accept test leads directly.
Terminal posts and alligator clips are provided for those test leads that do not readily
connect.

Dashed lines between two test points show that no electrical connection exists. A two-post
connector can be used to complete the connection.

Each circuit block has a title to identify the circuit type and function.

Most current measurements in this volume will be in the milliampere range.
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NOTES
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DC Fundamentals Unit 2 — Safety

UNIT 2 — SAFETY

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify safe working conditions in a typical
electronic laboratory by using the illustrations and information presented in this unit.

UNIT FUNDAMENTALS

Safety is everyone's responsibility. Everyone must cooperate to create the safest possible
working conditions.

Where your personal life and good health are concerned, safety becomes your responsibility.
Safety rules are common sense ideas that help prevent injury. When you work with electricity,

treat it with respect. If electricity is properly used, it will work for you. Abuse it and you may
have trouble!

NEW TERMS AND WORDS

None

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board

11
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NOTES
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DC Fundamentals Unit 2 — Safety

Exercise 1 — Basic Safety Rules

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to employ safety in the workplace by
using information and examples found in this exercise.

DISCUSSION

e Rules to avoid injury should be remembered.
e You cause safety, it doesn’t just happen.

e Machinery and equipment can be dangerous.
e Always be interested in working safety.

NOTES
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DC Fundamentals Unit 2 — Safety

Exercise 2 — Electrical Safety Rules

EXERCISE OBJECTIVE

When you have completed this exercise, you should be able to avoid electrical shock in the
workplace by using information and examples found in this exercise.

DISCUSSION

e The sensation of current flow through the body is called electric shock.

e F.A.C.E.T. trainers have current and voltage levels that, under normal circumstances, are
harmless to a normal, healthy person.

e A surprise shock can cause involuntary muscle spasms, which can result in secondary
injuries.

e Know electricity and respect it.

NOTES
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DC Fundamentals Unit 3 — Electronic Quantities

UNIT 3 — ELECTRONIC QUANTITIES

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe voltage, current, and resistance by
using simple electronic circuits.

UNIT FUNDAMENTALS

We can make and use electricity because there is a basic force in nature called electrostatic force.
The force is responsible for charge in an atom.

All atoms are made from three basic things: protons, electrons, and neutrons.
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Protons and neutrons are at the center of the atom (the nucleus). Protons (P) give the nucleus a
positive charge. Neutrons (N), as the name suggests, are neutral (possess neither positive nor
negative charge).

Electrons (E) possess a negative charge. The amount of charge an electron has is an important
part of the description of electricity. The unit of measure for charge is the coulomb.

Because the charge of a single electron is very tiny, a coulomb includes the combined charge of
6,280,000,000,000,000,000 electrons.

However, the ampere (A), not the coulomb, is the most common measure of electricity (electron
flow). One ampere is the flow of one coulomb of electrons in one second past a given point. This
flow is commonly called current (I).

15
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LIKE CHARGES REPEL EACH OTHER

A charge has the ability to act on another charge with either attraction or repulsion.

Two charges of the same polarity repel each other.
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Two charges of unlike polarity attract each other.

NEW TERMS AND WORDS

charge - a type of electric energy. The basic electric charges are the negative charge of the
electron and the positive charge of the proton.

atom - a basic building block of nature consisting of electrons, protons, and neutrons. Each
element in the universe is formed from its own type of atom. There are over one hundred
different types of atoms.

protons - positively charged subatomic particle.

electrons - negatively charged subatomic particles.

neutrons - subatomic particles that possess a neutral charge.

coulomb - the unit of measure for charge (equal to the combined charge of 6.28 E18 electrons).
ampere (A) - the unit of measure for current. One ampere is the movement of one coulomb past a
given point in one second.

current (I) - a flow of electrons (therefore, the flow, or movement, of a charge).

electromotive force (emf) - the force that causes current to flow.

volts (V) - the unit of measure for voltage (and, therefore, emf). An electromotive force of one
volt produces a current flow of one ampere through a resistance of one ohm.

voltage (E) - another term for electromotive force.

potential difference - a difference in charge between two points. Potential difference is measured
in volts.

resistance (R) - the opposition to current flow in an electric circuit. When current flows through
a resistance of one ohm, there is a potential difference of one volt across the resistor.

ohm - the unit of measure for resistance. 1000 ohms is one kilohm.

16
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Unit 3 — Electronic Quantities

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board
Multimeter

NOTES
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DC Fundamentals Unit 3 — Electronic Quantities

Exercise 1 — Circuit Voltages

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe and measure voltage in a
simple circuit by using a multimeter. You will verify your results with information found in this
exercise.

EXERCISE DISCUSSION

e A force must be applied to an electron to cause the electron to move. This force is
electromotive force (emf).

e The negative terminal of a battery has an excess of electrons with respect to the positive
terminal.

e One volt of electromotive force moves a charge of one coulomb through one ohm of
resistance in one second.

NOTES
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Exercise 2 — Circuit Current

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe and measure current by
using a simple circuit. You will verify your results with a multimeter.

DISCUSSION

Current is the flow or movement of electrons through a conductor from one point to another.
Electrons at the negative terminal of a battery are attracted to the positive terminal.

Total current in an electrical circuit is determined by the voltage applied to the circuit and the
total resistance of the circuit.

Current is directly related to voltage.

To measure circuit current, an ammeter is placed in series with the circuit.

The unit of measure for current is the ampere.

NOTES
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Exercise 3 — Circuit Resistance

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe and measure resistance by
using a simple circuit. You will verify your results with a multimeter.

DISCUSSION

The amount of voltage needed to cause current flow through a conductor varies with the
physical and electrical properties of the conductor.

The property of the conductor that resists the flow of current is called resistance.

The unit of measure for resistance is the ohm (€2).

One ohm of resistance is present in a conductor when one ampere of current flows under one
volt of potential difference.

Resistors are devices designed to insert a specified amount of resistance into a circuit. There
are four common types of fixed resistors: carbon composite, deposited carbon film, deposited
metal film, and wire wound.

Color bands are used to code the value of resistors.

Conductance has a reciprocal relationship with resistance and measures the lack of
resistance.

The unit of measure for conductance is the siemen (S).

The physical size of a resistor determines how much current can flow through it because
current flow generates friction that causes heat.

The watt is a measure of power.

The physical size of a resistor is a measure of how many watts of power it can dissipate in
the form of heat.

20



DC Fundamentals Unit 3 — Electronic Quantities

NOTES
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DC Fundamentals Unit 4 — DC Power Sources

UNIT 4 — DC POWER SOURCES

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate battery circuits by using the DC
FUNDAMENTALS circuit board.

UNIT FUNDAMENTALS

@

A basic source of electricity with which almost everyone is familiar is the battery. Although
batteries come in many types and sizes, two of the most common types are the storage battery,
used in automobiles, and the dry cell, used in transistor radios and flashlights.

Examples of battery types and voltages are carbon-zinc or alkaline (1.5 Vdc), nickel-cadmium
(1.25 Vdc), and lead-acid (2 to 2.2 Vdc).

A battery is composed of two or more voltaic cells. A cell is one unit consisting of a positive and
negative plate.

A battery is normally composed of two or more cells that are assembled in a single working
package. Cells can be classified as primary or secondary. A primary cell, such as a carbon-zinc
dry cell, cannot be recharged. Secondary cells, such as automobile batteries, can be recharged.

o
o+

When cells or batteries are connected in series (positive to negative), their voltages are added,
and current is the same through each.

IT=h=I

23
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r
-]

1,5 L 1.5V I, Ir=I1+ I

When cells or batteries are connected in parallel (negative to negative and positive to positive),
the current capability of each is added, while the voltage remains the same.

IT=I1 +1I»

NEW TERMS AND WORDS

storage battery - a cell that can be recharged.

dry cell - a cell containing a moist electrolyte that cannot be spilled. The dry cell can be operated
in any position.

voltaic cells - a device made of three interactive materials that generates electricity.

primary cell - a cell that cannot be recharged.

Secondary cells - a cell that can be recharged.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board
Multimeter
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NOTES
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DC Fundamentals Unit 4 — DC Power Sources

Exercise 1 — Series and Parallel Battery Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine voltage by using batteries
connected in series and in parallel. You will verify your results with a voltmeter.

DISCUSSION

When the positive terminal of one cell is connected to the negative terminal of another cell,
the cells are connected in series and form a battery.

The voltage appearing at the two ends of the series of cells is the sum of the individual cell
voltages.

The current flowing through cells in series is the same.

When the positive terminal of one cell is connected to the positive terminal of another cell
and the negative terminals are connected together, the cells are connected in parallel.
When cells are connected in parallel, the voltage remains the same for each cell, but the
current capability of each cell is added to find the total current capability.

Batteries can be connected in series/parallel combinations. Each portion of the circuit (series
and parallel) is simplified prior to determining the total circuit voltage and current.
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DC Fundamentals Unit 4 — DC Power Sources

Exercise 2 — Series-Opposing DC Sources

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine voltage by using series-
opposing power connections. You will verify your results with a voltmeter.

DISCUSSION

e When two cells are connected in series (series-aiding), the total load voltage equals the sum
of the individual cell voltages.

e  When two cells are connected with the voltages opposing each other, the cells are series-
opposing rather than series-aiding.

e The total voltage in a circuit where two cells are connected as series-opposing rather than
series-aiding is the difference between the two individual cell voltages.

NOTES
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DC Fundamentals Unit 5 — Switches and Switching Concepts

UNIT 5 — SWITCHES AND SWITCHING CONCEPTS

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify types of switches and demonstrate
switch circuit operation by using a multimeter and LEDs.

UNIT FUNDAMENTALS

Switches are devices used to close, open, or change the connections in an electric circuit. Open is
the OFF, or break, position, and closed is the ON, or make, position. The switch is usually placed
in series with the voltage source and its load.

In the ON position, the closed switch has very little resistance, allowing maximum current to
flow in the load with very little voltage (typically less than 0.5V) dropped across the switch.

When the switch is OFF, or open, the switch has infinite resistance, no current flows in the
circuit, and there is maximum voltage dropped across the switch.

NEW TERMS AND WORDS

pole - the current-carrying moveable part or parts of a switch that closes and opens an electrical
circuit.

contacts - the current-carrying part of a switch that closes and opens an electrical circuit.

SPST - abbreviation for Single Pole Single Throw switch; switch with two terminals used to
connect one terminal to the other terminal.

DPST - abbreviation for Double Pole Single Throw switch; a switch with four terminals used to
connect one pair of terminals to the other pair of terminals.

SPDT - abbreviation for Single Pole Double Throw switch; switch with three terminals used to
connect one terminal to either of the other two terminals.

DPDT - abbreviation for Double Pole Double Throw switch; a switch with six terminals used to
connect one pair of terminals to either of the other two pairs.

PBNO - abbreviation for PushButton Normally Open; switch whose terminals are connected
when its pushbutton is depressed.

PBNC - abbreviation for PushButton Normally Closed; switch whose terminals are connected
when its pushbutton is not depressed.

EQUIPMENT REQUIRED

F.A.C.E.T base unit
DC FUNDAMENTALS circuit board
Multimeter
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NOTES
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DC Fundamentals Unit 5 — Switches and Switching Concepts

Exercise 1 — Identify Types of Switches

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to identify switch functions by using a
multimeter. You will verify your results with information found in this exercise.

DISCUSSION

All switches contain one or more poles.

A pole consists of one complete set of contacts that opens or closes an electric switch.

A single-pole single-throw switch connects only one point with another.

Double-pole switch controls two circuits or both sides of one circuit.

When the switch contacts make two points with one another, the switch is called a double-
pole single-throw switch.

A double-throw switch controls two circuit loads. Control only one conductor in the circuit
with a single-pole double-throw switch. Use a double-pole double-throw switch to control
two conductors in two circuit loads.

The slide switch has a mechanism that actually slides back and forth on a track, causing the
switch contacts to make or break a circuit connection.

Slide switches are available as single or multiple poles and in normally open or normally
closed configurations.
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DC Fundamentals Unit 5 — Switches and Switching Concepts

Exercise 2 — Switching Concepts

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate basic switch-controlled
circuits by using the trainer. You will use LEDs and a multimeter to verify your results.

DISCUSSION

e A switch is usually placed in a circuit in series between a power or signal source and a load.
e The switch has very little resistance when in a closed position, or ON.
e The switch has infinite resistance when in the open position, or OFF.

NOTES
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DC Fundamentals Unit 6 — Ohm's Law

UNIT 6 — OHM'S LAW

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the relationship of resistance,
current, and voltage by using Ohm's law.

UNIT FUNDAMENTALS
RE WL W% ONE APPEFE I
COF e OF CURRENT < OHE OHM OF
POTENT 1AL ": FESISTRMNLE
DIFFEREMCE | |

Electric potential difference is expressed in volts (V), the rate of electron flow is measured in
amperes (A), and the resistance to electron flow is measured in ohms (Q2).

VOLT (V) - the electric potential difference required to produce one ampere of current in a
circuit having one ohm of resistance.

AMPERE (A) - the current that exists when a potential difference of one volt is applied to a
circuit having one ohm of resistance.

OHM (Q) - the resistance required to limit the current to one ampere when a potential difference
of one volt is applied.

E=1=xFR I = E/F R = E/I

The diagram indicates the Ohm's law relationship between voltage (E), current (I), and
resistance (R). You should use this diagram as an aid in finding E, I, or R when the other two
terms are known.
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Resistance is a physical property that can be predicted and measured against manufactured
values.

| | OLE =AMNCE

MULTIFLY BY
SECOMD DIGIT
FIRST DILIGET

Manufacturers place color bands on the bodies of resistors to indicate their value. These color
bands follow a standard resistor color code, which was discussed in the "Electronic Quantities"
unit.

NEW TERMS AND WORDS

Ohm's law - In any dc electric circuit, the current is directly proportional to the voltage and
inversely proportional to the resistance. In its simplest form, Ohm's law is expressed
mathematically as E = IR (voltage equals current times resistance).

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board
Multimeter
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DC Fundamentals Unit 6 — Ohm's Law

Exercise 1 — Ohm's Law - Circuit Resistance

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine resistance by using Ohm's
law. You will verify your results with a multimeter.

DISCUSSION

e Resistance is a property of an electrical circuit that opposes the flow of current in that circuit.

e In an electrical circuit where the voltage is held constant, the current flow is inversely
proportional to the resistance in the circuit.

e When voltage and current values are known, apply Ohm’s law to determine circuit
resistance.

NOTES
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Exercise 2 - Ohm's Law - Circuit Current

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine current by using Ohm's
law. You will verify your results with a multimeter.

DISCUSSION

e Ohm’s law states that current is directly related to voltage but inversely related to resistance.

NOTES
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Exercise 3 — Ohm's Law - Circuit Voltage

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine voltage by using Ohm's
law. You will verify your results with a multimeter.

DISCUSSION

e Voltage is directly proportional to current when resistance is held constant.
e Ohm’s law can be applied to calculate the voltage across any resistor when the current
through the resistor and the resistance is known.

NOTES
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DC Fundamentals Unit 7 — Series Resistive Circuits

UNIT 7 — SERIES RESISTIVE CIRCUITS

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the values of resistance, current, and
voltage in a series resistive circuit by using Ohm's law.

UNIT FUNDAMENTALS

A series circuit is one in which circuit components, such as resistors, are connected end-to-end to
form a complete path from the voltage source, through the resistors, and back to the voltage
source.

[ COHPLETE
PATH

I.

We call this a series circuit because the components are connected one after another, and there is
only one path for current as it runs through all the parts of the circuit.
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Resistance in series circuits is cumulative. The total resistance equals the sum of the circuit
resistances.

RT=RI+R2+R3
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L

Vg = 1
m |1

I ——

In a series circuit, current is the same through each part of the circuit.

IT=VA/RT
| L,
E “R1
'I-'H; = '-.'EE
11y

In a series circuit, the applied voltage equals the sum of each voltage drop.

VA =VR1+ VR2+ VR3

I

T 1

IR DROF

a1

o

|
LN

In a one-resistor series circuit, all of the applied voltage is dropped across the resistor. The
voltage drop (also commonly referred to as IR drop) has the same polarity as the voltage source:
negative where electrons enter the resistor and positive where electrons leave the resistor.

In this circuit, point A is said to be positive with respect to point B, or point B is negative with
respect to point A.
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i ™
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In most electronic circuits, a reference point is used. This reference may be called a reference
point or with respect to.

In this circuit, if point A is positive with respect to point B, then point B is the circuit reference
point.
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When the circuit has more than one resistor, the same principle applies. The polarity of all
voltages in a series circuit corresponds with the polarity of the current flow.

In this circuit, point A is positive with respect to point B. Point C is positive with respect to point
D. Point A is the most positive point of the circuit. Point D is the most negative point of the
circuit.

NEW TERMS AND WORDS

voltage drop - the amount of voltage across any resistor in a circuit; also called IR drop.
series string - a combination of two or more resistances in series.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board
Multimeter
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DC Fundamentals Unit 7 — Series Resistive Circuits

Exercise 1 — Resistance in a Series Resistive Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the total resistance of
series resistive circuits by using a formula. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e A circuit consisting of two or more components connected end-to-end to form a single path
for current flow is a series circuit.

e The total resistance is the sum of the individual resistances.
¢ In mathematical terms: Rt =R; + Ry + ... Ry (where N represents any integer)

NOTES
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Exercise 2 — Current in a Series Resistive Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the current flow in a series
resistive circuit by using a formula. You will verify your results with a multimeter.

EXERCISE DISCUSSION

Electric current is the flow of electrons between two points in a circuit.

In a series circuit, there is only one current path; therefore, the same current flows through
each resistor.

Current flowing through a resistor generates a voltage drop across the resistor.
When the voltage drop across a resistor is known, Ohm’s law can be used to determine total
current in a series circuit.

NOTES
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Exercise 3 — Voltage in a Series Resistive Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the voltage in a series
resistive circuit by using a formula. You will verify your results with a multimeter.

EXERCISE DISCUSSION

Current flowing through a resistor generates a voltage drop across the resistor.

The voltage drop can be found using Ohm’s law when current and resistance are known.
Voltage drops are symbolized by Vrn, where R, identifies the specific resistor.

In a series circuit, the sum of all the voltage drops equals the applied voltage. Mathematically
this is represented by this equation; Vo= Vg; + Vro + ... Vry

e A reference point must be established when measuring voltage drop.

NOTES
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DC Fundamentals

Unit 8 — Parallel Resistive Circuits

UNIT 8 — PARALLEL RESISTIVE CIRCUITS

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine resistance, current, and voltage in a
parallel resistive circuit by using a formula.

UNIT FUNDAMENTALS

e A parallel circuit is a circuit in which two or more components are connected across a

voltage source.

e The major difference between series and parallel circuits is the path current takes.

e In a series circuit, the same current flows through all the components in the string. The
current through each component is identical.

e In a parallel circuit, each parallel branch provides a separate path for current flow. The
current through each branch need not be identical to any other branch current.

YOLTAGE #—
SOURCE
1@ vao

A parallel circuit with two resistors is shown. The voltage source is common to (across) both

resistors.

- ﬂ___ﬂ-‘:_
I =1 ]
YOLTRAGE —i— = &~ B = Rz
SOLURCE I ‘R ,_-9' - )
K Ve —— 1 LEBEG = 1Faen

With S1 open, R1 provides a 1 kQ load to the voltage source. Use Ohm's law to find current

through R1 (Ir1 ):

IR1 = VR /R1=10/1000=0.01A =10 mA
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Unit 8 — Parallel Resistive Circuits

VOL TRGE
COURCE — "1 5 =
g Ve —— . LEERn 1BEEN

When S1 is closed, a second 1 kQ resistor, R2, is connected in parallel with R1 to provide an
additional path (IR») for current. Because R2 is connected across the voltage source in the same

way as R1, the voltage source causes current to flow through R2.
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In a parallel circuit, total current (IT) equals the sum of the branch currents.

With two current paths, the total current (IT) supplied by the source is the sum of the two branch

currents (IT=1Ir1 + IR2).
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Total circuit resistance equals the voltage source divided by total circuit current. To calculate

total resistance, apply the product-over-sum formula.
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NEW TERMS AND WORDS

parallel circuit - a circuit with two or more components connected across one voltage source.

product-over-sum - mathematical method used to find equivalent circuit resistance in a parallel
circuit with two branches.

reciprocal method - a mathematical method used to find equivalent circuit resistance in a parallel
circuit with more than two branches.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DC FUNDAMENTALS circuit board
Multimeter

NOTES
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Exercise 1 — Resistance in a Parallel Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the equivalent resistance
in a parallel resistive circuit by using a formula. You will verify your results with a multimeter.

EXERCISE DISCUSSION

In a parallel circuit, the equivalent resistance is less than the resistance of the lowest branch.
In a parallel circuit, the total current is larger than the current flowing through any single
branch.

Use the product-over-sum method to find the equivalent resistance (Rg) of a two-resistor
parallel circuit:

Rg = (R1 x R2)/(R1 + R2)

Total resistance of a circuit consisting of more than two parallel resistors can be found by
taking the inverse of the sum of the reciprocals.

Rg=1/(1/R1 + 1/R2 + ... 1/RN)

The reciprocal of resistance is conductance.

NOTES
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Exercise 2 — Voltage/Current in a Parallel Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine voltage and current flow
in a parallel circuit by using a formula. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e In a parallel circuit, the voltage source is applied across each branch and is common to all
branches.

e Because the voltage across each branch is the same as the voltage source, the branch current
can be determined using Ohm’s law.

e Parallel circuits provide multiple paths (branches) for current; therefore, the sum of the
branch currents equals the total circuit current.

NOTES
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DC Fundamentals Unit 9 — Series/Parallel Resistive Circuits

UNIT 9 — SERIES/PARALLEL RESISTIVE CIRCUITS

UNIT OBJECTIVE

At the completion of this unit, you will be able to find values for resistance, voltage, and current
in a series/parallel resistive circuit.

UNIT FUNDAMENTALS

The rules for evaluating resistance, voltage, and current in a series/parallel circuit are a
combination of the rules you used to evaluate series and parallel circuits.

1,
. 1
1 ;i: ]

A series/parallel circuit is shown. R1 is the series element of the circuit; R2 and R3 are the
parallel elements (RE). R is the combined resistance of R1, R2, and R3.

R1: series element

R2 and R3: parallel elements
RE: combined R2 and R3 value

RT: combined R1 and R value
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—

Total circuit current flows through series element R1. Total current divides between parallel
elements R2 and R3.

IT and IR | are identical.

IR 1 divides between R2 and R3 based on their values.

IT=IR1 =1IR2 + IRr3.

o £
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The voltage across series elements need not be identical. Voltages across each resistor of a
parallel branch are identical.

VA=VR] T+ VRoor VR1 + VR3

VR2 = VR3

NEW TERMS AND WORDS
None

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board
Multimeter
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NOTES
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DC Fundamentals Unit 9 — Series/Parallel Resistive Circuits

Exercise 1 — Resistance in a Series/Parallel Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the total equivalent
resistance of a series/parallel circuit. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e To reduce resistance in a series/parallel circuit to a single equivalent resistance, combine the
resistances of the series and parallel branches.

e Determine the equivalent resistance (Rg) of a parallel circuit branch with more than two
resistors of different values.

e Determine the total resistance by adding the value of Rg to the value of the series element.

NOTES
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Exercise 2 — Voltage in a Series/Parallel Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to find voltage in a series/parallel
circuit by using Ohm's law. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e In a series/parallel circuit, voltage across each circuit branch is distributed in proportion to
the resistive value of each branch.

e The value of I is used for Ig; because the amount of current through any series element of
the circuit is identical to the total current of the circuit.

e Applied voltage is equal to the sum of the series voltage drops plus the voltage drop across
the parallel network.

NOTES
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Exercise 3 — Current in a Series/Parallel Circuit

EXERCISE OBJECTIVE

Identify series components and parallel components, and apply basic circuit theory to determine
current flow through each component in a series/parallel circuits.

DISCUSSION
e Total current in a series/parallel resistive circuit equals the amount of current flowing
through any component in the series branch.

e Total current in a series/parallel resistive circuit equals the sum of the currents flowing
through each leg of the parallel branch.

NOTES
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DC Fundamentals Unit 10 — Power in DC Circuits

UNIT 10 — POWER IN DC CIRCUITS

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine power in series, parallel, and
series/parallel resistive circuits.

UNIT FUNDAMENTALS

Electric power is the rate of doing work per unit time. The unit of power measurement is the
watt (W). 1W of power equals the work done in 1 second by 1V of potential difference in
moving 1C (electron flow) of charge.

1C of charge per second is 1A of current flow. Therefore, power in watts can be defined as the

product of voltage and current: P = E x I. In a resistor, power (E x I) dissipates in the form of
heat.

PeaE=xI

]  E P

! I - P
‘-L_m E I / f

Ohm's law may be modified to accommodate the relationship between power, voltage, and
current.

Power is also related to the square of current or voltage.

P=ExI P=ExI
=IxRxI =Ex E/R
=12xR =E2/R
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NEW TERMS AND WORDS

power - The measure of work done within a specific time.
dissipates - The act of a resistor giving off heat as current flows through it.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board
Multimeter

NOTES
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Exercise 1 — Power in a Series Resistive Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the power dissipated in a
series resistive circuit by using a power formula. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e Total power dissipated in a series circuit is the sum of the power dissipated by each resistor
in the circuit.

NOTES

63



DC Fundamentals Unit 10 — Power in DC Circuits

Exercise 2 — Power in a Parallel Resistive Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the power dissipated in a
parallel resistive circuit by using a formula. You will verify your results with a multimeter.

DISCUSSION

e The total power dissipated in a parallel circuit is the sum of the power dissipated by each leg
of the parallel branch.

NOTES
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Exercise 3 — Power in a Series/Parallel Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the power dissipated in a
series/parallel resistive circuit by using a power formula. You will verify your results with a
multimeter.

EXERCISE DISCUSSION

Power in a series/parallel circuit is determined by the same formulas for series and parallel
circuits.

Total power delivered by the source is equal to the sum of the dissipated power.

In an electric circuit, power is delivered by the source to the load.

The source resistance, in series with the source and the load, affects the power delivered to
the load.

The combined effect of the load and source resistance is that maximum power is delivered to
the load when the two resistances are equal.

NOTES
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DC Fundamentals Unit 11 — Potentiometers and Rheostats

UNIT 11 — POTENTIOMETERS AND RHEOSTATS

UNIT OBJECTIVE
At the completion of this unit, you will be able to identify and demonstrate the use of a
potentiometer and a rheostat.

UNIT FUNDAMENTALS

- '~ WIFER ARH
l .--_-‘h
LZ)

A variable resistor consists of a resistive element that is electrically connected to a pair of
terminals (1 and 2). The center terminal (3) is connected to the wiper arm, which, when moved
by shaft rotation, changes the resistance between the center terminal and the other two terminals.
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A variable resistor using three external terminals to connect into a circuit is a potentiometer
(pot).

A pot controls voltage to a circuit.
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Unit 11 — Potentiometers and Rheostats
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A variable resistor using the wiper arm (center terminal) and only one end of the resistive

element is called a rheostat.

Rheostats are placed in series in a circuit to control circuit current.

Variable resistors are designed so that resistance varies when the shaft (or other adjusting device)
is rotated. The variation of resistance in relation to shaft rotation defines the taper of the variable

resistor.

RESISTRMHCE

S BN

HIDPOINT
SHAFT ROTAT IOM
LIMNEAFE THAFER

With a linear taper, one-half rotation changes the resistance by one-half the maximum value.
Resistance change is linear (in a straight line) with respect to shaft rotation.
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FESLSTARNCE
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With a logarithmic (log) taper, one-half rotation changes the resistance by 10% of the total
amount. Resistance change is nonlinear (not in a straight line) with respect to shaft rotation.

There are three basic types of variable resistors: carbon composition, wirewound, and metal film.

Carbon composition types are available in wide resistance ranges, are inexpensive, and are
generally used in low power applications.

Wirewound types are available in low resistance ranges, are more expensive, and have wide
power ranges.

Film types are a compromise between carbon and wirewound elements in cost, resistance ranges,
and power.

NEW TERMS AND WORDS

potentiometer - A variable resistor connected with three terminals to provide a variable voltage.
rheostat - A variable resistor connected with only two terminals to provide a variable current.
taper - Variation in resistance of a variable resistor due to changes in the angle of shaft rotation.
linear - A change or control that varies at a uniform rate through the entire range of adjustment.
logarithmic - A change or control that varies at a different rate through its range of adjustment;
also called nonlinear.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board
Multimeter
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NOTES
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DC Fundamentals Unit 11 — Potentiometers and Rheostats

Exercise 1 — The Rheostat

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to vary current by using a rheostat. You
will verify your results with a multimeter.

EXERCISE DISCUSSION

e A rheostat is a variable resistor connected in series with a load and is used to control the
current flow through the load.

e A three-terminal potentiometer can be configured as a rheostat.

e The LINEAR/NONLINEAR VARIABLE RESISTOR circuit block consists of two variable
resistors (R2A and R2B).

e R2A is alinear pot, while R2B is a log pot; both are at the maximum resistance setting when
the wiper is turned fully counter clockwise (CCW).

NOTES
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Exercise 2 — The Potentiometer

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to vary circuit voltage by using
potentiometers with different tapers. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e A potentiometer has three terminals and develops a voltage between the wiper and either one
of its ends.

e A potentiometer supplies a specified variable voltage.

e When a load is connected to the wiper of a potentiometer, the amount of available voltage is
affected.

NOTES
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DC Fundamentals Unit 12 — Voltage and Current Divider Circuits

UNIT 12 — VOLTAGE AND CURRENT DIVIDER CIRCUITS

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate voltage distribution, current
distribution, and the effect of a load on a voltage divider by using voltage and current divider
circuits.

UNIT FUNDAMENTALS

The resistive voltage divider provides a number of voltages from a single power source.
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A series resistive circuit forms a voltage divider. This circuit is connected across the power
source to provide the necessary output voltage. The voltage drop across each resistor is
proportional to the resistor value.
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DC Fundamentals Unit 12 — Voltage and Current Divider Circuits

When a load is added to a voltage divider, it is connected in parallel with one or more of the
resistances in the series string. Adding a load to the output of a voltage divider reduces the
voltage of the divider.
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The load resistor in parallel with R2 forms a current divider. The parallel circuit of R2 and
R.0AD can be called a resistive bank.
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NEW TERMS AND WORDS

voltage divider - A string of resistors designed to produce various voltages less than the source
voltage.

current divider - A bank of resistors designed to provide various currents less than the main-line
current.

bank - A parallel circuit with two or more branch circuits.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC FUNDAMENTALS circuit board
Multimeter
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NOTES
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DC Fundamentals Unit 12 — Voltage and Current Divider Circuits

Exercise 1 — Voltage Dividers

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate voltage distribution by
using a voltage divider circuit. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e In avoltage divider circuit, the ratio of circuit resistances determines the divider output.

e As the load resistance of a voltage divider decreases, the load voltage decreases.

e As the load resistance of a voltage divider decreases, the total circuit resistance decreases and
the total current increases.

NOTES

76



DC Fundamentals Unit 12 — Voltage and Current Divider Circuits

Exercise 2 — Current Dividers

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate current distribution by
using a current divider. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e In a parallel circuit, current is inversely proportional to the resistances in the circuit branches.
® The sum of the branch currents of a current divider equals the total current of the circuit

NOTES
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DC Fundamentals Unit 12 — Voltage and Current Divider Circuits

Exercise 3 — Loading Voltage/Current Dividers

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the effects a load has on a
voltage divider. You will verify your results by loading a divider circuit.

EXERCISE DISCUSSION

e Changing the load resistance of a voltage divider affects the load voltage and the total circuit
current.

e The output, or load, voltage of a voltage divider is inversely related to the load resistance.

e The ratio between bleeder current and the load current determines the amount of load voltage
change between no load and full load.

NOTES
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DC Fundamentals Unit 13 — Direct Current Meters

UNIT 13 — DIRECT CURRENT METERS

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine how a meter movement can be used
as an ammeter, an ohmmeter, or a voltmeter.

UNIT FUNDAMENTALS
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One type of meter is the VOM (Volt-Ohm-Milliampere) meter. It is an analog meter because
electrical values are continuously displayed on the scale of the meter by the pointer.

5.00°°

FURCTION

Another type of meter is the digital multimeter (DMM). This meter uses analog circuits to
measure the electrical quantities of voltage, resistance, and current, but the results are displayed
on the face of the meter numerically rather than with a pointer.
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DC Fundamentals Unit 13 — Direct Current Meters

In an analog meter, the most common type of meter movement is the d'Arsonval meter
movement, which uses a moving coil. The d'Arsonval meter movement consists of a permanent
magnet, control springs, jewelled bearings, mounting hardware, and a moving element.

This moving element is wrapped by a coil of wire and has a pointer attached. In the d'Arsonval
meter, the deflection of the pointer is directly proportional to the amount of current flowing
through the coil.

The current required to deflect the pointer all the way to the right, to the last mark on the meter
scale, is called full-scale meter current (IM). The wire used in the meter coil has some
resistance. This resistance is the internal meter resistance (RM).

The specifications of the meter movement used in this unit are:

Ing = 1 mA full-scale current
Ry = 2300 ohms, + 20%
Meter Type: moving magnet

Based on the specifications, the meter coil will drop 2.3 volts at full-scale deflection (1 mA x
2300 ohms).

A basic meter movement combined with other components can be made to indicate voltage,
current, or resistance.

When a meter movement is configured to read current, the external circuit generally provides a
parallel or shunt path to bypass excess current (greater than Ijf) around the meter coil.

When the meter movement is configured to read voltage or resistance, the external circuit
generally provides a series resistance to limit current to the value of I (at full-scale deflection).

NEW TERMS AND WORDS

moving coil - The part of a meter having a pointer that deflects with current.

permanent magnet - A magnet that retains its magnetism after the magnetizing force has been
removed.

full-scale meter current (IM) - Specified current required for full-scale deflection.

meter resistance (RM) - The ohmic resistance of the wire making up the moving coil.
sensitivity - The ratio of the total resistance of an instrument to the full-scale meter deflection.
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Unit 13 — Direct Current Meters

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DC FUNDAMENTALS circuit board
Multimeter

DC Milliammeter Module

NOTES
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DC Fundamentals Unit 13 — Direct Current Meters

Exercise 1 — The DC Ammeter

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine current by using a basic
meter movement. You will verify ammeter operation by measuring known values of current.

EXERCISE DISCUSSION

The ammeter is an instrument that measures current and must be placed in series with the
circuit. Since this is a dc ammeter it must be connected with the correct polarity.

The amount of deflection depends on the amount of current flowing through the meter.
This meter is rated at 1 mA full-scale; therefore, full-scale defection requires 1 mA of
current.

Current that exceeds the maximum meter rating is shunted away from the meter movement.
Range of a meter can be increased if a resistor (Rsgunr) is placed in parallel with the meter
movement.

NOTES
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DC Fundamentals Unit 13 — Direct Current Meters

Exercise 2 - The DC Ohmmeter

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure resistance by using a basic
meter movement. You will verify ohmmeter operation by measuring known resistor values.

EXERCISE DISCUSSION

An ohmmeter measures resistance indirectly by measuring the current that flows through a
series circuit.

RscaLe passes ImA of current through the meter when Rcap 1s at maximum resistance.
Rcar is a rheostat that is used to calibrate the circuit and make up for decreases in battery
voltage.

The scale of an ohmmeter is opposite that of the ammeter and voltmeter scale, since an
ohmmeter scale is non-linear and read from right (0) to left (o).

The nonlinear scale results from the Ohm’s law inverse proportional relationship between
current and resistance (with voltage held constant).

NOTES

83



DC Fundamentals Unit 13 — Direct Current Meters

Exercise 3 — The DC Voltmeter

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure volts by using a basic meter
movement. You will verify voltmeter operation by measuring known values of voltage.

EXERCISE DISCUSSION

e Voltmeters are usually designed to measure multiple ranges of voltage.

e The 1 mA meter movement used in the circuit has an internal resistance of 100 ohms (Ry).

e In the circuit used for this exercise, resistors R1 and R2 serve as meter multipliers and
determine the full-scale voltage capability of the meter.

e The sensitivity of a voltmeter is specified in ohms-per-volt. In this circuit, sensitivity equals
1000 ohms-per-volt.

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Lab-Volt License Agreement

By using the software in this package, you are agreeing to
become bound by the terms of this License Agreement,
Limited Warranty, and Disclaimer.

This License Agreement constitutes the complete
agreement between you and Lab-Volt. If you do not agree
to the terms of this agreement, do not use the software.
Promptly return the F.A.C.E.T. Resources on Multimedia
(CD-ROM) compact discs and all other materials that are
part of Lab-Volt's F.A.C.E.T. product within ten days to
Lab-Volt for a full refund or credit.

1. License Grant. In consideration of payment of the license
fee, which is part of the price you paid for this Lab-Volt
product, Lab-Volt, as Licensor, grants to you, the Licensee, a
nonexclusive, nontransferable license to use this copy of the
CD-ROM software with the corresponding F.A.C.E.T. Lab-
Volt reserves all rights not expressly granted to the Licensee.
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abide by the terms of this agreement. You may make copies
of the CD-ROM solely for backup purposes provided the
copyright notice is reproduced in its entirety on the backup
copy.

4. Permitted Uses. This CD-ROM, Instructor's Guide, and all
accompanying documentation is licensed to you, the
Licensee, and may not be transferred to any third party for
any length of time without the prior written consent of Lab-
Volt. You may not modify, adapt, translate, reverse engineer,
decompile, disassemble, or create derivative works based on
the Lab-Volt product without the prior written permission of
Lab-Volt. Written materials provided to you may not be
modified, adapted, translated, or used to create derivative
works without the prior written consent of Lab-Volt.

5. Termination. This agreement is effective until terminated.
It will terminate automatically without notice from Lab-Volt
if you fail to comply with any provisions contained herein.
Upon termination you shall destroy the written materials,
Lab-Volt's CD-ROM software, and all copies of them, in part
or in whole, including modified copies, if any.

6. Registration. Lab-Volt may from time to time update the
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This CD-ROM software has been designed to assure correct
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described in this Instructor's Guide. As a highly advanced
software product, it is quite complex; thus, it is possible that if
it is used in hardware configurations with characteristics other
than those specified in this Instructor's Guide or in
environments with nonspecified, unusual, or extensive other
software products, problems may be encountered by a user. In
such cases, Lab-Volt will make reasonable efforts to assist the
user to properly operate the CD-ROM but without
guaranteeing its proper performance in any hardware or
software environment other than as described in this
Instructor's Guide.

This CD-ROM software is warranted to conform to the
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option, will remedy any nonconformity or replace any
defective compact disc free of charge. Any substantial
revisions of this product, made for purposes of correcting
software deficiencies within the warranty period, will be
made available, also on a licensed basis, to registered owners
free of charge. Warranty support for this product is limited, in
all cases, to software errors. Errors caused by hardware
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






DC Network Theorems Unit 1 — DC Network Theorems

UNIT 1 — DC NETWORK THEOREMS

UNIT OBJECTIVE

At the completion of this unit, you will be able to locate and identify the major components on
the DC NETWORK THEOREMS circuit board.

UNIT FUNDAMENTALS

The DC NETWORK THEOREMS circuit board consists of 9 training circuit blocks and a
CONSTANT CURRENT SOURCE generator block.

The board is designed to enhance your knowledge of voltage and current distribution in dc
circuits.

Theorems are used to determine voltage and/or currents in circuits where Ohm's law cannot
easily be applied.
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For example, Ohm's law cannot easily be applied in a circuit having two voltage sources applied
in different branches. The voltage drop across R3 cannot easily be determined.

v

CONSTANT CURRENT SOURCE SYMBOL

One circuit block on the board is a constant current source. A constant current source circuit
provides fixed current values that are independent of load changes.
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Unit 1 — DC Network Theorems
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Load changes do not affect the output current of the constant current source.

NEW TERMS AND WORDS

constant current source - a circuit designed to provide a fixed current that does not vary with

changes in load.

theorems - statements or methods that propose verifiable solutions of voltage and/or current

within a network.

networks - groups of components that form interrelated circuits.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC NETWORK THEOREMS circuit board

Multimeter
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DC Network Theorems Unit 1 — DC Network Theorems

Exercise 1 — Component Location/ldentification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to locate the major circuit blocks of the
DC NETWORK THEOREMS circuit board. You will verify your results by correctly identifying
circuits and components.

DISCUSSION

The DC NETWORK THEOREMS circuit board provides examples of networks that can be
solved with various theorems.
The circuit board is organized into the following 9 circuit blocks:
KIRCHHOFF’S CURRENT LAW
KIRCHHOFF’S VOLTAGE LAW
KIRCHHOFF’S LAWS COMBINED
SUPERPOSITION
THEVENIN CIRCUITS
THEVENIZING A BRIDGE CIRCUIT
THEVENIN / NORTON CONVERSION
ATOYORYTOA
A tenth block is configured as a CONSTANT CURRENT SOURCE.
Three types of resistors are used on the DC NETWORK THEOREMS circuit board. The
resistors are carbon composition, carbon film, and metal film types.
Fixed and variable power sources are used on the board.
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Exercise 2 — Circuit Board Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to connect the various circuit blocks on
the circuit board by using the KIRCHHOFF'S CURRENT LAW circuit block as an example.
You will verify your results with a multimeter.

DISCUSSION

e Use the KIRCHHOFF'S CURRENT LAW circuit block: to determine current in a two-
branch circuit.
e Apply Ohm's law to verify Kirchhoff's current law solutions.

NOTES




DC Network Theorems Unit 2 — Kirchhoff's Current Law

UNIT 2 — KIRCHHOFF'S CURRENT LAW

UNIT OBJECTIVE

At the completion of this unit, you will be able to analyze dc circuits by using Kirchhoff's current
law.

UNIT FUNDAMENTALS
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Kirchhoff's current law can be used to determine current into or out of circuit junction
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Kirchhoff's current law provides a solution for determining current in parallel branch circuits.

Each parallel branch, R1 and R2, allows current to flow from the power source.
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Each branch circuit provides a current path. Resistor R1 in this circuit is one branch. Resistor R2
in this circuit is another branch.
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Kirchhoff's current law deals with currents at circuit points called nodes. A node is a junction, or
a circuit point, where components are joined. Current enters and exits each node.

Kirchhoff's current law deals with the relationship of circuit currents and circuit nodes.
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Circuit current flows into and out of each node of a two-branch circuit. IT flows into NODE 1.
Two currents (I1 and Ip) leave NODE 1. Therefore, IT equals I1 + I5. I} and I» combine at
NODE 2. The combination of I} and I5 results in IT at NODE 2. Therefore, IT from the power

source is the same as IT to the power source.
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The connection on each side of the power source is represented by a node (NODE 1 and
NODE 2).

Kirchhoff's current law can be stated in two ways:

1. The sum of the currents leaving a node in a circuit equals the sum of the currents entering the
node.

2. The algebraic sum of the currents at any node in a circuit must equal zero.

If your calculations show a net gain or loss of node current, you have made an error.
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When applying an algebraic equation to node current, you must give a + or - sign to the current.
In dealing with current flow, consider currents flowing into a node as negative (-), such as Iy

and I into NODE 2. Consider currents leaving a node as positive (+), such as IT out of NODE 2.
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NEW TERMS AND WORDS

Kirchhoff's current law - the algebraic sum of the currents at any node must equal zero.
Jjunction - a circuit point where components are joined.

parallel branch - a circuit loop through which a part of the total circuit current flows.

nodes - circuit points where Kirchhoff's current law can be applied; also called junctions.
Junction - a circuit point where components are joined.

algebraic sum - a combination of positive and negative values based on the rules of algebra.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC NETWORK THEOREMS circuit board
Multimeter

NOTES

10
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Exercise 1 — Current in a Branch Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate total and individual branch
currents in a two-element parallel circuit by using Kirchhoff's current law. You will verify your
results by measuring the circuit currents

DISCUSSION

e The sum of the branch currents in a parallel circuit is equal to the total current flowing
through the circuit.

e In atwo-element parallel circuit, Kirchhoff’s current law can be used to solve for an
unknown current when two of the three currents are know.

e Kirchhoff’s current law applies to all parallel circuits.

e Ohm’s law is used to determine the resistance of each circuit branch (R= E/I).

NOTES

11



DC Network Theorems Unit 2 — Kirchhoff's Current Law

Exercise 2 — Node Currents in a Branch Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the magnitude and
direction (sign) of node currents by using a two-element branch circuit. You will verify your
results by measuring the circuit currents.

DISCUSSION

e Current flow is defined as the movement of electrons (electron flow).

e Current flowing into a node is labeled negative; while current flowing out of a node is
labeled positive.

e Kirchhoff’s Current Law states that the algebraic sum of all current into or out of a node
must equal zero.

e Ohm’s law is used in combination with Kirchhoff’s Current Law to determine the total
circuit current when the source voltage and branch resistances are know. [It = Ir; + [r2 =
(VR1/R1) + (VRz/RZ)]

NOTES
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DC Network Theorems Unit 3 — Kirchhoff's Voltage Law

UNIT 3 — KIRCHHOFF'S VOLTAGE LAW

UNIT OBJECTIVE
At the completion of this unit, you will be able to analyze dc circuits by using Kirchhoff's
voltage law.

UNIT FUNDAMENTALS
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Kirchhoff's voltage law provides the solution of voltage drops and voltage sources around a
closed loop.

A solution for determining voltage is applied to series circuits, such as the circuit shown here.
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VOLTAGE DROP
The same current flows throughout the series circuit. As the current passes through each resistor,
it generates a voltage drop. The sum of all voltage drops equals the value of the circuit voltage
source.
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This drawing illustrates the polarities of voltages generated around a closed series circuit.
Consider voltage drops negative (-) and voltage sources positive (+). Kirchhoff's voltage law
deals with the relationship of the circuit voltage drops to the source voltage and to one another.
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DC Network Theorems Unit 3 — Kirchhoff's Voltage Law

Kirchhoff's voltage law may be stated in two ways.

1. The sum of all the voltage drops in a series circuit equals the circuit applied (source) voltage.

For example, in this circuit, the sum of all voltage drops is 20V (10 + 7 + 3). The source voltage

is also 20V. Because the sum of the voltage drops equals the source voltage, the first requirement
of Kirchhoff's law is met.
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Kirchhoff's voltage law may be stated a second way.

2. The algebraic sum of the voltage source(s) and voltage drops in a series circuit equals zero.

For example, in this circuit, voltage drops are assigned a negative (-) polarity, and the voltage
source is assigned a positive (+) polarity. Combining all voltages algebraically results in 0

(+20 - 10 - 7 - 3 =0). Because the algebraic sum of all voltages in the loop is zero, the second
requirement of Kirchhoff's law is met.
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DC Network Theorems Unit 3 — Kirchhoff's Voltage Law
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Due to the relationship of the circuit voltages, you can determine any one voltage drop or voltage
source if you know all other voltages. The missing voltage (V) in this circuit must be the
difference between the sum of the known voltage drops and the circuit source voltage.

Determine V (the missing voltage) by using Kirchhoff's voltage law and the following equation,
where the source voltage equals 20V and the known voltage drops equal 3V and 7V.

20=3+7+V
20=10+V

20-10=V
10=V

NEW TERMS AND WORDS

Kirchhoff's voltage law - The algebraic sum of the voltages around a closed loop must equal
zero. The sum of the voltage drops around a closed loop must equal the source voltage.
closed loop - A complete path or circuit for current flow.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC NETWORK THEOREMS circuit board
Multimeter
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DC Network Theorems Unit 3 — Kirchhoff's Voltage Law

NOTES
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DC Network Theorems Unit 3 — Kirchhoff's Voltage Law

Exercise 1 — 3-Element Series Voltages

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate total voltage and individual
voltage drops by using a 3-element series circuit. You will verify your results with a multimeter.

DISCUSSION

e Individual voltage drops can be summed to determine the voltage source of a series circuit.

e Ohm’s law can be used to determine the resistance of any element when the voltage across
the element and the current through the element is known. R=E/I

e Kirchhoff’s voltage law can be used on a series circuit to determine an unknown voltage
when all other voltages are known.

e Kirchhoff’s voltage law and Ohm’s law can be used to analyze a series circuit.

NOTES
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DC Network Theorems Unit 3 — Kirchhoff's Voltage Law

Exercise 2 — Algebraic Sum of Series Voltages

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the algebraic sum of
voltage drops by using a 3-element series circuit. You will verify your results with a multimeter.

DISCUSSION
e Kirchhoff’s voltage law states that the algebraic sum of the voltages in a closed loop equals
Zero.

e Negative and positive polarities must be assigned to the voltages when applying Kirchhoff’s
voltage law.

e This method designates a negative sign to all voltage drops and a positive sign to all voltage
sources.

NOTES
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DC Network Theorems Unit 4 — Kirchhoff's Loop Equations

UNIT 4 — KIRCHHOFF'S LOOP EQUATIONS

UNIT OBJECTIVE

At the completion of this unit, you will be able to use loop equations by applying Kirchhoff's
laws to a series/parallel circuit.

UNIT FUNDAMENTALS
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A loop is a closed circuit path. Shown is one example of a loop, where a single path is the only
possible loop for the series circuit.

Kirchhoff's voltage law states that the algebraic sum of voltages in a closed loop equals zero.
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A series/parallel circuit, such as this one, consists of more than one loop. To generate loop
equations, use the voltages around each loop. One loop is from the - side of Vg, through R1 and

Rg, and back to Vg. The loop equation, therefore, is VR | + VRg = Vs.
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DC Network Theorems Unit 4 — Kirchhoff's Loop Equations

MODE
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Another loop is from the - side of Vg, through R2 and Rg, and back to Vg. The relationship of

the current, loops, and nodes of a series/parallel circuit is shown. The sum of the currents into
NODE A equals the total circuit current (IT). The sum of the currents out of NODE B also

equals the total circuit current (IT). IT equals the sum of the I and I currents. Total circuit
current (IT) flows through Rg. Kirchhoff's laws and the loop equations can be combined to
define a series/parallel circuit.

NEW TERMS AND WORDS
None

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC NETWORK THEOREMS circuit board
Multimeter
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DC Network Theorems Unit 4 — Kirchhoff's Loop Equations

NOTES
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DC Network Theorems Unit 4 — Kirchhoff's Loop Equations

Exercise 1 — Loop Equations

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to use loop equations for a
series/parallel circuit. You will verify your results by measuring voltage drops and calculating
equations.

DISCUSSION

e To write a loop equation, begin at a starting point, go around the loop and record the
voltages. Designate the polarity of the voltages based on which terminal is encountered first.

e Loop equations satisty Kirchhoff’s voltage law.

e There can be more than one loop in a circuit.

NOTES
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DC Network Theorems Unit 4 — Kirchhoff's Loop Equations

Exercise 2 — Node Equations

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to generate node equations for a
series/parallel circuit. You will verify your results by measuring voltage drops and ensuring that
the loop equations equal zero.

DISCUSSION

e Currents flowing into or out of nodes can be used to determine current distribution.
e Node equations apply Kirchhoff’s current law.

NOTES
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DC Network Theorems Unit 4 — Kirchhoff's Loop Equations
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DC Network Theorems Unit 5 — Kirchhoff's Solution with 2 Sources

UNIT 5 — KIRCHHOFF'S SOLUTION WITH 2 SOURCES

UNIT OBJECTIVE

At the completion of this unit, you will be able to find voltage and current in circuits with two
voltage sources by using Kirchhoff's laws. You will verify your results by comparing measured
and calculated values.

UNIT FUNDAMENTALS

R 2

A — L Y
VOLTRGE —— | =ra L WOLTAGE
SOURCE 1 —— v 1"’ —_— SOURCE 2

This circuit has two voltage sources. For each voltage source, current is assumed to flow in the
direction shown.

The application of Kirchhoff's laws to the circuit gives you the current through R3. The direction
of the current is determined by the sign (+ or -) of the current. A negative (-) sign for current
through R3 indicates an incorrect assumption about the initial current direction. The problem is
to find the voltage drops and the current flow through each resistor. You can apply Kirchhoff's
laws to determine these circuit solutions.

Rl = HODE 1 = R2
avay . Y
|—1’_'- 1L I: -
— ‘_-\.-.P_ 1 _—
— Vg, = Vg T—
| i
s
HODE

This is a two-source circuit (Vg1 and Vgp). There are 3 loops in this circuit, but only two are
required for Kirchhoff's voltage law application.
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DC Network Theorems Unit 5 — Kirchhoff's Solution with 2 Sources
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Based on Kirchhoff's current law, the current into NODE 1 (I} + I») must equal the current out
of NODE 1 (I3). Therefore, I3 =11 + 1.
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The currents can now be stated in terms of voltage drops.
I +Ih =13
(VR1/R1) +(VR2 /R2) = VR3 /R3
Rz

R
W A"

=l ﬁ: Ra =l

o 1 =

Another method of applying Kirchhoff's laws is to implement a solution by using mesh currents.
A mesh is the simplest possible closed path within a circuit.

ke o]
l L ATATAY l
F

I
M — HESH 1 = R3 HESH
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* | t o

The following mesh equations are based on this circuit.
FOR MESH 1
(I xRI)+ (I xR3)-(Ip xR3)=Vgq]

+l

FOR MESH 2
(InxR2)+(I1 xR3) - (Ip xR3) =-Vgqr
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DC Network Theorems Unit 5 — Kirchhoff's Solution with 2 Sources

NEW TERMS AND WORDS

nodes - common connections for two or more components.

mesh - a single closed path without any branches.

mesh equations - equations that define the current within a mesh

loop equations - equations that define the voltage drops around a closed loop.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC NETWORK THEOREMS circuit board
Multimeter

NOTES
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DC Network Theorems Unit 5 — Kirchhoff's Solution with 2 Sources

Exercise 1 — Kirchhoff's Voltage Law/2 Sources

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to apply Kirchhoff's voltage law to a
circuit having two voltage sources. You will verify your results by using measured data.

DISCUSSION

e Circuits containing two voltage sources can be analyzed using Kirchhoff’s voltage law.
e Loop equations are written by applying Kirchhoff’s voltage law to each circuit loop.

NOTES

28



DC Network Theorems Unit 5 — Kirchhoff's Solution with 2 Sources

Exercise 2 — Kirchhoff's Current Law/2 Sources

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to apply Kirchhoff's current law to a
circuit having two voltage sources. You will verify your results by using measured data.

DISCUSSION

Circuits containing two voltage sources can be analyzed using Kirchhoff’s current law.
Assume a current direction for circuit elements that have no explicit indication of current
direction.

Node equations are written by applying Kirchhoff’s current law to each circuit node.
Each current can be rewritten as a voltage / resistance relationship.

Any negative current solution indicates that the assumed current direction was incorrect.

NOTES

29



DC Network Theorems Unit 5 — Kirchhoff's Solution with 2 Sources

Exercise 3 — Mesh Solution With 2 Sources

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to apply a mesh solution to a circuit
having two voltage sources. You will verify your results by using measured data.

DISCUSSION

Mesh currents can be designated clockwise (CW) or counter clockwise (CCW). Once
designated the same convention must be used for every mesh in the circuit.

A voltage drop is considered positive when it is generated by its own mesh current.
Circuit elements common to more than one mesh, have mesh currents from each mesh
flowing through them.

Mesh analysis determines the currents flowing through each circuit element.

Apply Ohm’s law to determine voltage drops.

NOTES
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DC Network Theorems Unit 6 — Superposition and Millman's Theorems

UNIT 6 — SUPERPOSITION AND MILLMAN'S THEOREMS

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine voltages and currents by using the
superposition theorem and Millman's theorem.

UNIT FUNDAMENTALS
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The superposition theorem allows for a solution of VR3 when Vg1, Vg2, R1, R2, and R3 are
known. In this circuit, R3 is common to each voltage source (Vg1 and Vgp). When finding VR3,
you can determine all circuit voltages and currents by applying Ohm's law.
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Each voltage source causes a current (I and I») through R3. Based on Ohm's law, each current

generates a voltage drop across R3. The two voltage drops are algebraically combined to
determine the actual voltage across R3: VR3 = (I x R3) + (Ip x R3).
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Millman's theorem provides another method of determining the voltage drop across the

common circuit element (R3). The circuit perspective is changed to make the junction of R3, R2,

and R1 one side of the circuit, and the junction of R3, Vg1, and Vg5 the other side of the circuit.
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DC Network Theorems Unit 6 — Superposition and Millman's Theorems

NEW TERMS AND WORDS

superposition theorem - an analysis technique where the effects of multiple voltage sources are
considered individually and then added algebraically to determine the combined result.
Millman's theorem - a method for finding the voltage at the common point in a circuit with
multiple branches. To find the common point voltage, add the branch currents algebraically, and
then divide by the sum of the branch conductances.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC NETWORK THEOREMS circuit board
Multimeter

NOTES
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DC Network Theorems Unit 6 — Superposition and Millman's Theorems

Exercise 1 — Superposition Theorem

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to apply the superposition method of
circuit analysis. You will verify your results with a multimeter.

DISCUSSION

e Each voltage source’s effect on R3 must be determined.

e With one voltage source removed, determine the effect the remaining voltage source has on
R3.

¢ Find the effect on R3 caused by the second voltage source by reversing the procedure.

e Algebraically combine the two results to determine the actual voltage across R3.

NOTES

33



DC Network Theorems Unit 6 — Superposition and Millman's Theorems

Exercise 2 — Millman's Theorem

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to solve a circuit by applying Millman's
theorem. You will verify your results by comparing calculated and measured data.

DISCUSSION

e Millman’s theorem is used to determine voltages across branches by summing branch
currents and conductances.

e Identify the individual branches in the circuit.

e  (alculate the current through each branch.

e C(Calculate the conductance of each branch.

e Determine the voltage drop across R3 by dividing the sum of the branch currents by the sum
of the branch conductances.

NOTES
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DC Network Theorems Unit 7 — Thevenin Circuits

UNIT 7 — THEVENIN CIRCUITS

UNIT OBJECTIVE

At the completion of this unit, you will be able to simplify one- and two-source circuits by using
Thevenin's theorem.

UNIT FUNDAMENTALS

Thevenin's theorem named after the French engineer M.L. Thevenin, allows for the reduction
of a network into an equivalent voltage and resistance. The equivalent voltage is called VTH.

The equivalent resistance is called RTq.

"n.lh'h."'u i Al.l"‘l."’"h. — ."' f.'-' .lﬂ'h.
‘ ATH
A T ._.\-_r
e LORAD — — YTH = LoAD

-1 £

HE T ORl EQUINVALEMT
CIRCUILT

Thevenizing a circuit allows you to see the effects of changing load conditions without the need
for repeating many Ohm's law equations for each load change. On the equivalent circuit, a
simple voltage divider replaces the more complex network circuit.
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Thevenin's theorem reduces the circuit network into V1 and RTy. The reduction occurs with

—\h—e
Wy
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respect to A and B, the network output terminals. The circuit network is composed of a voltage
source and 4 resistors. R represents the circuit load.
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To calculate V1, remove Ry, and apply Ohm's law to determine the output voltage of the

network: VT between A and B. The polarity of VT is identical to the polarity of the network
source voltage: A positive with respect to B.
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DC Network Theorems

Unit 7 — Thevenin Circuits
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To determine Ry, replace the source voltage with a short circuit, and calculate the total
resistance between terminals A and B of the network.

ATAVLY e
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V1H and R make up the equivalent circuit. The original load is connected across terminals A
and B. V1 and R develop the same load voltage and load current as that of the original

network.

EoOA A
AT RY A
R

Two-source networks are thevenized in the same way. However, the superposition theorem can

be used to determine VTH.

NEW TERMS AND WORDS

Thevenin's theorem - a network can be represented by an equivalent VTH and a series RTH
circuit with respect to a selected pair of output terminals.
Vru - the Thevenin equivalent voltage of a network without a load.

Ry - the Thevenin equivalent resistance of a network without its source voltage.
Thevenizing - applying Thevenin's theorem to a network.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit

DC NETWORK THEOREMS circuit board

Multimeter
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DC Network Theorems Unit 7 — Thevenin Circuits

NOTES
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DC Network Theorems Unit 7 — Thevenin Circuits

Exercise 1 — Thevenizing a Single Source Network

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to simplify a single-source network by
applying Thevenin's theorem. You will verify your results by comparing calculated and
measured values.

DISCUSSION

The network consists of R1, R2 and Vg.

RL is the network load.

With RL removed from the circuit, determine the open circuit voltage (Vry) across points A
and B (the load).

With RL removed and short the voltage source, determine the equivalent resistance (Rry)
looking into the circuit from points A and B.

Vi, Rrg and RL form a simple series circuit known as Thevenin’s equivalent circuit.

NOTES
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DC Network Theorems Unit 7 — Thevenin Circuits

Exercise 2 — Thevenizing a Dual Source Network

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to simplify a dual source network by
applying Thevenin's theroem. You will verify your results by comparing calculated and
measured values

DISCUSSION

e With RL removed, use the superposition method to determine the Thevenin equivalent
voltage across points A and B.

e With RL removed and both voltage sources shorted, determine the equivalent resistance
(Rtn) looking into the circuit from points A and B.

e Voy, Rty and RL form a simple series circuit known as Thevenin’s equivalent circuit.

NOTES
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DC Network Theorems Unit 7 — Thevenin Circuits
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DC Network Theorems Unit 8 — Thevenizing a Bridge Circuit

UNIT 8 — THEVENIZING A BRIDGE CIRCUIT

UNIT OBJECTIVE

At the completion of this unit, you will be able to thevenize a resistive bridge circuit by using the
resistor divider equation.

UNIT FUNDAMENTALS
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A resistive bridge circuit has 4 terminals, here labeled A through D. The source voltage (Vg) is

applied across 2 opposing terminals (A and C). The output voltage is taken across the load
resistor (R ) connected between terminals D and B.

A o T .L
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= B3 = R4
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In this circuit, the bridge components are rearranged. Terminals D and B are the bridge output.
You can use the voltage divider equation or Ohm's law to determine the bridge output voltage
between D and B. This voltage is the Thevenin voltage of the bridge circuit.

To find the Thevenin resistance, replace the voltage source with a short circuit, and calculate
RTH between terminals D and B.
Ry

A
A y=—

With the Thevenin voltage and the Thevenin resistance, the bridge circuit is simplified into a
Thevenin equivalent circuit. You can now use Ohm's law to determine the load voltage (VR1))

and the load current (IR ) for any value of Ry ..
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DC Network Theorems Unit 8 — Thevenizing a Bridge Circuit

NEW TERMS AND WORDS

bridge circuit - A circuit configuration of 4 elements and having 4 terminals. The source voltage
is applied across 2 opposing terminals, and the output is taken across the remaining 2 terminals.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC NETWORK THEOREMS circuit board
Multimeter

NOTES

42



DC Network Theorems Unit 8 — Thevenizing a Bridge Circuit

Exercise 1 — Bridge Circuit Resistance

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the Thevenin resistance
(RTH) of a bridge circuit. You will verify your results by comparing calculated and measured

data.

DISCUSSION

e An unloaded bridge circuit is equivalent to 2 parallel voltage dividers.

e The Thevenin voltage is the difference between the voltages of the 2 parallel voltage
dividers.

e The Thevenin resistance of the bridge is the resistance across the output terminals when the
input is shorted.

NOTES
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DC Network Theorems Unit 8 — Thevenizing a Bridge Circuit

Exercise 2 — Thevenizing Bridge Circuit Voltage

EXERCISE OBJECTIVE

When you have completed this exercise you will be able to calculate the Thevenin equivalent
voltage (VTp) of a bridge circuit. You will verify your results by comparing calculated and

measured data.

DISCUSSION

e To determine the Thevenin voltage, remove the load resistor.

e Use Ohm’s law or the voltage divider equation to calculate the voltage drop across the output
terminals of the bridge circuit.

e The Thevenin equivalent circuit generates the same voltage and current across the load
resistor as the bridge network.

e In the Thevenin’s equivalent circuit, use the voltage divider equation to determine the voltage
across the load.

NOTES
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DC Network Theorems Unit 9 — Thevenin/Norton Conversion

UNIT 9 — THEVENIN/NORTON CONVERSION

UNIT OBJECTIVE

At the completion of this unit, you will be able to convert networks into equivalent voltage and
current sources by using Thevenin's and Norton's theorems.

UNIT FUNDAMENTALS

You can use Thevenin's theorem to reduce a network into an equivalent circuit called a voltage
source. V[ is the voltage source. RTyq is the internal source resistance. Terminals A and B are

the output terminals of the source.

I'H =3
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In a practical circuit, the no-load output voltage equals V. When a load (Ry ) is connected
across terminals A and B, the output voltage equals VT - VRTH because R and R, form a
voltage divider.

You can use Norton's theorem to reduce a network into an equivalent circuit called a current
source. I\ is the current source and is represented by an arrow in a circle. Ry 1s the internal

source resistance. Terminals A and B are the output terminals of the source.
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DC Network Theorems Unit 9 — Thevenin/Norton Conversion
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In an ideal situation, Ry is infinite [conductance (G) = 0]. Therefore, output current is constant,
and terminal voltage varies with load resistance or load conductance.
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You can use the formulas shown to convert between a Thevenin voltage source and a Norton
current source. Each source generates the same load voltage and current as the network
represented.

NEW TERMS AND WORDS

voltage source - a circuit that provides a constant voltage at its output terminals.

Norton's theorem - a network can be represented by an equivalent current source and parallel
resistor with respect to a pair of output terminals.

current source - a circuit that provides a constant current at its output terminals.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC NETWORK THEOREMS circuit board
Multimeter
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NOTES

47



DC Network Theorems Unit 9 — Thevenin/Norton Conversion

Exercise 1 — Thevenin to Norton Conversion

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to convert a voltage source to a current
source. You will verify your results by comparing calculated and measured data.

DISCUSSION

When Thevenin’s theorem is applied to a network it is reduced to an equivalent constant
voltage source (Vrp).

The Thevenin equivalent resistance becomes the internal resistance of the constant voltage
source.

Convert this voltage source to a current source by applying Ohm’s law.

The constant current (Iy) provided by the source is Vry / Rry and its parallel internal
resistance (Ry) is equal to Rry.

This is a Norton constant current source.

NOTES
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DC Network Theorems Unit 9 — Thevenin/Norton Conversion

Exercise 2 — Norton to Thevenin Conversion

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to convert a current source to a voltage
source. You will verify your results by comparing calculated and measured data.

DISCUSSION

Norton current sources can be converted to Thevenin voltage sources.

The Norton equivalent resistance becomes the internal resistance of the constant current
source.

Convert this current source to a voltage source by applying Ohm’s law.

The constant voltage (Vry) provided by the source is Iy * Ry and its series internal resistance
(Rtn) is equal to Ry.

NOTES
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DC Network Theorems Unit 9 — Thevenin/Norton Conversion
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DC Network Theorems Unit 10 — Delta and Wye Networks

UNIT 10 — DELTA AND WYE NETWORKS

UNIT OBJECTIVE

At the completion of this unit, you will be able to simplify a resistive bridge network by using
delta and wye transformations.

UNIT FUNDAMENTALS
~ 1 o "

This configuration in the shape of a Y is a wye network.
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This configuration in the shape of the Greek letter A is a delta network.
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This configuration in the shape of the Greek letter &t is a pi network.
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Conversion from delta to wye generates a wye circuit that is electrically identical to the delta
network. To determine each wye resistor, divide the product of the two adjacent delta resistors
by the sum of all the delta resistors.

PRODUCT OF 2 ADJACENT Rs IN DELTA
RY =

SUM OF Rs IN DELTA

Conversion from wye to delta generates a delta circuit that is electrically identical to the wye
network. To determine each delta resistor, divide the sum of all cross products in the wye
network by the opposite resistor in the wye network.

SUM OF ALL CROSS PRODUCTSINY
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Delta to wye transformation simplifies bridge circuit calculations. To easily determine total
circuit current (IT), convert one bridge delta section to a wye. This conversion results in a

series/parallel circuit in which total current equals the supply voltage divided by the total circuit
resistance (IT = Vg/R).
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NEW TERMS AND WORDS

wye - a resistor configuration in the shape of a Y. Tee and wye are different names for the same
network.

tee - a resistor configuration in the shape of a T. Tee and wye are different names for the same
network.

delta - Greek letter that refers to a resistor configuration in the shape of a triangle. Pi and delta
are different names for the same network.

pi - Greek letter that refers to a resistor configuration in the shape of the symbol for pi . Pi and
delta are different names for the same network.

cross products - multiplication of each pair of resistors in a Y network.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
DC NETWORK THEOREMS circuit board
Multimeter

NOTES
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Exercise 1 — Tee/Wye and Pi/Delta Networks

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to identify and compare tee, wye, delta,
and pi networks. You will verify your results by using measured data.

DISCUSSION

e Tee networks are electrically identical to wye networks.
e Pinetworks are electrically identical to delta networks.

NOTES
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Exercise 2 — Delta and Wye Transformations

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to convert between delta and wye
circuits. You will verify your results by comparing calculated and measured values.

DISCUSSION
e Converting between each network configuration requires that an equivalent resistor value be
calculated.

e Most basic electronics books provide formulas to determine the resistor equivalents of delta
to wye and wye to delta configurations.

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (FACET) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






AC1 Fundamentals Unit 1 — The AC Waveform Generator

UNIT 1 — THE AC WAVEFORM GENERATOR

UNIT OBJECTIVE

At the completion of this unit, you will be able to operate a basic ac waveform generator by
using equipment provided.

UNIT FUNDAMENTALS

Alternating current (ac)differs from direct current in that it constantly changes in level and
polarity.
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The level and polarity of a dc waveform remain constant over time, as shown.
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An ac waveform is produced when current or voltage changes in polarity over time. These
changes usually occur in a repeating pattern. A common ac sine wave is shown.

The current or voltage level of an ac waveform is referred to as the amplitude. Amplitude, as in
dc, is measured in volts (V) for emf and amperes (A) for current.

One complete repetition of a waveform is called a cycle, and the number of cycles that occur in
one second is called the frequency (f).Frequency is measured in hertz (Hz).
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In dc circuits, opposition to current flow is resistance. In ac circuits, opposition to current flow is
referred to as impedance (Z). For ac circuits, Ohm's law is written:

Voltage = Current x Impedance
or

E=1xZ
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An ac waveform generator produces an ac waveform. There are many types of ac waveform
generators for many types of applications. Each waveform generator is unique, but all have
similarities in operation and control.

NEW TERMS AND WORDS

Alternating current (ac) - a flow of electricity that first increases to maximum, then decreases to
zero, reverses polarity, and reaches maximum in the opposite direction.

waveform - the shape of an electric wave as the amplitude is graphed over time.

amplitude - the level, or magnitude, of an alternating voltage or current.

cycle - one complete alternation of an ac current or voltage.

frequency (f) - the number of complete cycles in one second of alternating voltage or current;
measured in hertz (Hz).

impedance (Z) - the total opposition a circuit offers to the flow of alternating current at a given
frequency.

ac waveform generator - an electronic device that produces ac voltage of a desired frequency,
wave shape, and amplitude.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

AC 1 FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave
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Exercise 1 — AC Waveform Generator Familiarization

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate an ac waveform generator by
using equipment provided. You will verify your results by observing generator waveforms on the
oscilloscope.

DISCUSSION

Several types of waveform generators exist: examples include function generator, and af
(audio frequency) generator.
The following is a partial list of similarities between the different types of waveform
generators.

all generate an ac waveform

all can vary the frequency of the generated waveform

all can vary the amplitude of the generated waveform

all exhibit a characteristic output impedance

The controls that adjust the frequency of the waveform are labeled MULTIPLIER or
RANGE, and FREQUENCY.

The RANGE or MULTIPLIER control determines the span of frequencies the generator
produces. The knob is marked: X1, X10, X100, X1K, X10K, X100K.

The FREQUENCY controls the specific output frequency within the range established by the
MULTIPLIER. The knob is graduated from 1 to 200.

The actual frequency of the waveform is determined by the product of the frequency control
setting and the multiplier control setting.

The generator controls produce approximate frequency settings. The oscilloscope is used to
produce an accurate frequency reading.

The FUNCTION or WAVEFORM knob controls the type of output waveform produced by
the generator.

The output waveform amplitude is established using the LEVEL, AMPLITUDE, or AMPL
control knob.

A schematic diagram that has a generator symbol drawn using dotted lines means that an
external generator connection is required.
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Exercise 2 — Generator Impedance

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the output impedance of
an ac waveform generator. You will verify your results with an oscilloscope.

DISCUSSION

e All generators have a characteristic output impedance. This impedance (Rs), or source
impedance, can be represented as an internal series resistor.

e The generator internal resistance and the circuit load (Ry) form a voltage divider.

e A voltage divider circuit that consists of two equal resistances divides the source voltage in
half. This technique is used to determine the output impedance of a generator.

NOTES
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UNIT 2 — AC MEASUREMENTS

UNIT OBJECTIVE

At the completion of this unit, you will be able to take amplitude, frequency, and phase
measurements of ac waveforms by using an oscilloscope.

UNIT FUNDAMENTALS
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In dc circuits, voltage and current values do not change polarity.
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In ac circuits, however, circuit values are constantly changing polarity and amplitude over time.
With ac, time as well as amplitude must be considered when measurements are made.

There are three basic ac measurements.

i
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The first measurement is the amplitude of voltage or current.
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The second type of measurement is the time-related measurement of frequency. Frequency is the
number of cycles of a given waveform that occur in one second.
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The last measurement, phase angle, is a time-related measurement used to compare two sine
waves of identical frequency.

§ L
] 1
"\\-\""-\—I—o-"i/)- g I;Ia# ]BEWEHQ‘

vE*

The sine wave bears a direct relationship to circular rotation. Like a circle, it is divided into 360
degrees. Each cycle of the sine wave equals one complete circular rotation.

As in a circle, one complete cycle of a sine wave equals 360 degrees.
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NEW TERMS AND WORDS

phase angle - the angle of separation between two ac waveforms of identical frequency.
peak-to-peak value - amplitude between opposite peaks of an ac waveform

(Vpk-pk = Vpk x 2).

peak value - maximum amplitude in either polarity of an ac waveform (Vpk = Vpk-pk/2).
effective value (rms) - an ac value that produces the same heating effect in a resistor as an
equivalent dc value does.

average value (avg) - the value obtained by dividing the sum of a number of quantities by the
number of quantities. For sine waves, Vavg = 0.637 x Vpk.

period - time required for an ac waveform to complete one cycle (T = 1/f).

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

AC 1 FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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Exercise 1 — AC Amplitude Measurement

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure the amplitude of ac
waveforms by using an oscilloscope. You will verify your results with a multimeter.

DISCUSSION

The number of voltage or current units between the maximum point (positive peak) of the ac
waveform and the minimum point (negative peak) of the ac waveform is referred to as the
peak-to-peak value.

The subscript pk-pk is used to designate peak-to-peak amplitude measurements.

An amplitude measurement from the horizontal axis to either the positive peak or the
negative peak is designated as the peak value.

The subscript pk is used to designate these amplitude values.

The peak value of a waveform is one half the peak-to-peak measurement.

Oscilloscopes are used to measure the peak or peak-to-peak amplitude of an ac signal. The
amplitude scale should be expanded to display the largest possible signal. This provides the
ability to make a more accurate measurement.

A measured value indicating that an ac signal has the same heating power as an equivalent dc
value is called the effective or rms (root mean square) value.

Subscripts (Vace, Vims, OF Vegr) are used to designate specific amplitude measurements.

The product of the peak amplitude of a sine wave and 0.707 gives the rms value (Vims = Vi
X 0.707).

When using the ac function of a general-purpose digital or analog multimeters, the reading is
in rms. If the multimeter is analog, it may also have a “peak ac” scale. Many modern
multimeters are usable to 100 kHz and above.

The average value (indicated by a subscript of avg) of the amplitude of the ac waveform is
calculated using this equation: Vavg = 0.637 X Vi

10



AC1 Fundamentals Unit 2 — AC Measurements

NOTES
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Exercise 2 — Measuring With an Oscilloscope

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure voltage by using an
oscilloscope and determine current and impedance by using Ohm's law. You will verify your
results with information found in this exercise.

DISCUSSION

A current-sensing resistor (R2) is present on this circuit board. It is placed in series with the
circuit under test and is a small enough value not to affect circuit performance.
When the two-post connector is removed, the voltage drop across R2 is measured and, using
Ohm’s law, the current can be calculated.
Once the circuit current is determined, the circuit impedance can be calculated using Ohm’s
law and the source voltage (Vgen).
The oscilloscope, generator, and power source all have a common ground reference.
Two scope probes and the ADD-INVERT method are used to measure the voltage of a
component in order to prevent R2 and L2 from being shorted out.
Follow these steps to perform the ADD-INVERT method:
Place both channel vertical input attenuators on the same setting.
Connect the channel 1 input to the side of the component with the greatest potential.
Connect the channel 2 input to the opposite side of the component.
Connect both oscilloscope probe ground clips to the generator common.
Invert channel 2.
Switch the vertical mode to ADD.
Record the voltage.

If the ADD-INVERT method is used, even though one end of a component is connected
directly to ground, the oscilloscope can be safely placed directly across the component.

12
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NOTES

13



AC1 Fundamentals Unit 2 — AC Measurements

Exercise 3 — Measuring and Setting Frequency

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure and set frequency by using
an oscilloscope. You will verify your results with information found in this exercise.

DISCUSSION

e Frequency (f) is the number of repetitions (cycles) of a waveform that appear in a one second
time period. Frequency is measured in hertz (Hz).

e The time it takes for a waveform to complete one cycle is called the period (T) of the
waveform. The period is measured in seconds.

e Frequency and period are related as follows:  f=1/Tand T = 1/f

e The relationships shown above are used to measure and set frequency with an oscilloscope.

e In order to set the generator to a specific frequency, determine the period of the frequency
desired and then adjust the generator until the waveform has the calculated period.

e In order to determine the frequency of a displayed waveform, measure its period and then
calculate the frequency.

NOTES

14
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Exercise 4 — Phase Angle

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure phase angle by using an
oscilloscope. You will verify your results with information found in this exercise.

DISCUSSION

e The number of degrees separating two sine waves of the same frequency is referred to as
phase angle.

e The waveforms must have the same frequency but, do not necessarily have the same
amplitude.

e The degree of phase shift created by circuit components can be determined by comparing and
measuring the phase angle between the input and output waveforms.

e Phase angle can be measured using the oscilloscope. One channel displays the reference
waveform while the other channel displays the second signal.

e A lagging waveform is shifted to the right of the reference.

e A leading waveform is shifted to the left of the reference.

NOTES
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UNIT 3 — INDUCTANCE

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the effect of inductance on a circuit by
using an oscilloscope.

UNIT FUNDAMENTALS
The property of a conductor that opposes a change in current flow is inductance (L)

The magnetic field surrounding a conductor produces an opposing electromotive force (emf) in
response to a changing current. This opposing emf is called counter electromotive force (cemf)

The amount of cemf produced by a conductor depends on the rate at which the current changes
and on the amount of inductance. The frequency of the applied ac current is the rate of change.
The higher the frequency, the more cemf produced.

The measure of inductance depends largely upon how well the magnetic field surrounding the
conductor is concentrated. A higher concentration results in a higher, more measurable amount
of inductance.

A straight piece of wire has its magnetic field spread over a large area (less concentration).
However, if we were to wind the wire into a coil, the magnetic field would then be concentrated

into a much smaller area (greater concentration).

Because of its inductive properties, the coil is called an inductor.

kA KT

The figure shows the symbol for an inductor as shown on a schematic. Inductors are usually
labeled with the capital letter L.

The henry (H) is the unit of measure for inductance. An inductor measuring one henry produces
one volt of cemf when one ampere of ac current at one hertz is applied to it. For most
applications, however, inductors are in the millihenry (mH) and microhenry (HH) ranges.

The lower the total inductance, the higher the value of circuit current.

The higher the total inductance, the lower the value of circuit current.
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AC1 Fundamentals Unit 3 — Inductance

NEW TERMS AND WORDS

inductance (L) - one property of a conductor that opposes change in current flow.

counter electromotive force (cemf) - a voltage developed in an inductive circuit by alternating
current. The polarity of this voltage is, at every instant, opposite to that of the applied voltage.
inductor - a conductor, usually a coil of wire, wound to concentrate its magnetic field, which
produces a predicted measure of inductance.

henry (H) - unit of inductance. An inductance of one henry will produce one volt of cemf when
ac current of one ampere at one hertz is applied.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

AC 1 FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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AC1 Fundamentals Unit 3 — Inductance

Exercise 1 — Inductors

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe the effect an inductor has
on dc and ac circuits by using measured values. You will verify your results with an oscilloscope
and multimeter.

EXERCISE DISCUSSION

A dc current passing through an inductor only encounters opposition from the resistance of
the wire; therefore, no counter emf is produced.

An ac current creates a counter emf that is proportional to the signal frequency and the
amount of inductance.

Increased inductance creates increased opposition to current flow and therefore, increased
counter emf.

Increased signal frequency creates increased opposition to current flow and therefore,
increased counter emf.

Inductance causes a 90 degree phase shift between the voltage and the current. The voltage
across the inductor leads the current.

NOTES
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AC1 Fundamentals Unit 3 — Inductance

Exercise 2 — Inductors in Series and in Parallel

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the total inductance of a
circuit containing inductors in series and in parallel. You will verify your results with an
oscilloscope.

DISCUSSION

e Circuits with multiple inductors connected in series can be simplified to an equivalent
inductance that is equal to the sum of the inductors.

e Circuits with multiple inductors connected in parallel can be simplified to an equivalent
parallel inductance that is equal to the inverse of the sum of the reciprocals.

e [fa circuit contains only two parallel inductors, the product over the sum rule can be used to
find total inductance.

e Multiple inductors behave much like multiple resistors; in series the total inductance
increases while in parallel the total inductance decreases.

NOTES
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AC1 Fundamentals Unit 4 — Inductive Reactance

UNIT 4 — INDUCTIVE REACTANCE

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the characteristics of resistive-
inductive (RL) circuits by using an oscilloscope and given information.

UNIT FUNDAMENTALS

There are many similarities and differences between capacitive reactance (X¢) and inductive
reactance (X1 ,). They work in opposition to each other when subjected to an ac signal. Inductive
reactance (X1,) will be studied first.

Vac | i I L I
&

The amount of opposition an inductor (L) offers to ac circuit current is measured by the
resistance it offers to the power source (Vac).

X =——
I

This apparent resistance is called inductive reactance (Xy )and is measured in ohms.

If inductance increases (larger inductor value), inductive reactance (X[ ) increases; if inductance
decreases, X[ decreases.

Increases in the frequency of the power source (Vac) increase the inductive reactance (X); if
frequency decreases, X1, decreases.

Inductive reactance (X1 ) does not depend on the amplitude of the power source.
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The total opposition to current flow in a circuit containing resistance (resistors) and inductive
reactance (inductors) is known as impedance (Z) and is measured in ohms.

You cannot directly add resistance (R) and inductive reactance (X[ ) to obtain the impedance
value (Z).

In a series circuit with resistance and inductive reactance, impedance (Z) is determined from the
following formula.

Z=VR2+X(2

A more practical approach to finding the impedance (Z) of X1 and R in series is to divide the
total circuit current (IT) into the applied voltage (Vac).

Vac
7=—
IT
T; = 1
Vec ¥ % 5 R vac |
- S IEDAME (T | °

:."\l_'.L

.\_.-" = a-:';._"
In a parallel circuit with resistance and inductive reactance, Z is determined from the following
formula.

R x X,
7=—
\ R2+XL2

Again, a more practical approach to finding the impedance (Z) of X1 and R in parallel is to
divide the total circuit current (IT) into the applied voltage (Vac).

Vac
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Impedance (Z) is a phasor. Resistance (RT) and inductive reactance (X1 T) are the components
of the impedance phasor.
Being a phasor, impedance also has a phase angle.
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The angle between the generator voltage and current is the phase angle of the circuit. The
impedance angle is equal to this phase angle.

NEW TERMS AND WORDS
inductive reactance (XL) - the opposition to the flow of alternating current by the inductance of

a circuit. It is measured in ohms.
phasor - a quantity consisting of magnitude and direction used to describe an ac waveform.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit

AC 1 FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave
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AC1 Fundamentals Unit 4 — Inductive Reactance

Exercise 1 — Inductive Reactance

EXERCISE OBJECTIVE
When you have completed this exercise, you will be able to determine inductive reactance (X[ )
by using calculated and measured values. You will verify your results with an oscilloscope.

DISCUSSION

The impedance created in a circuit by inductors is referred to as inductive reactance (Xy).
Inductive reactance is calculated using this equation: ~ X_ = 2xfL

where X is the reactance measured in ohms
f is the frequency in hertz
L is the inductance in henrys
21 is a constant and indicates that this equation

applies to sine waves only

Inductive reactance is directly proportional to frequency and inductance.
Inductive reactance is independent of the signal amplitude.

NOTES
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AC1 Fundamentals Unit 4 — Inductive Reactance

Exercise 2 — Series RL Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine characteristics of series
RL circuits by using calculated and measured values. You will verify your results with an
oscilloscope.

DISCUSSION

e Total resistance of a series circuit is the sum of the individual resistors. Resistance increases
as the number of resistors increase, causing lower circuit current.

e Inductors connected in series behave in a similar manner. Total inductive reactance is the
sum of the individual reactance. Inductive reactance increases as the number of series
inductors increase, resulting in lower circuit current and higher circuit impedance.

e Impedance (Z) is measured in ohms and is the total opposition to current flow; it includes
both inductive reactance and resistance.

e Resistance and inductive reactance cannot be added directly to obtain impedance.

e Inan RL series circuit total impedance is found using this equation:

Z= SqI't(RZT + XZLT)
e A practical method of finding Z is to measure the total circuit current (It) and divide it into
the applied voltage (Vac).Z = Vac/It
e In RL circuits, applied voltage is the square root of the sum of the squares of the voltage
drops. VGEN = SqI't(VzRT + VZXLT)
e Since impedance is a phasor, there is a phase angle associated with it. The phase angle is
found with this equation: 0 = arctan (X_1/Ry)
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NOTES
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AC1 Fundamentals Unit 4 — Inductive Reactance

Exercise 3 — Parallel RL Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine characteristics of parallel
RL circuits by using calculated and measured values. You will verify your results with an
oscilloscope.

DISCUSSION

Total parallel inductance, like total parallel resistance, is found by taking the inverse of the
sum of the reciprocals. When just two inductors are in parallel, use the product-over-sum
method.
Inductive reactance decreases as the number of parallel inductors increases, causing an
increase in circuit current and a decrease in circuit impedance.
Once the parallel elements have been summed, the circuit is simplified to a parallel RL
circuit that consists of one resistive branch and one reactive branch.
The voltage across each parallel component is the same as the applied voltage.
Branch currents are determined by using Ohm’s law.
In parallel RL circuits, total circuit current is not the sum of the branch currents. Total circuit
current is the square root of the sum of the each individual branch current squared.
The circuit impedance is calculated using this formula

Z = (R x Xp)/[sqrt(R* x X?1)].
A more practical method of finding the circuit impedance is to divide the total current into
the applied voltage.
When inductance is decreased, the inductive reactance decreases, resulting in increased
current flow through the reactive branch. Phase angle between the applied voltage and circuit
current decreases.
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NOTES
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AC1 Fundamentals Unit 5 — Transformers

UNIT 5 — TRANSFORMERS

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the transfer of electrical energy from
one circuit to another by mutual inductance.

UNIT FUNDAMENTALS
- —
L -"' l'r'- Lz
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Suppose two inductors are placed in close proximity to one another, but no electrical connection
exists between them.
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Suppose also that an ac voltage is applied to one of the inductors. As shown, the magnetic field

surrounding the inductor with the applied voltage (L1) induces a voltage into the other inductor
(L2).

This phenomenon is known as mutual inductance. Inductor coils arranged in this manner result
in a common electrical device called a transformer.
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The coil, or winding, with the applied voltage is the primary. The coil that develops voltage
from the magnetic field is the secondary.

The amount of voltage induced in the secondary depends on the ratio of turns of wire between
the two windings.
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AC1 Fundamentals Unit 5 — Transformers

The coils of a transformer are often wound around an iron or ferrite core that concentrates the
magnetic field. This core improves the transfer of energy, or coupling, from the primary to the
secondary.
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Above are various transformer schematic symbols.

The presence or absence of lines between the coils indicates the type of core used.

This figure shows an iron-cored transformer with a tapped secondary. This tap may be used to
alter the turns ratio between the two coils.
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A transformer may contain one or several taps on the primary, on the secondary, or on both
windings.

Transformers come in all sizes. The transformer you will use in this unit weighs only a few
ounces. However, some transformers used by power companies weigh several tons.
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NEW TERMS AND WORDS

mutual inductance - the ability of one coil to induce voltage into another coil in close proximity
by way of a fluctuating magnetic field.

transformer - a device used to couple energy from one circuit to another through mutual
inductance.

primary - a transformer winding connected to the source voltage.

secondary - a transformer winding connected to the load.

coupling - the transfer of energy from one circuit to another.

tap - a fixed electrical connection to a specified position on the winding of a transformer.
autotransformer - a transformer consisting of one winding that acts as both primary and
secondary.

step-down transformer - a transformer whose applied primary voltage is greater than the
secondary voltage.

step-up transformer - a transformer whose secondary voltage is greater than the applied primary
voltage.

ferrite - a nonconductive, powered, compressed, magnetic, iron-based material.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit

AC 1 FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave
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NOTES
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AC1 Fundamentals Unit 5 — Transformers

Exercise 1 — Transformer Windings

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the coil resistances of a
transformer by using a multimeter. You will verify your results with information found in this
exercise.

DISCUSSION

e Inductors have an inherent resistance because they are made of wire. The same is true for
transformer windings.

e The resistance of the transformer windings can be measured using a multimeter.

¢ Since the two windings (primary and secondary) are electrically isolated, an open circuit
condition exists.

e Resistance in each winding will depend on the number of turns (length), wire gauge, and the
type of wire.

¢ An autotransformer consists of one continuous tapped winding that acts as both primary and
secondary.

e Transformer taps may be placed anywhere along the windings. The most common place is at
the center (dividing the windings in half); this type of transformer is referred to as a center-
tapped transformer.
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AC1 Fundamentals Unit 5 — Transformers

Exercise 2 — Mutual Inductance

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate mutual inductance by
using a typical transformer. You will verify your results with an oscilloscope.

DISCUSSION

e Mutual inductance between windings of a transformer only occurs when the applied voltage
is changing. An ac voltage source will induce a voltage in the secondary winding, but a dc
voltage will not.

e Introducing a switch between dc source and a transformer primary allows the voltage source
to be pulsed on and off. Pulsing the source on and off produces sudden changes in the applied
current. These changes cause the magnetic field surrounding the primary winding to expand
and collapse.

¢ Fluctuations in the magnetic field surrounding the primary coil induce a voltage in the
secondary coil.

NOTES
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AC1 Fundamentals Unit 5 — Transformers

Exercise 3 — Transformer Turns and Voltage Ratios

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the turns and voltage
ratios of a transformer by using calculated and measured values. You will verify your results
with an oscilloscope.

DISCUSSION

e A ratio of the number of turns of wire in the primary windings (Np) to the number of turns of
wire in the secondary windings (Ns) is called a turns ratio.

e The ratio of the primary side voltage (Vp) to the secondary side voltage (Vs) is equal to the
turns ratio. Np/Ng = Vp/Vg

e Transformers that have a larger primary voltage than secondary voltage are called step-down
transformers.

e Transformers that have a smaller primary voltage than secondary voltage are called step-up
transformers.

¢ Since ratios are unitless quantities, the voltage ratio is independent of the amplitude of the
applied signal.

e The tap on a center-tapped transformer divides the number of turns in half resulting in a
choice of two different turns ratios and voltage ratios.
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AC1 Fundamentals Unit 5 — Transformers

Exercise 4 — Transformer Secondary Loading

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the effect of secondary
loading by using a typical transformer. You will verify your results with an oscilloscope.

DISCUSSION

A ratio of the current through the primary (Ip) and the secondary (Is) is called the current
ratio.

The current ratio is equal to the inverse of the voltage and turns ratio.
Is/Ip = VP/VS = NP/NS

The relationship between the current and voltage ratio shows that when voltage is stepped up
by a certain factor, the current is stepped down by the same factor.
Transformers are self-regulating devices. The transformer will automatically increase or
decrease the primary current to accommodate for changes in the load (RL). (The load is
placed across the secondary of the transformer.)
In an ideal transformer the power delivered by the primary is equal to the power delivered by
the secondary.
In practical transformers typical efficiency of a transformer is 90% efficient.

% efficiency = (Ps/Pp) x 100
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AC1 Fundamentals Unit 6 — Capacitance

UNIT 6 — CAPACITANCE

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the effect of capacitance on a circuit
by using an oscilloscope.

UNIT FUNDAMENTALS

——
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Suppose two metal plates separated by an insulating material were placed in close proximity to
one another. If a voltage were applied to the plates, a charge would develop between them.

B o vds

Even if the voltage source were removed, the charge would still remain. The ability to store
electric charge is called capacitance (C). An electrical component with a predicted measure of
capacitance is a capacitor.

This is the symbol for a capacitor as shown on a schematic. Capacitors are usually labeled with
the capital letter C.

The farad (F)is the unit of measure for capacitance. A farad equals one coulomb of charge

stored at a potential of one volt. The farad, however, is a rather large value for most applications,
so more common capacitor values are in the picofarad (pF) and microfarad (uF) ranges.
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A capacitor charges when dc is applied to it. While the capacitor is charging, current flows until
the capacitor is fully charged. At that time, current flow stops and the voltage across the
capacitor equals the applied dc voltage.

. LB ¥ac

Therefore, a capacitor blocks dc current when fully charged. As you continue your study of
electronics, you will see that the ability to block dc is very useful.

A capacitor will not block ac current because the voltage level and polarity are constantly
changing.

Although ac passes through a capacitor, the capacitor does create opposition (impedance) to
current flow. This impedance depends on the value of the capacitor and the frequency of the
applied signal.
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Total capacitance decreases as the number of capacitors in series increases.

Total capacitance increases as the number of capacitors in parallel increases.
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NEW TERMS AND WORDS

capacitance (C) - the property of a capacitor to store charge.

capacitor - a device consisting of two conducting surfaces separated by an insulating material
and possessing a predicted amount of capacitance.

farad (F) - unit of measure for capacitance. A farad equals one coulomb of charge stored at a
potential of one volt.

leakage current - a small, undesirable amount of current that flows through the dielectric of a
capacitor.

dielectric - the insulating material between the two plates of a capacitor.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit

AC 1 FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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Exercise 1 — Capacitors

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe the effect a capacitor has on
dc and ac circuits by using measured values. You will verify your results with a multimeter and
an oscilloscope.

DISCUSSION

When dc is applied to a capacitor, it begins to charge and current flows. Once fully charged,
the voltage across the capacitor is equal to the applied voltage, and the current flow stops. A
very small amount of current (leakage current) actually does “leak” through the capacitor.
A capacitor, once charged, remains at that voltage level when the applied dc is removed.
Creating a complete circuit path between the leads of a charged capacitor will discharge it.
When an ac source is applied to a capacitor, the signal is passed but with opposition in the
form of impedance.

The amount of impedance produced by a capacitor will depend on the capacitance and the
frequency of the applied ac signal.

When capacitance increases, impedance decreases and total circuit current increases.

When the ac signal frequency is increased, impedance decreases and total circuit current
increases.

Capacitance affects the phase relationship between the applied voltage and current.

The voltage across a capacitor lags the current by 90 degrees, or current through the capacitor
leads the voltage by 90 degrees.
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AC1 Fundamentals Unit 6 — Capacitance

Exercise 2 — Capacitors in Series and in Parallel

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine total capacitance by using
circuits that have capacitors in series and in parallel. You will verify your results with an
oscilloscope.

DISCUSSION

e Capacitors that are in series have a total capacitance that is the inverse of the sum of the
reciprocals. If only two capacitors are in series the product-over-sum method can be used.

e Total capacitance decreases as more series capacitors are added, resulting in a higher
impedance and a lower circuit current.

e (Capacitors that are in parallel have a total capacitance that is the sum of the capacitor values.

e Total capacitance increases as additional parallel capacitors are connected, resulting in a
lower impedance and higher circuit current.

NOTES
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AC1 Fundamentals Unit 7 — Capacitive Reactance

UNIT 7 — CAPACITIVE REACTANCE

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the characteristics of resistive-
capacitive (RC) circuits by using an oscilloscope and given information.

UNIT FUNDAMENTALS

There are many similarities and differences between capacitive reactance (X¢) and inductive
reactance (X1 ,). They work oppositely to each other in many respects when subjected to an ac
signal.

=

The amount of opposition a capacitor (C) offers to ac circuit current is measured by the
resistance it offers to the power source (Vac).

Xc=—
It

This apparent resistance is called capacitive reactance(X) and is measured in ohms.
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If capacitance increases (larger capacitor value), capacitive reactance (X() decreases; if
capacitance decreases, X increases.

Increases in the frequency of the power source (Vac) decrease capacitive reactance (X(); if
frequency decreases, X increases.

Capacitive reactance (X ) does not depend on the amplitude of the power source.
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The total opposition to current flow in a circuit containing resistance (resistors) and capacitive
reactance (capacitors) is known as impedance (Z) and is measured in ohms.

You cannot directly add resistance (R) and capacitive reactance (X() to obtain the impedance
value (Z).

In a series circuit with resistance and capacitive reactance, impedance (Z) is determined by the
following formula.

Z=\R2 + X2

A more practical approach to finding the impedance (Z) of X and R in series is to divide the
total circuit current (IT) into the applied voltage (Vac).

Vac

T e

In a parallel circuit with resistance and capacitive reactance, Z is determined by the following
formula.

RXc

VR2 + X2

Again, a more practical approach to finding the impedance (Z) of X and R in parallel is to
divide the total circuit current (IT) into the applied voltage (Vac).
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In RC circuits, voltage and current are not in phase (as they are in a circuit that contains only
resistors).

NEW TERMS AND WORDS

capacitive reactance - the opposition to current flow due to capacitance.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

AC 1 FUNDAMENTALS circuit board
Oscilloscope, dual trace

Generator, sine wave
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AC1 Fundamentals Unit 7 — Capacitive Reactance

Exercise 1 — Capacitive Reactance

EXERCISE OBJECTIVE
When you have completed this exercise, you will be able to determine capacitive reactance (X)

by using calculated and measured values. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

Capacitors pass ac current but present an opposition to current flow in the form of an
impedance.

The impedance produced by a capacitor is referred to as capacitive reactance (Xc) and is

calculated using this equation. Xc = 1/2nfC)
where Xc 1s the reactance measured in ohms
f is frequency in hertz
C is capacitance in farads
2n is a constant that indicates that the equation is valid for sine waves only.

Capacitive reactance depends on the frequency of the signal and the capacitance.
Capacitive reactance and circuit capacitance are inversely proportional.
Capacitive reactance is independent of the amplitude of the applied signal.
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AC1 Fundamentals Unit 7 — Capacitive Reactance

Exercise 2 — Series RC Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine characteristics of series
RC circuits by using calculated and measured values. You will verify your results with an
oscilloscope.

EXERCISE DISCUSSION

e Capacitive reactance, like resistance, increases as the number of series capacitors increases.
The total capacitive reactance is the sum of the individual reactances.
Capacitive reactance increases result in lower circuit current and higher circuit impedance.
The current in a series circuit flows through each series component.
The total opposition to current flow is impedance (Z); it is measured in ohms.
Total impedance is found with this formula: Z = sqrt(R* + X%¢)
Impedance is a phasor; the total resistance lies on the x-axis and the total active reactance lies
on the y-axis.
e In RC circuits the applied voltage equals the square root of the sum of the squares of the
voltage drops.
e The phase angle of the circuit impedance is found with this equation:
0 = arctan (Xc1/Rr)
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AC1 Fundamentals Unit 7 — Capacitive Reactance

Exercise 3 — Parallel RC Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine characteristics of parallel
RC circuits by using calculated and measured values. You will verify your results with an
oscilloscope.

EXERCISE DISCUSSION

In a parallel RC circuit, total capacitive reactance is found by taking the inverse of the sum of
the reciprocals.

If only two capacitors are in parallel, the product-over-sum method can be used.

Capacitive reactance decreases as the number of capacitors in parallel increases; this results
in higher circuit current and lower circuit impedance.

The equivalent circuit has two distinct branches: one resistive and one reactive.

Voltage drop across parallel branches are equal. Ohm’s law is used to find the branch
currents.

Total circuit current is the square root of the sum of the squares of the branch currents.
Circuit impedance is found by using this formula: Z = (R x X¢)/[sqrt(R* + X?0)]

The phase angle between the applied voltage and circuit current increases as capacitance is
increased.
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AC1 Fundamentals Unit 8 — Time Constants

UNIT 8 — TIME CONSTANTS

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the effects of time constants on ac and
dc circuits by using calculated and measured values.

UNIT FUNDAMENTALS
VOLTS LW
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In this unit, we will use square waves when applying ac to a circuit. The square wave shown has
a period of 10 ms, which results in a fundamental frequency of 100 Hz (frequency = 1/period).

e 5 M e

Exact multiples of the fundamental (first) frequency are called the harmonic frequencies. For
example, the first harmonic frequency of the 100 Hz square wave is:

100 Hzx 1 =100 Hz
(first harmonic)

This first harmonic frequency is the fundamental frequency.
The second and third harmonic frequencies are:
100 Hz x 2 =200 Hz

(second harmonic)

100 Hz x 3 =300 Hz
(third harmonic)
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Harmonic frequencies that are even multiples of the fundamental frequency (second, fourth,
sixth, etc.) are even harmonics.

N — FURDARENTAL (188 Hz)
" THIRD HARMCHIC (amd Hz)
__.--'"'_ FIFTH HARFIONIC LS 8F Hz)
- -
- =
Nl
1F m=

The 100 Hz square wave is actually a composite waveform made up of many sine waves. These
sine waves consist of odd harmonic frequencies of the square wave fundamental frequency.

NEW TERMS AND WORDS

fundamental frequency - the principal component of a wave; the component with the lowest
frequency or greatest amplitude. For example, the fundamental frequency of a 100 Hz square
wave is 100 Hz.

harmonic frequencies - sinusoidal waves having frequencies that are integral (positive whole
number) multiples of the fundamental frequency. For example, a wave with twice the frequency
of the fundamental is called the second harmonic.

even harmonics - harmonic frequencies that are even multiples of the fundamental frequency.
For example, 200 Hz and 400 Hz waves are even harmonics of a 100 Hz wave.

odd harmonics - harmonic frequencies that are odd multiples of the fundamental frequency. For
example, 300 Hz and 500 Hz waves are odd harmonics of a 100 Hz wave.

time constant - time required for voltage or current to rise or fall by 63 percent. It results from
the ability of inductance (L) and capacitance (C) to store energy.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

AC 1 FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave
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Exercise 1 — RC Time Constants

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the time constant of an
RC circuit by using calculated and measured values. You will verify your results with an
oscilloscope.

EXERCISE DISCUSSION

e The time constant (1) of a circuit is the amount of time required for current (inductive circuit)
or voltage (capacitive circuit) to reach 63% of its maximum value.

e An RC circuit time constant (in seconds) is the product of the circuit resistance (in ohms) and
capacitance (in farads).

e An RL circuit time constant is the division of the circuit resistance divided into the
inductance (in henries).

e Five time constants are required for the component to reach 99% maximum.

e There are no time constants for a purely resistive circuit because the circuit reacts to changes
in voltage or current instantaneously.

e Universal time constant charts are used to determine the amount of voltage across a capacitor
or current through an inductor when the time constant is known.

e Charging and discharging curves are equal and opposite.
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Exercise 2 — RC and RL Wave Shapes

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the effects of time
constants on RC and RL circuits by using square waves as the applied ac waveforms. You will
verify your results with a universal time constant chart.

EXERCISE DISCUSSION

e A square wave input signal is used to constantly charge and discharge the capacitor in a
simple RC circuit.

e The frequency of the square wave has been selected to provide a long enough period for the
capacitor to fully charge and discharge.

e Current flow is maximum when the charge on the capacitor is zero. Current flow is minimum
when the capacitor is fully charged. The current flow is in the opposite direction when the
capacitor discharges.

e A sawtooth waveform is produced when the circuit resistance is increased. The larger
resistance increases the time constant. The period of the input square wave is now too short
for the capacitor to fully charge or discharge.

e Since the time constant of a simple RL circuit is much smaller than that of an RC circuit, a
square wave input at a higher frequency (shorter period) can be used.

¢ Maximum voltage across an inductor and minimum current flow result when an inductor
begins to charge. Since inductors oppose changes in current flow, the same conditions are
present when an inductor begins to discharge.

e Current flow decreases at a rate governed by the RL time constant.

e Decreasing inductance shortens the charge and discharge time in relation to the period of the
applied square wave. This condition causes positive voltage spikes on the rising edge and
negative voltage spikes on the falling edge of the applied signal.
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The FACET computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
FACET equipment and explain what behavior is expected of them in this laboratory. It is up to
the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the FACET Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

@ S & & O o o

The Appendix includes safety information.
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AC2 Fundamentals Unit 1 — RLC Circuits

UNIT 1 — RLC CIRCUITS

UNIT OBJECTIVE

At the completion of this unit, you will be able to analyze series and parallel RLC circuits by
using calculations and measurements.

UNIT FUNDAMENTALS

Many electronics circuits are made up of resistors (R), inductors (L), and capacitors (C). Such
networks are referred to as RLC circuits. There are many ways that resistors, inductors, and
capacitors can be connected.
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Another way to arrange these three components is in parallel.
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More complex RLC circuits are made up of combinations of series and parallel RLC circuits.
Varying the frequency of the applied voltage (Vgen) causes both the inductive (X;) and
capacitive (X¢) reactances to change which results in the total circuit current (It) changing.
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At some frequencies, the RLC circuits act capacitively. The current (It) leads the applied voltage
(Vgen). At other frequencies, the RLC circuits act inductively, and It lags Vgen.
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SERIES RLC CIRCUIT

In a series circuit, the same current flows in all three components. Given the current (It), you use
Ohm's law to calculate the voltage drops across the individual circuit components.
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PRARALLEL RLC CIRCULT

In a parallel circuit, Vggn appears across each of the components. Given Vggn, you use Ohm's
law to calculate the current through each of the three circuit branches.

NEW TERMS AND WORDS

RLC circuits - networks created by resistors (R), inductors (L), and capacitors (C) connected in
various ways to perform some useful function such as filtering, phase shifting, or impedance
matching; also called LCR circuits.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit

AC 2 FUNDAMENTALS circuit board
Oscilloscope, dual trace

Generator, sine wave
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Exercise 1 — Series RLC Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to analyze series RLC circuits by using
calculations and measurements. You will verify your results with an oscilloscope.

DISCUSSION

In a series RLC circuit, the total impedance is the combination of the oppositions contributed
by each component. Total impedance (Z) consists of a resistive and reactance component.
Net reactance is the difference between the two reactances.
The equivalent circuit behaves as a series RL or RC circuit, depending on which reactive
component is larger.
Once total impedance is known, Ohm’s law can be used to determine circuit current.
Voltage across each component is found using Ohm’s law and series circuit basics.
In a series RLC circuit, total voltage is found with this equation:

Veen = sqrt [VZg + (Vo = VL)]

The impedance phase angle is found using one these equations:
Zg = arctan (Xng1/R)
0 = arctan (Vner/VR)
where Xyer 1S the total reactance
Vner  is the total reactive component voltage
Since the amount of reactance is frequency dependent, circuit values will vary with changes
in the frequency of the applied voltage.
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AC2 Fundamentals Unit 1 — RLC Circuits

Exercise 2 — Parallel RLC Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to analyze parallel RLC circuits by
using calculations and measurements. You will verify your results with an oscilloscope.

DISCUSSION

In parallel RLC circuits, components are connected in parallel with the applied voltage
source; each component forms an individual parallel branch.

Consistent with parallel circuit theory, each branch voltage is equal to the applied voltage.
Ohm’s law and the branch resistance or reactance is used to determine individual branch
currents.

Total circuit current is not the sum of the branch currents. Use the following equation to
calculate total current: It = sqrt [Ig* + (Ic — )]

Characteristics of the equivalent circuit depend on the dominant reactive component. The
component with the lowest reactance, or highest current, is dominate.

Equivalent capacitance or inductance can be determined from the appropriate reactance
formula once component reactance has been determined by Ohm’s law.

Phase angle is calculated from the following equation: 0 = arctan (Ixg1/IR)

Since the amount of reactance is frequency dependent, circuit values will vary with changes
in the frequency of the applied voltage.
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AC2 Fundamentals Unit 2 — Series Resonance

UNIT 2 — SERIES RESONANCE

UNIT OBJECTIVE

At the completion of this unit, you will be able to analyze series resonant RLC circuits by using
calculations and measurements.

UNIT FUNDAMENTALS

An increase in frequency (f) causes the inductive reactance (X[ ) to increase. A decrease in
frequency causes the inductive reactance (X[ ) to decrease.
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At some frequency, the inductive and capacitive reactances are equal in a series RLC circuit.
This frequency is called the resonant frequency (f;). To calculate resonant frequency, apply the
following formula.
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At resonance, the reactances are equal, so they cancel one another (X1, - X). The total circuit
impedance of a series RLC circuit at resonance is simply the circuit resistance (R1).

(]

This response curve shows that as frequency increases, the circuit impedance (Z) decreases until
it reaches a minimum point (R), then it increases again.

['-c'-_'=i'.-r4 ''''''' ?LE —

This response curve shows that as frequency increases, the circuit current (IT) increases until it
reaches a maximum point (IRESON), then it decreases again.

RLC series circuits are widely used in radio, TV, and communications equipment for tuning and
filtering because they allow a large peak current at the resonant frequency and provide a high
opposition to current flow at all other frequencies. This ability to select a desired frequency while
rejecting other frequencies is known as selectivity.
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The selectivity of a circuit is determined by the bandwidth (B) of the circuit.
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The bandwidth is determined by the upper and lower cutoff frequencies of the circuit
(B=1-1]).

The selectivity and bandwidth of a series RLC circuit depends on the circuit Q (Q = X[ /R).

NEW TERMS AND WORDS

resonant frequency (f,) - the frequency at which the inductive and capacitive reactances in an
RLC circuit are equal.

resonance - the condition where the inductive and capacitive reactances in any RLC circuit are
equal and cancel one another.

tuning - varying the inductance or capacitance in an RLC circuit in order to set the resonant
frequency and select or reject specific signals.

filtering - the process of either passing or rejecting specific frequencies.

selectivity - the measure of the ability of a tuned circuit to pass selected frequencies or bands of
frequencies and reject all others.

bandwidth (B) - the range of frequencies that will be passed or rejected by a resonsant circuit;
the difference between the upper and lower cutoff frequencies.

cutoff frequencies - the frequencies above and below the resonant frequency of a tuned series
circuit where the current is 70.7% of, or 3 dB down from, its peak value; also known as the half
power points.

0 - the ratio of inductive reactance to resistance (Q = XL/R).

11
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit

AC 2 FUNDAMENTALS circuit board
Oscilloscope, dual trace

Generator, sine wave

NOTES
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Exercise 1 — Series Resonant Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to compute the resonant frequency,
total current, and impedance in a series RLC circuit by using standard formulas and procedures.
You will verify your results with an oscilloscope.

DISCUSSION

This formula is used to calculate resonant frequency: f; = 1/[21TW(sqrt(LC))]

Capacitive reactance and inductive reactance are equal at the circuit resonant frequency.

The total circuit impedance, at the resonant frequency, is equal to the circuit resistance.

At resonance, total circuit current is calculated using Ohm’s law, total circuit resistance, and
applied voltage.

Individual voltage drops can be calculated using Ohm’s law when the component reactance
and total circuit current are known.

A circuit operating at resonance behaves as if it were a completely resistive circuit; therefore,
the applied voltage and circuit current are in phase.

The voltage drop across the reactive components is equal since this is a series circuit.

NOTES
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Exercise 2 — Q and Bandwidth of a Series RLC Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the bandwidth and Q of a
series RLC circuit by using standard formulas. You will verify your results with an oscilloscope.

DISCUSSION

Resonant RLC circuits are often used for tuning and filtering input signals.
Selectivity, in series RLC circuits, is the ability to produce a high current (Irgson) at
resonance and high impedance at all other frequencies.
Highly selective circuits are responsive to a limited range of frequencies.
The bandwidth (B) of a resonant circuit determines the selectivity.
Bandwidth is determined by the upper and lower cutoff frequencies of the circuit.
B= fz - f]
Upper and lower cutoff frequencies occur where circuit current is 3 dB down from the
maximum current (Irgson)-
Resonant circuit selectivity is characterized by a factor called Q. The Q of a circuit is
calculated from this equation: Q=X /R
Circuits with high Q values have a high selectivity. Q values have a wide range, a Q below
10 is very low, while a Q larger than 250 is very high.
The higher the Q the smaller the bandwidth. B=1/Q
Q of the resonant circuit can determine the voltage across L or C using this relationship:
VC or VL = Q X VGEN

14
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UNIT 3 — PARALLEL RESONANCE

UNIT OBJECTIVE

At the completion of this unit, you will be able to analyze parallel resonant LC circuits by using
calculations and measurements.

UNIT FUNDAMENTALS
Resonance occurs in series and parallel circuits. The resonant frequency (f;) of a parallel

resonant circuit is calculated with the same formula used for series resonant circuits.
fr=1/2m.C

In a parallel LC circuit, the generator voltage (VGEN) is applied across each component. The
component currents (I and Iy ) are determined from the following equations.

Ic = VGEN/XC I, = VGEN/XL

= I YiZEM

I

The current in the capacitor (I¢) leads the generator voltage (VGEN) by 90°. The current in the
inductor (Iy)) lags the generator voltage by 90°. At resonance, the currents (I and If ) are equal

and opposite in their effect, so they cancel one another. The total current drawn from the
generator is the line current (IT).
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The inductor and capacitor effectively exchange energy. The current exchange between the
capacitor and inductor is referred to as the circulating current. A parallel circuit consisting of
inductors and capacitors that exchange circulating current is referred to as a tank circuit.
Circulating current flows inside the tank as the inductor and capacitor exchange energy, but no
current is drawn from the generator. At resonance, the circulating current is maximum while the
total line current (I) is 0.
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In a practical parallel resonant LC circuit, the small series resistance in the inductor (R ) causes
the inductor current (I ) to be slightly lower than the capacitor current (I¢). Because of the coil
resistance, inductor current (I ) does not equal capacitor current (I(), and a small amount of line
current flows. Circuit impedance (Z) is still very high and resistive.
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This response curve shows that as frequency increases, the circuit impedance (Z) increases until
it reaches a maximum point, then it decreases again.
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This response curve shows that as frequency increases, the circuit current (IT) decreases until it

reaches a minimum point, then it increases again. The relationship between impedance and line
current in a parallel resonant circuit is exactly opposite to the relationship between impedance
and total current in a series resonant circuit. At resonance, circuit current and voltage are in
phase (impedance is resistive) for series and parallel LC circuits.
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Parallel resonant circuits are used in tuning and filtering circuits because they provide a high
impedance at the resonant frequency and a low impedance at all other frequencies.
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As in series resonant circuits, the Q determines the selectivity of a parallel resonant circuit, and
the bandwidth (B) is a measure of selectivity.

19



AC2 Fundamentals Unit 3 — Parallel Resonance

NEW TERMS AND WORDS

line current - the combined total current drawn by the inductor, capacitor, and resistor in a
parallel resonant RLC circuit.

circulating current - the tank circuit current that flows in the inductor and capacitor as they
exchange energy.

tank circuit - a parallel resonant LC circuit that stores energy in the form of an electric field in
the capacitor and a magnetic field in the inductor.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

AC 2 FUNDAMENTALS circuit board
Oscilloscope, dual trace

Generator, sine wave

NOTES
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AC2 Fundamentals Unit 3 — Parallel Resonance

Exercise 1 — Parallel Resonant Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to compute the resonant frequency,
total circuit current, and impedance of a parallel LC circuit by using standard electronics
formulas. You will verify your results with an oscilloscope.

DISCUSSION

* At the resonance frequency, inductive and capacitive reactance are equal in a parallel LC
tank circuit.

* The equation f; = 1/[21T1(sqrt(LC))], is used to calculate the resonant frequency for both
parallel and series resonant circuits.

* Atresonance, an LC tank circuit has a very high impedance and exhibits resistive
characteristics.

e Ohm’s law is used to determine total line current, which, at resonance, is minimal.

* Voltage (Vreson) across the tank circuit, at resonance, is maximal.

* Atresonance, the reactive components are equal and opposite therefore canceling one
another.

* The applied voltage and total current are in phase when the circuit is at resonance.
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NOTES
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AC2 Fundamentals Unit 3 — Parallel Resonance

Exercise 2 — Q and Bandwidth

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the Q and the bandwidth of
a parallel resonant circuit by using standard formulas. You will verify your results with an
oscilloscope.

DISCUSSION

Resonant circuit selectivity is characterized by a factor called Q.
The Q of an individual inductor is the inductive reactance divided by the internal resistance
of the inductor.
This internal resistance can be represented as an equivalent parallel resistance (Rrp) found by
using the equation Ry p= Q2 x Ry
Practical parallel resonant circuits have a current limiting resistor in series with the signal
generator, prior to the LC parallel network. Here the overall circuit Q is a much lower value
than the Q of the inductor.
Reducing the above circuit to a simple parallel resonant circuit produces an equivalent shunt
resistance (Rg). The Q is then calculated by dividing Rg by Xi (Re/Xy). Rg is the parallel
combination of (Rgen + R;) and Ryp.
The bandwidth (B) of a resonant circuit defines its selectivity.
Bandwidth is determined by the upper and lower cutoff frequencies of the circuit.

B= fz - f]
Upper and lower cutoff frequencies occur where circuit voltage is 3 dB down from the
maximum voltage (Vreson).
The higher the Q the smaller the bandwidth. B=1/Q
Q can be calculated from the circuit bandwidth. Q = £,/B
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NOTES
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AC2 Fundamentals Unit 4 — Power in AC Circuits

UNIT 4 — POWER IN AC CIRCUITS

UNIT OBJECTIVE

At the completion of this unit, you will be able to calculate and measure the apparent power, real
power, reactive power, and power factor in ac circuits.

UNIT FUNDAMENTALS

Power is the rate at which work is done. Power is energy expended over a period of time to
accomplish useful work. In an electrical circuit, energy moves electrons. This energy is
dissipated in the form of heat when electrons flow through a resistance. A watt is the unit of
electrical power. Real power (P) is dissipated only in a resistance.

Three basic formulas are used to compute real power in a resistance.
P=IxE P=T"xR  P=E’R
In these formulas, P is power in watts, I is the current through the resistance in amperes, E is the

voltage across the resistance in volts, and R is the resistance in ohms.
WOLTAGE,

CLIRRENT

-

W WO THGE
~—CLFRENT

IIl
ff
A

=
1
m
Z
A
|
-
AN
I

Al

g¥  9@® |aa
T TIHE

In this circuit, the sine wave of voltage (Vgen) produces a sine wave of current (I) through the
resistor (R).
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Multiplying the instantaneous current value by the corresponding voltage produces the power
curve shown. The average power is indicated by the horizontal dashed line. When calculating the
average power, use the rms values of current and voltage.

P=IxE P=I’xR P=E*R
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An ideal capacitor or inductor does not convert energy to heat. The reactive component stores the
energy delivered to it from the generator (Vggn), then returns that energy to the circuit.
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For one half-cycle of the generator's (Vggn) sine wave, the reactive component draws energy
from the generator.
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During the other half-cycle, the reactive component returns power to the generator. The power
consumption of the reactive component exactly equals the amount of power returned to the
circuit.

Power not converted into another form of energy, such as heat, is called reactive power (Q).
Reactive power is the product of the voltage across and the current through a reactive
component. The unit for reactive power is the voltampere reactive (var). NOTE: The unit for real
power is the watt (W).
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In circuits containing resistance and reactance (Xp or X¢), the generator must supply both the
real power (P) and the reactive power (Q).

To determine this generator power, called the apparent power (S), multiply the generator
voltage (Vgen) by the circuit current (I). S=Vgenx1

Only a percentage of the generator's apparent power (S) is converted to real power (P) and is
dissipated in the circuit resistance as heat.

The generator also supplies reactive power (Q) to the reactive components, which alternately
consume and supply power (Q).

The ratio of real power (P) to apparent power (S) is the power factor (PF).
PF =P/S

The power factor (PF) is a measure of the real power (P) actually delivered to the circuit from the
generator.

NEW TERMS AND WORDS

real power (P) - power that is converted from one form of energy to another; the power
dissipated in a resistor as heat; the product of the applied voltage and circuit current in a
resistance, expressed in watts; also called true power.

reactive power (Q) - power not converted into another form of energy; the product of the voltage
across and the current through a reactive component such as an inductor or a capacitor. The unit
of measure for reactive power is the voltampere reactive (var).

apparent power (S) - the product of an rms voltage across and an rms current through an
impedance (Z). The unit of measure for apparent power is the voltampere (VA).

power factor (PF) - the ratio of the true power to the apparent power in a circuit; the cosine of
the phase angle between circuit current and applied voltage.

27



AC2 Fundamentals

Unit 4 — Power in AC Circuits

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

AC 2 FUNDAMENTALS circuit board
Oscilloscope, dual trace

Generator, sine wave

NOTES
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AC2 Fundamentals Unit 4 — Power in AC Circuits

Exercise 1 — Power Division

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine ac power division among
the components of an RLC circuit by using standard power formulas. You will verify your
results with an oscilloscope.

DISCUSSION

Real power (Pr) is drawn by resistive components and dissipated as heat.
Reactive components draw apparent power (S) from the generator during one half-cycle and
supply reactive power (Q) during the second-half cycle.

Apparent power (S) is calculated using this equation: S = Vgen x I
where Vgen is the generator voltage (Vms)
| is the circuit current (L)

Since the reactive components introduce a phase shift, apparent power will be greater than
the real power.

Total reactive power (Qr) is the sum of the inductive component power minus the sum of the
capacitive component power.
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AC2 Fundamentals Unit 4 — Power in AC Circuits

Exercise 2 — Power Factor

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the power factor of ac
circuits by using standard electronic formulas. You will verify your results with an oscilloscope.

DISCUSSION

* A power triangle can be used to represent real power (P), reactive power (Q), and apparent
power (S).

* Real power is drawn on the horizontal axis and represents the total real power in units of
watts.

* Reactive power is represented on the vertical axis in units of vars.

* Apparent power is the resultant, or hypotenuse, of the triangle in units of VA.

* Power factor (PF) is a ratio of the circuit’s real power to the apparent power.

» The cosine of the angle () equals the ratio of real power to apparent power and represents
the phase angle between the voltage and current of an ac circuit.

* Apparent power multiplied by the power factor (cos 8) equals the real power of the ac circuit.
P=cos0xS

* Power factor defines what portion of the apparent power is real power.
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AC2 Fundamentals Unit 5 — Low- and High-Pass Filters

UNIT 5 — LOW- AND HIGH-PASS FILTERS

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the cutoff frequencies and
attenuations of RC and RL low- and high-pass filters by using test circuits.

UNIT FUNDAMENTALS

A filter is a frequency-selective circuit that permits signals of certain frequencies to pass while it
rejects signals at other frequencies.
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A low-pass filter, as its name implies, passes low frequencies but rejects high frequencies.
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The dividing line between the passing of low frequencies and the rejecting of high frequencies is
the cutoff frequency (f;), or -3 dB point. In a low-pass filter, signals lower than the cutoff

frequency pass essentially unmodified. Frequencies higher than the cutoff frequency are greatly
attenuated, or reduced.

OUTPUT
WILTFAG e P
AEE | e CUTOFF
. = FREQUEMNCY
Vol e .
B.7TRT VW f——————— AT ———————————
(=3 eB) N

.  FREQUENCY o

L=

In a high-pass filter, signals higher than the cutoff frequency pass essentially unmodified. Signals
lower than the cutoff frequency are greatly attenuated, or reduced.
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The cutoff frequency (f;,) is the point where the output voltage (V) drops to 70.7% of, or 3 dB

down from, the input voltage.
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Frequency response data may be expressed in terms of output voltage but is usually expressed in
decibels (dB). Decibels are units that express or measure the gain or loss (attenuation) in a
circuit. The decibel can be based on the ratio of the output voltage (V) to the input voltage (V;).

Vo

Attenuation (dB) =20 log1g —
Vi
NOTE: In the type of filters studied in this volume, the output voltage (V) is always less than

the input voltage (Vj).

2 |~ FREGUENC

. T '_"Iﬁ'.-__g_J_ v

i AN b 9B DCTAVE
& 1= . -
l = i m.@ i@ ARADECEDE

a7 "'-._

33 \

18 3

B FREQLEMHCY —=- [

The rate of attenuation, or loss, beyond the cutoff frequency (f;) is highly predictable. This
attenuation is 6 dB per octave or 20 dB per decade. An attenuation rate of 6 dB per octave is

the same rate as 20 dB per decade.
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NEW TERMS AND WORDS

band - a range of frequencies.

dB per octave - decibels per octave (dB/octave); a 1 dB increase or decrease over a two-to-one

frequency range.

dB per decade - decibels per decade (dB/decade); a 1 dB increase or decrease over a ten-to-one
frequency range.

octave - a two-to-one or one-to-two ratio; a frequency factor of two. One octave is the doubling
or halving of a frequency.

decade - a ten-to-one or one-to-ten ratio; a frequency factor of ten.

rolled off - gradually attenuated, or decreased. A filter attenuates when its rejected frequencies

are rolled off.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

AC 2 FUNDAMENTALS circuit board
Oscilloscope, dual trace

Generator, sine wave

NOTES
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AC2 Fundamentals Unit 5 — Low- and High-Pass Filters

Exercise 1 — Low-Pass Filters

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the cutoff frequencies and
attenuations of RC and RL low-pass filters. You will verify your results with an oscilloscope.

DISCUSSION

» Several ways exist for the implementation of low-pass filters, each of which consist of a
voltage-divider network containing a resistor and a frequency-varying component (inductor
or capacitor).

* Output voltage from the filters is “tapped off” the voltage divider.

* Changes in the frequency of the supply voltage cause changes in the circuit reactance,
resulting in output voltage variations.

* In RC filters, the capacitive reactance is high at low frequencies compared to the resistance,
causing most of the input voltage to appear across the output capacitor.

» Capacitive reactance decreases as the generator frequency increases, causing larger voltage
drops across the R and decreasing the voltage across the output capacitor.

* Low-pass filters are designed so that frequencies below the cut-off frequency are passed
while higher frequencies are attenuated.

* Inlow-pass RL filters, the inductive reactance is small at low frequencies compared to the
resistance, and most of the input voltage falls across the output resistor.

* Inductive reactance increases as the generator frequency increases; therefore, more and more
voltage is dropped across the inductor and less across the output resistor.

* Cutoff frequency is defined as the frequency where the output signal is 3 dB down, or 0.707
X V,.

e For RC circuits: f, = 1/2TIRC

e For RL circuits: f, = R/21L
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AC2 Fundamentals Unit 5 — Low- and High-Pass Filters

Exercise 2 — High-Pass Filters

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate and measure the cutoff
frequencies and observe the attenuation rates of RC and RL high-pass filters. You will verify
your results with an oscilloscope.

DISCUSSION

* Several ways exist for the implementation of high-pass filters, each of which consist of a
voltage divider network containing a resistor and a frequency-varying component (inductor
or capacitor).

*  Output voltage from the filters is tapped off the voltage divider formed by the series resistor
and reactive component.

* Changes in the frequency of the supply voltage cause changes in the circuit reactance,
resulting in output voltage variations.

* In high-pass RC filters, the capacitive reactance is low at frequencies above cutoff compared
to the resistance, causing most of the input voltage to appear across the output resistor.

* Capacitive reactance increases as the generator frequency decreases causing larger voltage
drops across the C and decreasing the voltage across the output resistor.

* In high-pass RL filters, the inductive reactance is large at high frequencies compared to the
resistance, and most of the input voltage falls across the output inductor.

* Inductive reactance decreases as the generator frequency decreases; therefore, more and more
voltage is dropped across the resistor and less across the output inductor.

* Cutoff frequency is defined as the frequency where the output signal is 3 dB down,
or 0.707 x V..

¢ For RC circuits: f, = 1/21TRC

e For RL circuits: f,=R/211L
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AC2 Fundamentals Unit 6 — Bandpass and Bandstop Filters

UNIT 6 — BANDPASS AND BANDSTOP FILTERS

UNIT OBJECTIVE
At the completion of this unit, you will be able to analyze the operation of bandpass and
bandstop filters by using standard electronics formulas.

UNIT FUNDAMENTALS
Various combinations of inductors, capacitors, and resistors can be used to produce low-pass,
high-pass, bandstop, and bandpass filters.

Bandpass filters and bandstop filters select a specific range of frequencies. The types of
bandpass and bandstop filters studied in this unit use resonant circuits.
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Bandpass filters can be implemented by connecting a series or parallel resonant circuit with a
resistor. This combination forms a voltage divider across the generator (VGEN)-
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A bandpass filter allows a narrow band of frequencies to pass but rejects frequencies above and
below that band. The range of frequencies passed by a band pass filter is the bandwidth (B),
which depends on the upper (f2) and lower (f]) cutoff frequencies.
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Like bandpass filters, bandstop filters can be implemented by connecting a series or parallel
resonant circuit with a resistor.
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A bandstop filter, or band reject filter, rejects a narrow range of frequencies but passes
frequencies above and below that range. The range of frequencies rejected by a bandstop filter is
the bandwidth (B), which depends on the upper (f7) and lower (f]) cutoff frequencies.
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Resonant bandpass and bandstop filters select a specific range of frequencies.

NEW TERMS AND WORDS

bandpass filters - a circuit that passes frequencies over a narrow range, or band, of frequencies
and rejects those above and below this range.

bandstop filters - a circuit that rejects frequencies within a narrow band and passes those above
or below this band; also called a band reject filter.

center frequency - resonant frequency.
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Unit 6 — Bandpass and Bandstop Filters

EQUIPMENT REQUIRED
F.A.C.E.T. base unit

AC 2 FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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AC2 Fundamentals Unit 6 — Bandpass and Bandstop Filters

Exercise 1 — BandPass Filters

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate and measure the center
frequency and bandwidth of series and parallel bandpass filters. You will verify your results with
an oscilloscope.

DISCUSSION

* The bandpass filter consists of a series LC resonant network wired in series with an output
resistor. Input voltage is applied across this voltage divider configuration.

* Inductive and capacitive reactance cancel one another at the resonant frequency resulting in a
circuit with resistive characteristics. Under these conditions circuit current is maximum.

* Atresonant frequency the output voltage is maximum. This point on the response curve is
called the bandpass filter center frequency.

* Center frequency of bandpass filters, series or parallel, is computed using this equation:

f. = 1/[21(sqrt(LC))]

» The series RLC band pass filter has capacitive characteristics below resonance (V, decreases)
and inductive characteristics above resonance (V, increases).

* Bandwidth of a bandpass filter is the range of frequencies the filter will pass, and depends on
the upper and lower cutoff frequencies.

» Parallel LC networks connected to a series resistor create another bandpass filter
configuration. Input voltage is applied across this voltage divider and the output voltage is
taken across the parallel LC tank circuit.

* Atresonance, the parallel tank network has a high impedance and the output voltage is
maximum.

* The parallel bandpass filter acts inductively (V, decreases) at frequencies below resonance
and capacitively (V, increases) at frequencies above resonance.
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AC2 Fundamentals Unit 6 — Bandpass and Bandstop Filters

Exercise 2 — BandStop Filters

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate and measure the center
frequency and bandwidth of series and parallel bandstop filters. You will verify your results with
an oscilloscope.

DISCUSSION

* The band stop filter consists of a series LC resonant network wired in series with a resistor.
Input voltage is applied across this voltage divider configuration and the output is taken
across the series LC circuit.

* Atresonant frequency, the output voltage is minimal since the impedance of the LC circuit is
small. This point on the response curve is the center frequency.

* Center frequency of bandstop filters, series or parallel, is computed using this equation:

f. = 1/[2n(sqrt(LC))]

* The series RLC bandstop filter has capacitive characteristics below resonance (V, increases)
and inductive characteristics above resonance (V, increases).

* Bandwidth of a bandstop filter is the range of frequencies which the filter will attenuate, and
depends on the upper and lower cutoff frequencies.

» Parallel LC networks connected to a series resistor create another bandstop filter
configuration. Input voltage is applied across this voltage divider and the output voltage is
taken across the resistor.

* Atresonance, the parallel tank network has a high reactance and the output voltage is
minimal.

* The parallel bandstop filter acts inductively (V, increases) at frequencies below resonance
and capacitively (V, increases) at frequencies above resonance.
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Volt reserves all rights not expressly granted to the Licensee.

2. Ownership. As the Licensee, you own the physical media
on which the CD-ROM is originally or subsequently recorded
or fixed, but Lab-Volt retains title to and ownership of the
software programs recorded on the original compact disc and
any subsequent copies of the CD-ROM, regardless of the
form or media in or on which the original and other copies
may exist. This license is not a sale of the original software
program of Lab-Volt's CD-ROM or any portion or copy of it.

3. Copy Restrictions. The CD-ROM software and the
accompanying materials are copyrighted and contain
proprietary information and trade secrets of Lab-Volt.
Unauthorized copying of the CD-ROM even if modified,
merged, or included with other software or with written
materials is expressly forbidden. You may be held legally
responsible for any infringement of Lab-Volt's intellectual
property rights that is caused or encouraged by your failure to
abide by the terms of this agreement. You may make copies
of the CD-ROM solely for backup purposes provided the
copyright notice is reproduced in its entirety on the backup
copy.

4. Permitted Uses. This CD-ROM, Instructor's Guide, and all
accompanying documentation is licensed to you, the
Licensee, and may not be transferred to any third party for
any length of time without the prior written consent of Lab-
Volt. You may not modify, adapt, translate, reverse engineer,
decompile, disassemble, or create derivative works based on
the Lab-Volt product without the prior written permission of
Lab-Volt. Written materials provided to you may not be
modified, adapted, translated, or used to create derivative
works without the prior written consent of Lab-Volt.

5. Termination. This agreement is effective until terminated.
It will terminate automatically without notice from Lab-Volt
if you fail to comply with any provisions contained herein.
Upon termination you shall destroy the written materials,
Lab-Volt's CD-ROM software, and all copies of them, in part
or in whole, including modified copies, if any.

6. Registration. Lab-Volt may from time to time update the
CD-ROM. Updates can be made available to you only if a
properly signed registration card is filed with Lab-Volt or an
authorized registration card recipient.

7. Miscellaneous. This agreement is governed by the laws of
the State of New Jersey.

Limited Warranty and Disclaimer

This CD-ROM software has been designed to assure correct
operation when used in the manner and within the limits
described in this Instructor's Guide. As a highly advanced
software product, it is quite complex; thus, it is possible that if
it is used in hardware configurations with characteristics other
than those specified in this Instructor's Guide or in
environments with nonspecified, unusual, or extensive other
software products, problems may be encountered by a user. In
such cases, Lab-Volt will make reasonable efforts to assist the
user to properly operate the CD-ROM but without
guaranteeing its proper performance in any hardware or
software environment other than as described in this
Instructor's Guide.

This CD-ROM software is warranted to conform to the
descriptions of its functions and performance as outlined in
this Instructor's Guide. Upon proper notification and within a
period of one year from the date of installation and/or
customer acceptance, Lab-Volt, at its sole and exclusive
option, will remedy any nonconformity or replace any
defective compact disc free of charge. Any substantial
revisions of this product, made for purposes of correcting
software deficiencies within the warranty period, will be
made available, also on a licensed basis, to registered owners
free of charge. Warranty support for this product is limited, in
all cases, to software errors. Errors caused by hardware
malfunctions or the use of nonspecified hardware or other
software are not covered.

LICENSOR MAKES NO OTHER WARRANTIES OF ANY KIND
CONCERNING THIS PRODUCT, INCLUDING WARRANTIES
OR MERCHANTABILITY OR OF FITNESS FOR A
PARTICULAR PURPOSE. LICENSOR DISCLAIMS ALL
OBLIGATIONS AND LIABILITIES ON THE PART OF
LICENSOR FOR DAMAGES, INCLUDING BUT NOT LIMITED
TO SPECIAL OR CONSEQUENTIAL DAMAGES ARISING OUT
OF OR IN CONNECTION WITH THE USE OF THE SOFTWARE
PRODUCT LICENSED UNDER THIS AGREEMENT.

Questions concerning this agreement and warranty and all
requests for product repairs should be directed to the Lab-Volt
field representative in your area.

LAB-VOLT SYSTEMS, INC.

P.O. Box 686

Farmingdale, NJ 07727

Attention: Program Development

Phone: (732) 938-2000 or (800) LAB-VOLT

Fax: (732) 774-8573

Technical Support: (800) 522-4436

Technical Support E-Mail: techsupport@labvolt.com
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes
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The Appendix includes safety information.






Magnetism and Electromagnetism Unit 1 — Magnetism

UNIT 1 — MAGNETISM

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe and demonstrate the effects of
magnetism by using magnets and a compass.

UNIT FUNDAMENTALS

Magnetism is a phenomenon that occurs naturally in some metallic materials. It can also be
produced by electrical currents (electromagnetism). In this unit, you will learn about natural
magnets.
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Magnets exert a force on other magnets. This force may cause the magnets to attract each other
(attractive force) or to repel each other (repulsive force).

HAILS

Magnets also exert a force on other magnetic materials that are not magnets themselves. These
materials will be discussed later.
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Two of the most familiar types of magnets are the bar magnet (A) and the horseshoe magnet (B).
Their names reflect their physical shape.

A magnet's pole is the area where its magnetic force is strongest. Magnets of virtually any shape
have a north (N) pole at one end and a south (S) pole at the other. The type of pole determines
whether the magnet will attract or repel a particular pole of another magnet.
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These arrows represent the direction of the attractive or repulsive magnetic forces. If a pole of
one magnet is moved toward the similar pole of a second magnet (north to north or south to
south), the magnets repel, or push away from, each other. If a pole of one magnet is moved
toward the opposite pole of a second magnet (north to south), the magnets attract, or pull toward,
each other. This relationship can be stated simply: opposite poles attract and like poles repel.
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Breaking a magnet in half results in two smaller, weaker magnets, each with its own north and
south pole. It does not result in one magnet having just a north pole and the other having just a
south pole.
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The direction of a bar magnet's force is shown here by lines of force which originate from the
north pole and travel to the south pole. The lines of force closest to the magnet represent the
strongest magnetic force. The force becomes progressively weaker for the lines of force further
away from the magnet. You can't see a magnet's lines of force, but you can see their effects.
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A magnet also exerts a force on objects that are not magnets themselves but that are made of iron
or have an iron content. The force is attractive only, and it is exerted by both the north and south
poles of the magnet. Magnets are used in many electric and electronic devices, including
telephones, televisions, radar, audio speakers, alarms, and motors. Magnets come in all sizes.
Some are small enough to hold in your hand, and others, such as the large electromagnets found
in junkyards, are powerful enough to lift several tons of scrap metal.

NEW TERMS AND WORDS

magnets - objects having a magnetic field that attracts or repels magnetic materials.

attractive force - a force that tends to pull 2 objects toward each other. A magnet's pole attracts
magnetic objects or the opposite pole of another nearby magnet.

repulsive force - a force that tends to push 2 objects away from each other. A magnet's pole
repels the similar pole of another nearby magnet.

pole - the area on a magnet where magnetic force is strongest. Every magnet has 1 north pole and
1 south pole.

lines of force - invisible lines that represent the strength and density of a magnetic materials.
magnetic field - an area where magnetic force is present.

permanent magnets - pieces of hardened steel or other magnetic material which has been so
strongly magnetized that they retain the magnetism indefinitely.

temporary magnet - a magnet whose field quickly loses its magnetic power.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
MAGNETISM/ELECTROMAGNETISM circuit board

NOTES
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Exercise 1 — The Compass

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to explain and demonstrate the function
of a compass by using a bar magnet. You will verify your results with a compass.

DISCUSSION

One of the most familiar applications of a magnet is the compass.

A compass needle is actually a small magnet that is loosely suspended at its center so there
is as little friction as possible to impede movement.

Earth itself is actually a large magnet.

The north pole of the compass needle, when not affected by other nearby magnetic forces,
always points to Earth's geographic north pole.

The south pole of Earth's magnet is commonly called magnetic north because it attracts a
compass needle's north pole.

Similarly, the north pole of Earth's magnet is commonly called magnetic south.

Because of the compass's magnetic relationship to Earth's poles, it has been used for
centuries as a navigational device.

When a bar magnet is suspended loosely from a string or rubber band, it simulates the action
of a compass needle.

A loosely suspended bar magnet moves so that its north pole points to magnetic north and
its south pole points to magnetic south.
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Exercise 2 — Magnetic Fields

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to identify the invisible field around a
magnet by using iron filings. You will verify your results by observing patterns formed by the
filings.

DISCUSSION

e A magnet has lines of force that originate at its north pole and flow to its south pole.

e The lines of force surrounding a magnet make up its magnetic field.

e The lines near the magnet's poles have the highest density (are closest together), so the
magnetic force is strongest here.

e  Midway between the poles, the lines are farthest apart, so the magnetic force here is
weakest.

e The lines of force for a horseshoe magnet are strongest where the poles are closest to each

other.

Weaker lines of force radiate outward between the poles.

Additional weaker lines travel completely around the outside of the magnet's shape.

A common way to demonstrate the configuration of a magnetic field is with iron filings.

In the presence of a magnet, iron filings align themselves with the magnet's field.
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Exercise 3 — Making a Magnet

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to make a magnet by using parts
included with the MAGNETISM/ELECTROMAGNETISM circuit board. You will verify your
results with an ordinary paper clip.

DISCUSSION

e The types of magnets discussed in the previous exercises, such as bar magnets and
horseshoe magnets, are permanent magnets because they are always surrounded by their
own magnetic field.

e A temporary magnet is an object that becomes a magnet only when placed in a magnetic
field.

e A temporary magnet retains its own magnetic field for a short period of time, then loses it.

e  You can make a temporary magnet from an object made of iron or one that has an iron
content, such as an iron nail.

e The north pole of the bar magnet creates a south pole at the adjacent end of the nail.

e  The south pole of the bar magnet creates a north pole at the opposite end of the nail.

¢ A nail magnetized in this way retains a weaker magnetic field of its own even after the
permanent magnet is removed.

e The nail loses its magnetic field if it is subjected to a sharp blow or dropped on a hard
surface.
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NOTES
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Magnetism and Electromagnetism Unit 2 — Electromagnetism

UNIT 2 — ELECTROMAGNETISM

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe and demonstrate electromagnetism by
using electromagnetic devices. You will verify your results with a solenoid and a relay.

UNIT FUNDAMENTALS
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Electromagnetism is a form of magnetism created when current flows through a conductor.
When current is present, it generates a magnetic field around the conductor similar to that of a
permanent magnet. When current is removed, the magnetic field disappears.
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One way an electromagnet differs from a permanent magnet is that you can switch an
electromagnet's field on and off by simply switching current on and off.
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You can also vary the strength of an electromagnet's field by increasing or decreasing the applied
current.

Electromagnets are used extensively for recording media such as magnetic tapes and disks. They
are also used in the automotive, communications, scientific, and many other industries. Familiar
examples of electromagnets are relays, solenoids, alarm bells, car alternators, and electric
motors.

11
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NEW TERMS AND WORDS

Electromagnetism - the magnetic field around a wire or other conductor when current passes
through it.

left-hand rule - when the left hand is placed around a current-carrying conductor so that the
thumb points in the direction of current (electron) flow, the other fingers will point in the
direction of the magnetic field; when the fingers of the left hand are placed around an
electromagnet in the direction of current (electron) flow, the thumb will point to the north
magnetic pole.

field intensity - the strength of a magnetic field.

solenoid - an electromagnet with a sliding core.

plunger - the sliding core of a solenoid.

stroke - the range of motion of a solenoid's sliding core.

relay - an electromechanical device with contacts that are opened and closed by an
electromagnet.

armature - a relay's moving element, which is attracted by an electromagnet.

hysteresis - the difference between a device's response to an increasing signal and a decreasing
signal.

isolation - the separation between a device's response to an increasing signal and a decreasing
signal.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
MAGNETISM/ELECTROMAGNETISM circuit board

12
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NOTES
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Magnetism and Electromagnetism Unit 2 — Electromagnetism

Exercise 1 — The Electromagnet

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to explain the operation of an
electromagnet by using a coil of wire. You will verify your results with a compass and an iron
nail.

DISCUSSION

e An electromagnet is an electrical conductor that generates a magnetic field around itself
when current passes through it.

e To determine the direction of the field lines, you can use a convention known as the left-
hand rule.

e  When you grasp the conductor with your left hand so that your thumb points in the direction
of current (electron) flow, the magnetic field flows in the direction that your other fingers
curl around the conductor.

e A conductor formed into a loop has a more concentrated magnetic field at the center of the
loop.

e The field can be concentrated further by winding the conductor into a coil and inserting an
iron core in the center.

e The strength, or intensity, of the magnetic field is proportional to the applied current and the
number of turns of the coil. It is also inversely proportional to the length of the coil.

e Just like the permanent magnet, the electromagnet has a north and a south pole, and it
attracts only objects made of iron or that have an iron content.

¢  You can use the left-hand rule to determine the poles of an electromagnet.

e  When you grasp the coil with your left hand so that your fingers curl in the direction of
current (electron) flow, your thumb points to the electromagnet's north pole.

e You can reverse the north and south poles by reversing either the direction of current flow
or the direction in which the wire is wound around the coil.

14
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Exercise 2 — The Solenoid

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe and demonstrate the
operation of a solenoid by using an electromagnet. You will verify your results by visual
observations.

DISCUSSION

An iron core partially inserted into an electromagnet's coil is pulled into the coil when you
apply current.

This device, called a solenoid, can be very useful in electromechanical systems because it
translates electrical power into a mechanical motion.

In practice, an iron core slightly smaller than the coil's inside diameter is used in a solenoid.
This allows the core to slide freely back and forth in a straight line.

The moving core of a solenoid is also called a plunger.

In many cases, a return spring is attached between the movable plunger and a fixed point.
The plunger travels back and forth between two distinct points.

The plunger's range of motion is called its stroke.

Practical solenoids have strokes ranging from a fraction of an inch up to 3 inches.

This two-position linear motion is useful in many practical applications such as operating a
valve, opening and closing one or more electrical circuits, engaging gears, and operating
clutches and brakes.

Solenoids are designed in a variety of sizes, configurations, and strokes. They are available
for a wide range of ac and dc voltages.

16
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Exercise 3 — The Relay

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operations of a relay
by using several relay circuits. You will verify your results with visual observations.

DISCUSSION

e A relay is a type of switch operated by an electromagnet.

e The relay's electromagnet has a stationary core.

e The armature is a moving element that is attracted to the core when the coil is energized.
e  When the coil is de-energized, the magnetic field disappears, and a spring returns the

armature to its original position.

When the armature moves up and down, it operates a set of switch contacts.

The common contact is mounted to the armature. It alternately connects to the normally
open (NO) and normally closed (NC) contacts.

You can configure relays to have many other multiple-pole switches by stacking additional
contacts on the armature.

Like the solenoid, the relay translates electrical power into mechanical motion.

Since the relay coil is an inductor, it is often represented schematic-ally by the inductor
symbol.

Another way to represent the coil is by a rectangle with two leads for the coil connections.
The schematic symbol for relay contacts is similar to that of standard switch contacts.

A dashed line indicates a mechanical connection (the spring-loaded armature) between the
coil and the contacts.

A relay coil has a nominal voltage rating (Vy) for ideal operation; however, the relay also
operates at voltages below the nominal rating.

If you start from OV and increase voltage, you will reach the point at which the armature
pulls in. This is the pull-in voltage (Vp).

If you start from Vy and decrease voltage, you will reach a point at where armature is
released. This is the dropout voltage (Vp).

Pull-in (Vp) and dropout (Vp) occur at different voltages. The window between the pull-in
and dropout is called hysteresis.

If switching occurred at the same point for increasing and decreasing voltage (without
hysteresis), the relay would chatter, which means it would turn on and off with every small
change in voltage.

An important feature of relays is the isolation between the input and output circuits. This
means that no electrical connection exists between the coil and the switch contacts.

18



Magnetism and Electromagnetism Unit 2 — Electromagnetism

e Isolation allows you to switch one or more circuits having voltages and currents that are
incompatible with those used to drive the relay coil. For example, a 10 Vdc relay coil can be
used to switch a 220 Vac circuit.

e  One common application for a relay is a buzzer, which can be used as an audible alarm or an
attention getting device.

e You can make a buzzer by wiring the relay coil to a voltage source through a switch and the
relay's contacts.

e  The time needed for the armature to move down once the coil is energized is the relay's
pull-in time.

e The time needed for the armature to return to its original position once the coil de-energizes
is the dropout time.

e  The pull-in and dropout times determine the frequency of the buzzing sound.

e  Another common relay application is an electromechanical latch. The importance of the
latch is that you can create a maintained contact by momentarily pushing a button.

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.

SRRl






Lebffolt. pasic Electricity & Electronics

Semicond

Student Workbook

Ed |t|0 I 4
3091564000503






FOURTH EDITION

Second Printing, March 2005

Copyright March, 2003 Lab-Volt Systems, Inc.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system,
or transmitted in any form by any means, electronic, mechanical, photocopied, recorded, or
otherwise, without prior written permission from Lab-Volt Systems, Inc.

Information in this document is subject to change without notice and does not represent a
commitment on the part of Lab-Volt Systems, Inc. The Lab-Volt® F.A.C.E.T." software and
other materials described in this document are furnished under a license agreement or a
nondisclosure agreement. The software may be used or copied only in accordance with the terms
of the agreement.

ISBN 0-86657-200-7

Lab-Volt® and F.A.C.E.T.” logos are trademarks of Lab-Volt Systems, Inc.

All other trademarks are the property of their respective owners. Other trademarks and trade
names may be used in this document to refer to either the entity claiming the marks and names or
their products. Lab-Volt System, Inc. disclaims any proprietary interest in trademarks and trade
names other than its own.



Lab-Volt License Agreement

By using the software in this package, you are agreeing to
become bound by the terms of this License Agreement,
Limited Warranty, and Disclaimer.

This License Agreement constitutes the complete
agreement between you and Lab-Volt. If you do not agree
to the terms of this agreement, do not use the software.
Promptly return the F.A.C.E.T. Resources on Multimedia
(CD-ROM) compact discs and all other materials that are
part of Lab-Volt's F.A.C.E.T. product within ten days to
Lab-Volt for a full refund or credit.

1. License Grant. In consideration of payment of the license
fee, which is part of the price you paid for this Lab-Volt
product, Lab-Volt, as Licensor, grants to you, the Licensee, a
nonexclusive, nontransferable license to use this copy of the
CD-ROM software with the corresponding F.A.C.E.T. Lab-
Volt reserves all rights not expressly granted to the Licensee.

2. Ownership. As the Licensee, you own the physical media
on which the CD-ROM is originally or subsequently recorded
or fixed, but Lab-Volt retains title to and ownership of the
software programs recorded on the original compact disc and
any subsequent copies of the CD-ROM, regardless of the
form or media in or on which the original and other copies
may exist. This license is not a sale of the original software
program of Lab-Volt's CD-ROM or any portion or copy of it.

3. Copy Restrictions. The CD-ROM software and the
accompanying materials are copyrighted and contain
proprietary information and trade secrets of Lab-Volt.
Unauthorized copying of the CD-ROM even if modified,
merged, or included with other software or with written
materials is expressly forbidden. You may be held legally
responsible for any infringement of Lab-Volt's intellectual
property rights that is caused or encouraged by your failure to
abide by the terms of this agreement. You may make copies
of the CD-ROM solely for backup purposes provided the
copyright notice is reproduced in its entirety on the backup
copy.

4. Permitted Uses. This CD-ROM, Instructor's Guide, and all
accompanying documentation is licensed to you, the
Licensee, and may not be transferred to any third party for
any length of time without the prior written consent of Lab-
Volt. You may not modify, adapt, translate, reverse engineer,
decompile, disassemble, or create derivative works based on
the Lab-Volt product without the prior written permission of
Lab-Volt. Written materials provided to you may not be
modified, adapted, translated, or used to create derivative
works without the prior written consent of Lab-Volt.

5. Termination. This agreement is effective until terminated.
It will terminate automatically without notice from Lab-Volt
if you fail to comply with any provisions contained herein.
Upon termination you shall destroy the written materials,
Lab-Volt's CD-ROM software, and all copies of them, in part
or in whole, including modified copies, if any.

6. Registration. Lab-Volt may from time to time update the
CD-ROM. Updates can be made available to you only if a
properly signed registration card is filed with Lab-Volt or an
authorized registration card recipient.

7. Miscellaneous. This agreement is governed by the laws of
the State of New Jersey.

Limited Warranty and Disclaimer

This CD-ROM software has been designed to assure correct
operation when used in the manner and within the limits
described in this Instructor's Guide. As a highly advanced
software product, it is quite complex; thus, it is possible that if
it is used in hardware configurations with characteristics other
than those specified in this Instructor's Guide or in
environments with nonspecified, unusual, or extensive other
software products, problems may be encountered by a user. In
such cases, Lab-Volt will make reasonable efforts to assist the
user to properly operate the CD-ROM but without
guaranteeing its proper performance in any hardware or
software environment other than as described in this
Instructor's Guide.

This CD-ROM software is warranted to conform to the
descriptions of its functions and performance as outlined in
this Instructor's Guide. Upon proper notification and within a
period of one year from the date of installation and/or
customer acceptance, Lab-Volt, at its sole and exclusive
option, will remedy any nonconformity or replace any
defective compact disc free of charge. Any substantial
revisions of this product, made for purposes of correcting
software deficiencies within the warranty period, will be
made available, also on a licensed basis, to registered owners
free of charge. Warranty support for this product is limited, in
all cases, to software errors. Errors caused by hardware
malfunctions or the use of nonspecified hardware or other
software are not covered.

LICENSOR MAKES NO OTHER WARRANTIES OF ANY KIND
CONCERNING THIS PRODUCT, INCLUDING WARRANTIES
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






Semiconductor Fundamentals Unit 1 — Introduction to Semiconductors

UNIT 1 — INTRODUCTION TO SEMICONDUCTORS

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe a semi-conductor, identify
semiconductor devices, and demonstrate their operation by using circuits on the
SEMICONDUCTOR DEVICES circuit board.

UNIT FUNDAMENTALS

Diodes, transistors, integrated circuits, and other so-called "solid state" devices are made from
crystals of a semiconductor material, usually silicon or germanium. At room temperature, the
crystals of pure silicon and germanium are neither good insulators nor good conductors. This is
why they are called semiconductors.
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Introducing an impurity into a semiconductor crystal through doping reduces the electrical
resistance. Semiconductor material doped with impurities containing excess electrons is called N
type material (negative). If the impurity has too few valence ring electrons, the doped
semiconductor is called P type material (positive). Free electrons are the majority carriers in
N type material, and positive charges, called holes are the majority carriers in P type material.
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Doping adjacent areas of a semiconductor crystal with N type and P type impurities,
respectively, forms a PN junction. In a region close to the junction, a few electrons migrate to
the P material and a few positive charges migrate to the N material. Because these migrated
charges tend to neutralize each other, an arrow depletion region is created.
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The SEMICONDUCTOR DEVICES circuit board has eight circuit blocks. Each circuit block
consists of an arrangement of diodes and/or transistors that gives you an understanding of how a
semiconductor functions in a practical application. This unit introduces you to semiconductors
and the functional circuit blocks on the SEMICONDUCTOR DEVICES circuit board.
Subsequent units are dedicated to each of the eight circuit blocks and to troubleshooting
semiconductor circuits.

NEW TERMS AND WORDS

diodes - semiconductor devices consisting of P type material and N type material.

transistors - devices consisting of NPN or PNP semiconductor layers. Transistors allow a small
current to control the flow of a larger current.

semiconductor - a material, usually silicon or germanium, doped with impurities to create a
compound whose electrical resistance is greater than that of conductors but less than that offered
by insulators.

doping - the deliberate introduction of a specific type of impurity into very pure base material.
Doping is accomplished by many different processes, but it is always carefully controlled to
produce semiconductors with specific properties.

N type material - pure semiconductor material which has been doped with an impurity that
introduces free electrons into the semiconductor. The atoms of the doping material, sometimes
referred to as donor material, usually have a valence ring that contains one electron more than
those required to complete covalent bonds with base material atoms.

valence ring - the outermost electrons surrounding the nucleus of any atom. These electrons
interact with the valence electrons of neighboring electrons and are the main influences on the
electrical characteristics of the element.

P type material - pure semiconductor material which has been doped with an impurity that
introduces apparent positive charges (holes) into the semiconductor. The atoms of the doping
material, sometimes called acceptor material, usually have a valence ring that lacks one electron
from those necessary to complete covalent bonds with base material atoms.

firee electrons - "extra" valence ring electrons that are not incorporated into covalent bonds.
These electrons result from doping pure base material with an N type impurity. They act as
current carriers in N type semiconductor material.

majority carriers - charges deliberately introduced into semiconductors to act as current carriers.
Electrons are the majority carriers in N type material; holes are considered to be the majority
carriers in P type material.

holes - positive charges in semiconductors resulting from incomplete covalent bonds. Holes
occur when pure base material is doped with a P type impurity.

anode - the diode region doped with P (positive) type material.

cathode - the diode region doped with N (negative) material.

zener - a diode designed to maintain a relatively constant voltage drop over a range of current
flows. Zeners are supplied in the same packages as "ordinary" diodes, but they operate in a
different way.

light-emitting diodes - (LED) a diode constructed to release energy in the form of light when
supplied with an electric current. The materials used in the construction of an LED determine the
color and brightness of the light.
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bipolar transistor - a three-layer transistor constructed by NPN or PNP doping; more commonly
called junction transistors. Bipolar refers to the use of N and P doping materials.

emitter - an end region of a transistor. The emitter is doped with the same type of impurity as the
collector.

base - the center region of a transistor, between the emitter and collector. The base is always
doped with a material opposite in polarity to the emitter and collector doping. It is usually very
thin.

collector - an end region of a transistor. Physically, the collector area is usually the largest area
of a transistor because it is the region where most power is dissipated.

depletion region - an area very close to PN junction where a few charges from adjoining areas
tend to cross the border and neutralize each other.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
SEMICONDUCTOR DEVICES circuit board

NOTES
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Exercise 1 — Semiconductor Component Identification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to identify various semiconductor
devices. You will verify your knowledge by locating diodes and transistors on the
SEMICONDUCTOR DEVICES circuit board.

DISCUSSION

Diodes and transistors are the two classes of semiconductors covered in this exercise.

Diodes are generally constructed of germanium or silicon and consist of only one PN
junction.

Diodes are constructed with an anode (positive, P-type material) and a cathode (negative, N-
type material).

Schematic diagrams for common diodes, LEDs, and zener diodes are illustrated in the
exercise. Common types of diode packaging are shown, also.

Diodes are usually identified on schematic diagrams by the letters CR followed by a number.
For example: CR12.

Specialized diodes, designed for specific tasks, include the Zener diode, which can maintain
a constant voltage, and the Light Emitting Diode (LED), which emits light under specific
circumstances.

Transistors belong to two major families, Field-Effect Transistors (FET) and Junction
Transistors (JT). Only junction transistors, also called bipolar transistors, are discussed in this
course.

Transistors have two PN junctions; therefore, they have three regions. Each region consists
of either N-type or P-type material. The three regions can be formed two ways: as P-type
material sandwiched between N-type material (NPN) or by N-type material sandwiched
between P-type material (PNP).

Junction transistors have a terminal (Iead) connected to each of the three regions. The center
region is designated the base. The outer regions are designated emitter and collector,
respectively.

Schematic diagrams for PNP and NPN type junction transistors are illustrated in the exercise.
Transistors are usually identified by the letter Q, followed by a number, on circuit diagrams.
For example: Q2.
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Exercise 2 — Circuit Location and Identification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with the functional circuit blocks
on the SEMICONDUCTOR DEVICES circuit board. You will verify your circuit knowledge by
identifying the circuit blocks and operating a transistor circuit.

DISCUSSION

e The following eight circuit blocks are present on the SEMICONDUCTOR DEVICES circuit
board.

DIODES AND 1/2 WAVE RECTIFICATION circuit block

FULL-WAVE RECTIFICATION WITH POWER SUPPLY FILTERS circuit block
ZENER DIODE REGULATOR circuit block

DIODE WAVESHAPING circuit block

VOLTAGE DOUBLER circuit block

TRANSISTOR JUNCTION circuit block

PNP DC BIAS circuit block

TRANSISTOR LOAD LINES AND GAIN circuit block

A

e The first five circuit blocks contain diode circuits only. Each block demonstrates the
following diode functions.

Block 1. diode polarity, voltage drop required for a diode to conduct, and how a diode circuit
functions as a half-wave rectifier.

Block 2. full-wave bridge rectification with and without filtering

Block 3. voltage drop characteristics of a zener diode

Block 4. clipping and clamping circuits

Block 5. ac to dc rectification resulting in an output voltage which is twice the input voltage
(peak voltage)

e The last three blocks demonstrate the following:

Block 6. forward and reverse biasing of transistors, as well as a comparison of diode and
transistor junctions

Block 7. transistors as switches

Block 8. transistor characteristics such as base-emitter voltage, base current, collector
current, and dc load lines
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Semiconductor Fundamentals Unit 2 — Diodes and Half-Wave Rectification

UNIT 2 — DIODES AND HALF-WAVE RECTIFICATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the principles of semiconductor
diode operation and diode half-wave rectification by using diode test circuits.

UNIT FUNDAMENTALS
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Diodes normally permit electron current flow in only one direction, as illustrated. When N type
semiconductor material is joined to P type material, a depletion region is formed near the
junction. An additional voltage potential is required to pass current through the depletion region
of the diode junction.

The extra voltage potential required at the depletion region of a diode semiconductor junction is
the barrier voltage. The barrier voltage for germanium diodes is about 0.3V and for silicon
diodes is about 0.6V (0.5V to 0.7V).The barrier voltage is also called the diode forward voltage
drop (VF).
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When a negative voltage is applied to the cathode of the diode, electrons in the N type material
are forced closer to the junction.



Semiconductor Fundamentals Unit 2 — Diodes and Half-Wave Rectification

NFRROW DEPLETION

—=L

g — F = -
= —-
fr'“"-:_:-;m'_u.n. TIOm

AHODE -
-—5-.{_1. A

| _JJ qL———j
B 4= | 1
II 1

FOERGRD BIASIMG

Similarly, the positive charges in the P type material of the anode are attracted toward the
junction by the increased negative charge across the barrier.
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When the applied voltage overcomes the barrier voltage, the depletion region width is reduced,
and electrons move across the junction toward the positive terminal of the voltage source. As
long as the applied voltage exceeds the barrier voltage, electron flow continues and the diode is
fully forward biased, or in the on state.
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When a positive voltage is applied to the cathode and a negative voltage to the anode, electrons
in the N type material are attracted away from the junction toward the voltage source positive
terminal. Positive charges in the P type material are also attracted away from the junction toward
the negative terminal of the voltage source. These charge movements increase the width of the
depletion region, causing the diode to be reverse biased (in its off state) with almost no current
flow.
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If an ac voltage large enough to overcome the barrier voltage is applied to a diode, the diode
conducts during alternations when the ac voltage is in the forward biased direction.
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The diode cannot conduct during alternations when it is reverse biased.
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The resulting output voltage or current is a pulsating dc current called ripple which flows in one
direction or not at all. The process of converting a half-cycle of an ac voltage to a pulsating dc
voltage is half-wave rectification.
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NEW TERMS AND WORDS

barrier voltage - the voltage potential required for current flow through the depletion region of a
diode junction. The barrier voltage must be overcome by the forward bias voltage before current
can flow in a diode.

forward voltage drop (V) - the condition that exists when the cathode of a diode is negative
with respect to its anode, and forward current flows.

forward biased - the condition that exists when the cathode of a diode is negative with respect to
its anode, and forward current flows.

reverse biased - the condition that exists when the anode of a diode is negative with respect to
the cathode.

pulsating dc - the rectifier output pulses of one polarity that corresponds to half-cycles of the
rectifier ac input voltage when the diode is forward biased.

ripple - the pulsations appearing in the output voltage of a rectifier circuit.

half-wave rectification - rectification in which output current flows only during half-cycles of
the ac input.

characteristic curve - a graphic representation of diode current flow versus diode voltage drop.
leakage current - the very small current that flows through a reverse biased diode.

minority carriers - free electrons in P type material, and holes (positive charges) in N type
material. Minority carriers are caused by the presence of tiny quantities of natural impurities in
the base semiconductor material. They are responsible for most reverse (leakage) current through
a semiconductor.

breakdown voltage - the reverse voltage that causes a diode to conduct heavily and destructively
in the "wrong" direction. Diodes should be selected to have a breakdown voltage greater than
any normally applied reverse voltage.

dynamic forward resistance (rg) - the apparent resistance of a conducting diode; calculated from
a measured change in diode voltage drop divided by a measured change in current.

rectification - the process of converting an alternating current into a pulsating direct current.
reverse recovery time (tgp) - the time required for a diode to stop conducting after forward bias is
removed. Reverse recovery time is due primarily to stored charges.

stored charges - positive and negative charges temporarily existing in a forward biased
semiconductor due to current flow. Stored charges reduce the efficiency of common
semiconductors at high frequencies because they increase the time required for a junction to
switch from the forward to reverse biased state.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

SEMICONDUCTOR DEVICES circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

12
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NOTES
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Exercise 1 — Diode DC Characteristics

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to test a diode in a typical diode circuit
by using a diode dc characteristic curve. You will verify your results with a multimeter.

DISCUSSION

Diode characteristic curves graph the current flow versus applied voltage. The right side of
the graph shows the diode operating in the forward bias condition. The left portion of the
graph illustrates the reverse bias condition.
Voltage and current scales on the characteristic curve vary by region, ranging from milliamps
to picoamps or millivolts to volts.
Forward voltages below the barrier voltage will not forward bias the diode. In silicon diodes,
conduction begins when the forward voltage reaches between 0.5 and 0.7V. Germanium
diodes require a forward voltage of about 0.3V.
Once forward voltage produces conduction, small increases in voltage produce large current
increases. This nearly constant voltage is called the forward voltage drop (V).
Reverse biased diodes will have very small current flows. The current flow is due to the
presence of minority carriers and is referred to as leakage current.
Breakdown voltage is the reverse voltage that causes large current flow through reverse
biased diodes. The current can be large enough to damage the diode.
In general, for calculations, the forward voltage drop of a silicon diode is 0.6V, and 0.3V for
a germanium diode.
Forward resistance is the ratio of the increase in voltage drop divided by the increase in
forward current.
Since forward resistance, or dynamic forward resistance, of a diode is very small, a resistor is
included in the circuit to prevent damage to the diode.
The highest current value that can pass through the diode without causing damage is referred
to as maximum forward current (Irmax)).
Ohmmeters cannot accurately measure the resistance of a diode junction therefore, diode
junctions are tested by checking for continuity only. A forward biased junction will register a
very low resistance indicating continuity. A reverse biased junction, or damaged diode, will
indicate a very high resistance or an overload, indicating a lack of continuity.
Included in this exercise are instructions for testing diodes with the following meters:
LAB-VOLT DIGITAL MULTIMETER
DIGITAL MULTIMETER WITH A DIODE TEST FUNCTION
ANALOG OHMMETER

14
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Exercise 2 — Half-Wave Rectification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate how a diode functions
as a half-wave rectifier by using a typical half-wave rectifier circuit. You will verify your results
with an oscilloscope and a multimeter.

DISCUSSION

e Half-wave rectification converts an ac output to a pulsating dc output. The circuit consists of
a diode and a load resistance.

e Either positive or negative pulsating dc output can be produced, depending on the way the
diode is connected to the circuit.

e Rectification is the process of converting ac to dc. Half-wave rectification occurs when
conduction is for only one half of every ac cycle.

e Dc output can be significantly lower than the ac input since the forward voltage drop of the
diode must be reached before conduction occurs and voltage appears across the load.

e Half-wave rectification will be observed on an oscilloscope. Oscilloscope voltage
measurements are peak-to-peak; therefore, the following conversion factor is used to convert
the observed voltages to rms or average values.

For average voltage Vogave) = 0.318 X Vi)
For rms voltage Voms) = 0.707 X Vopi)

e These conversion factors are for the full half-cycle, so the calculated value will be less than
the value measured with a multimeter.

e Variations in the pulsating dc output of a half-wave rectifier are referred to as ripple.

e Half-wave voltage rectifiers have ripple that is the same frequency as the input voltage
frequency.

e The reverse recovery time (tgr) of the diode can have an adverse affect on the output of a
half-wave rectifier at frequencies larger than 1 kHz. Reverse recovery time causes an output
voltage pulse in a direction opposite that of the normal half-wave pulse.

16
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Semiconductor Fundamentals Unit 3 — Full-Wave Rectification and Filtering

UNIT 3 — FULL-WAVE RECTIFICATION AND FILTERING

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate full-wave rectification, filtering
and voltage doubling by using calculated and measured circuit conditions.

UNIT FUNDAMENTALS
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A full-wave rectifier converts positive and negative alternations of an ac signal into a pulsating
dc signal, as shown above.

A full-wave bridge rectifier is a circuit that performs full-wave rectification. The input to the
bridge rectifier circuit is usually the secondary coil of a power transformer. The transformer
isolates the bridge rectifier from the ac source and serves to step up (increase) or step down
(decrease) the ac input to the bridge rectifier.
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The large ripple of the dc pulses from a full-wave bridge rectifier are reduced to a relatively
smooth dc signal by an electrolytic capacitor across the output of the rectifier. The capacitor
filter charges up quickly and discharges slowly to reduce the rectifier dc output ripple.
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A voltage doublercomposed of two pairs of diodes and capacitors, produces a full-wave
rectified, filtered dc output (V) equal to two times the ac input peak voltage (Vpk)- The

capacitors are connected in series so that the capacitor charges are added at the output.

NEW TERMS AND WORDS

Sfull-wave rectifier - a diode configuration in which positive and negative alternations of an ac
input signal are converted into a pulsating dc output signal.

bridge rectifier - a type of full-wave rectifier circuit.

electrolytic capacitor - a high-capacity capacitor that is polarized and used in power supply filter
applications.

capacitor filter - a capacitor used to average the output pulses of a rectifier circuit.

voltage doubler - a circuit designed to rectify, filter, and double the value of a peak ac input
voltage.
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Unit 3 — Full-Wave Rectification and Filtering

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

SEMICONDUCTOR DEVICES circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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Exercise 1 — Full-Wave Diode Bridge Rectification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate full-wave rectification
by using a full-wave bridge rectifier circuit. You will verify your results with an oscilloscope and
a multimeter.

EXERCISE DISCUSSION

Two types of circuits that utilize diodes for full-wave rectification are illustrated. One
employs a center-tapped full-wave rectifier while the second uses a full-wave bridge rectifier.
The full-wave bridge circuit is used in this exercise.
Diode bridges contain four diodes, designated D1 through D4, configured so that two diodes
conduct during each half-cycle of the input ac signal and produce a pulsating dc output.
The pulsating dc output flows through the load resistance in one direction, independent of
which ac cycle the current is derived.
Two input terminals, usually labeled with a sine wave symbol, and two output terminals,
labeled with positive and negative symbols, are present on the bridge rectifier.
Diodes D1 and D3 are forward biased during the positive half-cycle of the ac input signal.
Diodes D2 and D4 are forward biased during the negative half-cycle of the ac input signal.
Each diode pair conducts for one half-cycle of the ac input signal, resulting in full-wave
rectification.
Since there are two dc pulses for one complete cycle of the input ac waveform, the output
pulse frequency of a full-wave rectifier is twice the ac input frequency.
The following relationships apply to full-wave diode bridge rectifiers.

Peak output voltage (Vo k) equals the peak input voltage (Vipk)) minus the forward

voltage drop (V) of the two conducting diodes.

Vo) = Vigk) =2V

Output rms voltage (Voums) ) €quals 0.707 times the peak output voltage.
Voems) =0.707 X Vi

Output average (Voavg) voltage equals 0.636 times the peak output voltage.
Vo(avg) =0.636x Vo(pk)

22
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Exercise 2 — Power Supply Filtering

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate how a filter
significantly reduces the ripple of a pulsating dc output to a relatively smooth dc voltage by
using a capacitive input filter circuit. You will verify your results with a multimeter and an
oscilloscope.

DISCUSSION

Most electronic equipment requires a smooth dc voltage; therefore, filters are required after a
rectifier to reduce ripple. Ripple present in the volt range can be reduced to the millivolt
range.

One example is the capacitive input filter which is implemented by placing an electrolytic
capacitor across the bridge rectifier output and in parallel with the load resistor.

Under no-load conditions the capacitor charges rapidly to the peak full-wave rectifier voltage
output. Since there is no discharge path, the capacitor remains charged, maintaining the
rectifier output when the rectifier input drops to zero.

With a load present, the capacitor discharges through the load, maintaining a near-constant
load voltage. Another output pulse recharges the capacitor before the capacitor can fully
discharge.

Discharge rate of a capacitor is longer than the charge time and depends on the RC (load
Resistance times Capacitance) time constant.

Discharge time, for constant frequencies, will affect the magnitude of the ripple. Increases in
the capacitance and/or load resistance reduces ripple. Ripple is also reduced as frequency
increases.

Other types of filters are configured with inductors or combinations of resistors, capacitors,
and inductors.

Additional filter sections remove a portion of the rectifier ripple content.

The circuit used in this exercise is not a regulated power supply. Parallel load resistance
reduces the peak output voltage of the rectifier.
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Exercise 3 — Voltage Doubler

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate how to obtain a filtered
dc voltage equal to double the peak ac input voltage by using a voltage doubler circuit. You will
verify your results with a multimeter and an oscilloscope.

DISCUSSION

e Voltage doubler circuit rectifies the ac input signal and filters the output producing a dc
output voltage twice the peak ac input voltage minus the forward voltage drop of the diode.

e A typical full-wave voltage doubler circuit consists of two diodes and two series filter
capacitors.

e Total voltage across series capacitors is the sum of the capacitor voltage drops. The addition
of these voltage drops produce the voltage doubling effect of the circuit.

e Resistors R1 and R2 are equalizing resistors that evenly divide the capacitor voltages within
the circuit.

e Full-wave voltage doubler use both the positive and negative half-cycle of the ac input
signal. One diode and one capacitor are paired per half-cycle.

e Diode (CR1) and capacitor (C1) function for the positive half-cycle. Diode (CR2) and
capacitor (C2) function for the negative half-cycle.

e Since the discharge time constant is large, the capacitors maintain a charge close to the
maximum charged voltage between charging cycles.

e Output ripple frequency of a full-wave voltage doubler is twice the ac input frequency.

e Input peak voltage is reduced during the capacitor charging period because the voltage
doubler input is supplied by an unregulated power supply.
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UNIT 4 — DIODE WAVE SHAPING AND ZENER REGULATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate wave shaping, zener diode
operation, and zener diode voltage regulation by using diode circuits.

UNIT FUNDAMENTALS
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Diode circuits can be configured to output a waveform with a different shape than the input
waveform.

A limiter (or clipper) circuit removes all or part of the input alternation, as shown.

S w I

INFUT OUTPUT

A clamper circuit shifts the positive or negative amplitude extreme of an input waveform to a
different dc output voltage reference level, as shown.
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Limiter and clamper circuits take advantage of the diode forward bias voltage drop to set the
clipping or clamping voltage level.

A zener diode is designed to operate safely at the reverse breakdown voltage. The symbol for a
zener diode is shown above.
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The breakdown voltage of a zener diode is called the zener voltage (V7). The zener voltage can

be from3V to 200V. At the zener voltage region, the reverse current (zener current) increases
very rapidly for a very slight increase in zener voltage.
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In circuits, the zener current (I7) is limited to a safe value by a resistor (R2) in series with the
zener (CR1).
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A zener diode (CR1) can be configured in a circuit to control the out-put voltage (V) so that it
equals the zener voltage (V7).The zener diode voltage regulator maintains the output voltage
(V) equal to the zener voltage for changes in the input (line) voltage (V A )and load current (I ).

NEW TERMS AND WORDS

limiter - circuits that prevent voltage above or below a specified point from appearing at circuit
output terminals.

clamper - circuits that shift the reference level of a waveform from input to circuit output.
zener diode - a diode designed to operate in the avalanche region, maintaining a relatively
constant voltage drop over a range of current flows. The avalanche operating area of a diode
occurs when the cathode is positive with respect to the anode.

zener voltage - the nearly constant voltage produced by a zener diode.

voltage regulator - an IC that maintains a constant output voltage when both input voltage and
output loads change.

dc restorers - circuits that duplicate their input voltage at their output terminals but move or shift
the signal reference level; also called level shifters.

positive clamper - a circuit that sets or clamps the negative peaks of an input waveform.
negative clamper - a circuit that sets or clamps the positive peaks of an input waveform.
avalanche - the reverse voltage point where a PN junction breaks down to pass high values of
current.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit

SEMICONDUCTOR DEVICES circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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Exercise 1 — Diode Wave Shaping

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate limiting and clamping
by using diode circuits. You will verify your results with an oscilloscope.

DISCUSSION

Limiter or clipper circuits remove positive and/or negative portions of a waveform. Sine
waves can be converted to a rectangular wave using a limiter.

Diode limiters are classified as series or parallel.

Series diode limiters, shown in this exercise are half-wave rectifiers.

Parallel diode limiters are composed of a series resistor, diode and load resistance in parallel
with the diode. When the diode is forward biased the output is limited to the diode forward
voltage. The half-cycle input voltage appears at the output when the diode is reversed bias.
A limiting circuit with a variable voltage bias at the diode is illustrated in this exercise. The
point where limiting occurs is controlled by the amount of bias added to the circuit by a
positive variable voltage supply.

Clamping circuits shift the unwanted positive or negative portions of an input waveform to a
different output dc voltage reference level.

Clamping circuits are also referred to as restorers or baseline stabilizers.

Clamping circuits with capacitors must have short charge time constants and long discharge
time constants compared to the period of the input signal or the output waveform will be
distorted.
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Exercise 2 — The Zener Diode

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operation of a zener
diode by using a dc characteristic curve. You will verify your results with a multimeter.

DISCUSSION

Reverse biased resistance of a diode is very large, so there is little current flow until
breakdown voltage is reached (where reverse current increases rapidly). Breakdown voltage
is also called avalanche or zener voltage and ranges from 3V to 200V.

Zener diodes are PN junction diodes designed to operate at the avalanche voltage.

The schematic symbol for a zener diode has a Z-shaped line at its cathode.

A zener diode has a forward voltage the same as a conventional diode.

Dc characteristic curve for a zener diode, in forward bias, is the same as a rectifier diode. In
reverse bias direction, current flow is very small until zener voltage is reached. The knee of
the curve is the zener region (breakdown point).

Zener test current, specified by the manufacturer, is the current at which the zener voltage is
within the tolerance range.

The part of the curve where the current increases slowly with increases in the zener voltage is
the soft region.

At the stiff region of the curve, the current increases rapidly with very small increases in the
zener voltage.
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Exercise 3 — Zener Diode Voltage Regulation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demon-state voltage regulation by
using a zener diode voltage regulator. You will verify your results with a multimeter.

DISCUSSION

e Zener diodes are used in voltage regulator circuits because of the nearly constant zener
voltage.

e The zener diode maintains an output voltage that is equal to the zener voltage, regardless of
variations of the supply voltage and load resistance.

e Total current in a zener diode voltage regulator circuit is the sum of the zener current and the
load current.

e Zener diodes function well for voltage regulation because Iz can vary significantly with small
changes in applied voltage when operating in the breakdown region.

e Increases in load current are compensated for by equal decreases in zener current; this
characteristic provides the load regulation property of a voltage regulator.

e Percent load regulation is a measure of the voltage change across the load due to a change in
load.
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UNIT 5 — TRANSISTOR JUNCTIONS & PNP DC BIAS

UNIT OBJECTIVE
At the completion of this unit, you will be able to test transistors and demonstrate a transistor
switch by using PNP and NPN transistor circuits.

UNIT FUNDAMENTALS
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When another section of P or N type material is added to a PN diode junction, a three-section
device containing two junctions is formed. This three-section semiconductor device is a bipolar
transistor. The three sections are the emitter (E) and collector (C) on the ends and the base (B) in

the middle.

Transistors are classified by the arrangement of the P (positive) and N (negative) type materials.
Transistors are either PNP or NPN types, as shown. Each of the two PN junctions of a transistor
have forward and reverse voltage/current characteristics similar to a diode PN junction.
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Q is the letter used to identify a transistor. The emitter arrows in the NPN and PNP transistor
symbols show the direction of conventional current flow. Electron current flow, which is in the
opposite direction of conventional current flow, is used in this course.
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The PNP transistor shown has the base and collector terminals negative with respect to the
emitter terminal. Because the negative (N) base material has a more negative voltage than the
emitter, the PN junction is forward biased and permits current to flow from the base to the
emitter. The current arrows indicate electron current flow. The base current permits collector
current to flow to the emitter because the collector is more negative than the emitter.
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The NPN transistor shown has the base and collector terminals positive with respect to the
emitter terminal. Because the positive (P) base material has a more positive voltage than the
emitter, the PN junction is forward biased and permits current to flow from the emitter to the
base. The base current permits collector current from the emitter because the collector is more
positive than the emitter.
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A transistor is a current-controlling device; the base-emitter junction has to be forward biased for
transistor current to flow. A small change in base current causes a large change in collector
current; this transistor property is current gain. The emitter current is the sum of the base and
collector currents: Ig =1 + I

NEW TERMS AND WORDS

Junctions - the points of contact between the emitter and base or the base and collector sections
of a transistor.

PNP - a transistor type that has an N type material sandwiched between two P type materials.
NPN - a transistor type that has P type material sandwiched between two N type materials.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
SEMICONDUCTOR DEVICES circuit board
Multimeter
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Exercise 1 — Testing the Junctions of a Transistor

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to test a transistor by forward biasing
and reverse biasing the junctions. You will verify your results with an ohmmeter.

DISCUSSION

e A transistor is operating properly if it amplifies correctly, does not go into breakdown under
operating voltages, and leakage current is within tolerance.

e Commercial transistor testers exist; however, an ohmmeter can also be used to test a
transistor.

e Simple ohmmeter tests can show if a transistor is open or shorted, is a PNP or NPN type, or
has excessive leakage.

e Transistors, for testing, can be considered to consist of two diodes — the base-emitter PN
junction and the base-collector PN junction.

e A good NPN transistor has base-emitter and base-collector junctions that conduct when
forward biased and do not when reverse biased. No current flow should be present between
the collector and emitter.

e The same is true for a PNP transistor; however, care should be taken when connecting the
ohmmeter. For example: to forward bias the base-emitter junction, connect the positive lead
to the emitter and the negative lead to the base.

e [fan ohmmeter indicates “overload” or off-scale when connencted to forward bias a junction,
the transistor is damaged.

e If an ohmmeter reading indicates current flow (low resistance) when connected to reverse
bias a transistor junction, the transistor is damaged.

e A very low ohmmeter reading across the collector and emitter indicates a short or high
leakage current and, therefore, a damaged transistor.

e Directions for testing with LAB-VOLT DIGITAL MULTIMETER, DIGITAL
MULTIMETER WITH A DIODE TEST FUNCTION, and an ANALOG OHMMETER are
presented in this exercise.
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Exercise 2 — PNP Transistor Current Control Circuit

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate transistor current
control by using a PNP transistor circuit. You will verify your results with a multimeter.

DISCUSSION

A bipolar transistor can operate as a switch by changing the base current from zero to the
maximum value.

To forward bias a base-emitter junction, the base, of a silicon PNP transistor must be about
0.5 Vdc to 0.8 Vdc more negative than the emitter.

Collector-emitter junction resistance depends upon the base current.

A forward biased base-emitter junction causes the collector-emitter resistance to be very low
allowing current to flow in the transistor collector circuit. Analogous to a closed switch.
When the forward bias is removed (base-emitter junction is reverse biased) the base current
becomes zero. Zero base current causes the collector-emitter resistance to be very high,
which blocks the flow of current in the transistor collector circuit. Analogous to an open
switch.

When maximum collector current flows, the transistor is said to be in saturation and Vg is
nearly zero volts.

When the base current is zero and there is no collector current flow, the transistor is said to
be in cut-off and Vg is equal to the supply voltage.

The emitter current is equal to the sum of the base current and the collector current. Since the
base current is negligible, the collector current and emitter current are virtually equal.
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UNIT 6 — TRANSISTOR LOAD LINES AND GAIN

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate how operating conditions and gain
affect transistor circuit currents by using a transistor dc or load line.

UNIT FUNDAMENTALS
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A transistor is a current-controlling device. A small base current (Ig)controls a large collector
current (I¢).The collector current equals the emitter current minus the base current: I¢ = I - Ig.
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The base-emitter junction must be forward biased for base current to flow. When the base-
emitter volt-age (VBE) is in the range of0.5 Vdc to 0.75 Vdc, the base current (Ig) starts to

increase very rapidly with small increases in Vgg.When the base-emitter junction is forward
biased and the base-collector junction is reverse biased, the collector current (I) is proportional
to the base current (Ig).The ratio of the collector current (I¢) to the base current (Ig) is the
current gain (Bp).The current gain (Bp) for a transistor can be in the range from50 to 300.
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The above table shows the base-emitter junction and base-collector junction voltage bias
necessary for the transistor to be in the saturation, active, or cutoff states.
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A dc load line is a plot of the collector current (I() versus the collector-emitter voltage (VCE).
The active region is between the saturation point and cutoff point.

NEW TERMS AND WORDS

load line - a plot of collector current versus collector voltage used to determine the best transistor
operating point.

saturation point - the operating point at which maximum collector current is flowing in a
forward biased transistor.

cutoff point - the operating point of a reverse biased transistor (not conducting).

quiescent point - the dc operating point of a transistor equal to about half of the supply voltage.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
SEMICONDUCTOR DEVICES circuit board
Multimeter
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Exercise 1 — Base-Emitter Bias Potentials

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the relationship
between the transistor base-emitter voltage and the base current by using a transistor circuit. You
will verify your results with a multimeter.

DISCUSSION

Forward bias and reverse bias dc conditions of the transistor base-emitter junction are similar
to those of a diode PN junction.

Silicon transistors have a forward voltage drop between 0.5 Vdc and 0.75 Vdc. Germanium
transistors have forward voltage drops between 0.15 Vdc and 0.3 Vdc.

Once forward voltage has been reached, forward current begins to flow and increases very
rapidly with small increases in forward voltage.

Most transistor base-emitter junctions can not tolerate reverse voltages greater than 5 Vdc to
6 Vdc.

Transistor base-collector junctions, which are normally reverse biased, can tolerate reverse
voltages of in the range of 60 Vdc to 75 Vdc. This maximum reverse bias voltage is
documented in the transistor specification sheet and is referred to as the breakdown voltage.
Exceeding the breakdown voltage will damage the transistor.

When the base-emitter junction is forward biased and base current flows through the
junction, current also flows through the base-collector junction regardless of its bias.

A transistor with a forward biased base-emitter junction and a reverse biased base-collector
junction is operating in the linear region.

A transistor in saturation has maximum current flow through the collector.

This exercise will demonstrate the relationship between the base-emitter voltage drop and the
base current with the collector open.

Subscript BEO represents Base-Emitter with the collector terminal Open.
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Exercise 2 — Collector Current Versus Base Current

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the relationship of
collector current to base current by using a transistor circuit. You will verify your results with a
multimeter.

DISCUSSION

The circuit used in this exercise has two voltage supplies: one biases the base and the other
supplies the collector current.

Vary base current by adjusting the potentiometer (R2).

The base-emitter junction is forward biased and the base-collector junction is reverse biased.
The emitter current is equal to the sum of the base and collector currents.

The base region is thin and lightly doped compared to the collector and emitter. This
condition allows current to flow between the base and collector junction even when the
junction is reversed biased.

Dc current gain is the ratio of collector-base currents (I¢/Ig) when the transistor is operating
in the linear region and is represented by the symbols Bpc or hg.

Beta can be between 10 and 500 and will increase with changes in the operating temperature
of the transistor. The transistor used in this exercise has a beta of between 50 and 300.

Gain is the transistor property that allows a small base current to control a much larger
collector current.

Gain defines the degree to which a transistor amplifies small input signals into large output
signals.
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Exercise 3 — Transistor Circuit DC Voltages

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate dc operating conditions
of a transistor circuit by using an NPN transistor. You will verify your results with a multimeter.

DISCUSSION

Three possible dc voltage conditions for a transistor circuit are (1) at the saturation point, (2)
in the active (linear) region, or (3) at the cutoff point.

An NPN transistor circuit is used in this exercise. The base voltage supply is 15 Vdc, and the
collector circuit supply is 10 Vdc.

All voltage measurements are referenced to the emitter voltage. Since there is no emitter
resistor, the following is true: Vg = Vggand Vc = Vg

Base current is set by adjusting potentiometer R2.

Saturation conditions are present when the base-collector junction is forward biased. VCE =
0 Vdc. In this state the transistor behaves like a closed switch. Collector current is at
maximum and is equal to the collector supply voltage divided by the total collector circuit
resistance. At saturation, collector current does not equal the base current times beta.

A transistor circuit operating in the active region can have an operating point anywhere
between saturation and cutoff.

In the active region, the base-emitter junction is forward biased and the base-collector
junction is reverse biased. Collector current is linearly proportional to the base current.
Collector current is equal to the base current times beta.

Cutoff occurs when the base voltage and current become zero because the base-emitter
junction is no longer forward biased. Collector current is zero and VCE is equal to the
collector supply voltage. The transistor circuit behaves as an open switch.
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Exercise 4 — Transistor Load Lines

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the dc load line for a
transistor circuit. You will verify your results with a multimeter.

DISCUSSION

Collector current characteristic curves are graphs of collector current versus collector-emitter
voltage as a function of base current.

Since beta is almost constant in the transistor active region, a plot of collector current versus
collector-emitter voltage with a constant base current is a curve that increases very slightly.
Dc load lines intersect the Y-axis at the saturation point and the X-axis at the cutoff point.
The Q-point or operating point is the point at which the load line intersects Ig and is
determined by the dc bias conditions of the transistor circuit.

Transistor circuits used for small signal amplification are usually designed to have the Q-
point in the center of the load line. This gives an active region operating range for the applied
ac signal.

Load line determination will be effected with changes in collector voltage supply or the value
of the collector resistor.
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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of the CD-ROM solely for backup purposes provided the
copyright notice is reproduced in its entirety on the backup
copy.

4. Permitted Uses. This CD-ROM, Instructor's Guide, and all
accompanying documentation is licensed to you, the
Licensee, and may not be transferred to any third party for
any length of time without the prior written consent of Lab-
Volt. You may not modify, adapt, translate, reverse engineer,
decompile, disassemble, or create derivative works based on
the Lab-Volt product without the prior written permission of
Lab-Volt. Written materials provided to you may not be
modified, adapted, translated, or used to create derivative
works without the prior written consent of Lab-Volt.

5. Termination. This agreement is effective until terminated.
It will terminate automatically without notice from Lab-Volt
if you fail to comply with any provisions contained herein.
Upon termination you shall destroy the written materials,
Lab-Volt's CD-ROM software, and all copies of them, in part
or in whole, including modified copies, if any.

6. Registration. Lab-Volt may from time to time update the
CD-ROM. Updates can be made available to you only if a
properly signed registration card is filed with Lab-Volt or an
authorized registration card recipient.

7. Miscellaneous. This agreement is governed by the laws of
the State of New Jersey.

Limited Warranty and Disclaimer

This CD-ROM software has been designed to assure correct
operation when used in the manner and within the limits
described in this Instructor's Guide. As a highly advanced
software product, it is quite complex; thus, it is possible that if
it is used in hardware configurations with characteristics other
than those specified in this Instructor's Guide or in
environments with nonspecified, unusual, or extensive other
software products, problems may be encountered by a user. In
such cases, Lab-Volt will make reasonable efforts to assist the
user to properly operate the CD-ROM but without
guaranteeing its proper performance in any hardware or
software environment other than as described in this
Instructor's Guide.

This CD-ROM software is warranted to conform to the
descriptions of its functions and performance as outlined in
this Instructor's Guide. Upon proper notification and within a
period of one year from the date of installation and/or
customer acceptance, Lab-Volt, at its sole and exclusive
option, will remedy any nonconformity or replace any
defective compact disc free of charge. Any substantial
revisions of this product, made for purposes of correcting
software deficiencies within the warranty period, will be
made available, also on a licensed basis, to registered owners
free of charge. Warranty support for this product is limited, in
all cases, to software errors. Errors caused by hardware
malfunctions or the use of nonspecified hardware or other
software are not covered.

LICENSOR MAKES NO OTHER WARRANTIES OF ANY KIND
CONCERNING THIS PRODUCT, INCLUDING WARRANTIES
OR MERCHANTABILITY OR OF FITNESS FOR A
PARTICULAR PURPOSE. LICENSOR DISCLAIMS ALL
OBLIGATIONS AND LIABILITIES ON THE PART OF
LICENSOR FOR DAMAGES, INCLUDING BUT NOT LIMITED
TO SPECIAL OR CONSEQUENTIAL DAMAGES ARISING OUT
OF OR IN CONNECTION WITH THE USE OF THE SOFTWARE
PRODUCT LICENSED UNDER THIS AGREEMENT.

Questions concerning this agreement and warranty and all
requests for product repairs should be directed to the Lab-Volt
field representative in your area.

LAB-VOLT SYSTEMS, INC.

P.O. Box 686

Farmingdale, NJ 07727

Attention: Program Development

Phone: (732) 938-2000 or (800) LAB-VOLT

Fax: (732) 774-8573

Technical Support: (800) 522-4436

Technical Support E-Mail: techsupport@labvolt.com
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Appendix A — Safety



Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes
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The Appendix includes safety information.






Transistor Amplifier Circuits Unit 1 — Introduction to Transistor Amplifiers

UNIT 1 — INTRODUCTION TO TRANSISTOR AMPLIFIERS

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify, connect, and operate circuit blocks
and their major components on the TRANSISTOR AMPLIFIER CIRCUITS circuit board.

UNIT FUNDAMENTALS

This unit describes the circuit blocks on the TRANSISTOR AMPLIFIER CIRCUITS circuit
board and presents some background on transistor amplifiers.
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Transistor amplifiers are grouped into one of three basic circuit configurations depending on
which transistor element is common to input and output signal circuits.

1. Common base
2. Common emitter
3. Common collector

Each circuit configuration has its own characteristics and, therefore, its own applications.
Multistage transistor amplifiers include more than one transistor. The output of the first stage is
connected (coupled) to the input of the second stage. The output of the second stage is coupled to

the input of the third stage, and so forth.

The three methods of coupling amplifier stages on the TRANSISTOR AMPLIFIER CIRCUITS
circuit board are RC coupling, transformer coupling, and direct coupling.
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NEW TERMS AND WORDS

Multistage - an amplifier circuit that uses more than one active component (transistor).

active component - a circuit component that controls gain or directs current flow.

gain - the amount by which an amplifier increases signal voltage, current, or power; expressed as
a ratio of the output to input value.

distortion - undesired change to a signal waveform.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR AMPLIFIER CIRCUITS circuit board

NOTES
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Exercise 1 — Circuit Location and Identification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to locate and identify the functional
circuit blocks on the TRANSISTOR AMPLIFIER CIRCUITS circuit board. You will observe
the operation of two basic amplifier circuits by using an oscilloscope.

DISCUSSION

e Amplifiers are circuits that increase the voltage, current, or power of an input signal.

e An amplifier consists of an active circuit component and a source of power.

e Transistors are the active components used on this circuit board. The power source is the
external power supply.

e Five amplifier circuit blocks, which can be configured for seven different circuits, are present
on the TRANSISTOR AMPLIFIER CIRCUITS circuit board.

e The five amplifier circuit blocks are the:

COMMON BASE / EMITTER circuit block

RC COUPLING/TRANSFORMER COUPLING circuit block
COMMON COLLECTOR circuit block

BIAS STABILIZATION circuit block

DIRECT COUPLING circuit block

e Potentiometer R4 is the load resistor on the COMMON COLLECTOR circuit block.

e The BIAS STABILIZATION circuit block does not use a sine wave generator, instead, it
uses a positive, variable, dc power supply. In addition, this circuit block has a resistor,
labeled HEATER which is located near the transistor, that is powered by a separate dc power
supply.

e The RC COUPLING/TRANSFORMER COUPLING and the DIRECT COUPLING circuit
blocks include components that are used to demonstrate two-stage amplification.

e All transistors on the TRANSISTOR AMPLIFIER CIRCUITS circuit board are NPN except
for the second stage PNP transistor on the DIRECT COUPLING circuit block.
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Exercise 2 — Multistage Amplifier Introduction

EXERCISE OBJECTIVE

When you have completed this exercise, you will have observed the operation of a two-stage
transistor amplifier circuit. You will view your results on an oscilloscope.

DISCUSSION

e Multistage transistor amplifiers utilize multiple transistors to produce voltage, current, or
power gains greater than those provided by a single transistor.

e Multistage transistor amplifiers are identified by the method used to couple the signal
between amplifier stages.

e Resistor-capacitor (RC) coupling uses a resistor to develop an output signal and a capacitor
to pass the signal from the output of one stage to another.

e Transformer coupling uses a transformer to couple signals between the primary and the
secondary side of the coil.

e In multistage amplifiers, capacitors are used to isolate the dc bias levels and simplify the
design.

e All amplifiers are designed for a specific frequency range and an input/output signal
amplitude range.

e An input signal that is too large or outside the frequency range of an amplifier will produce a
distorted output signal.
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Transistor Amplifier Circuits Unit 2 — Common Base Circuit

UNIT 2 — COMMON BASE CIRCUIT

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of the common base
transistor amplifier circuit by using calculated and measured circuit conditions.

UNIT FUNDAMENTALS
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The base terminal is common to the input and output signals in the common base (CB) transistor
circuit. The ac output signal of a common base (CB) circuit is in phase with the input signal.

For a PNP or NPN transistor to function normally in any type of amplifier circuit, the base-
emitter junction is forward biased, and the base-collector junction is reversed biased.
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The emitter current (Ig) increases very rapidly after the transistor is forward biased [base-emitter
voltage (VBE) of about 0.6 Vdc].
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Proper biasing of a CB transistor circuit can be provided by a connection between the base
terminal and a voltage divider circuit across a single dc power supply.

NEW TERMS AND WORDS
active region - the region on the transistor load line between the saturation point and the cutoff
point.

Q-point (quiescent point) - the dc steady state operating point set by the dc bias conditions.
cutoff point - the point on the load line where the collector current is essentially zero.
saturation point - the point on the load line where the collector current is maximum.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR AMPLIFIER CIRCUITS circuit board
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Transistor Amplifier Circuits Unit 2 — Common Base Circuit

Exercise 1 — Common Base Circuit DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the dc operating
conditions of a common base (CB) transistor circuit by using a typical CB circuit. You will
verify your results with a multimeter.

DISCUSSION

In common base amplifier circuits the base terminal is common to both the input and output
signals.

The voltage divider network provides the fixed dc base voltage required to forward bias the
base-emitter junction of the transistor.

The voltage divider equation can be used to calculate the base voltage (V).

Vg, base-emitter voltage, of a forward biased silicon transistor is approximately 0.6 V.

The emitter voltage (V) is the difference between the base voltage and the base-emitter
voltage. V= Vg - Vg

Ohm’s law is used to calculate both emitter current (Ig) and collector current (I¢).

Collector current can be found in two other ways: First the collector current is approximately
equal to the emitter current. Second the collector current is the difference between the emitter
current and the base current. Ice=1g-1Ip

Transistor characteristic curves and dc load lines are used to determine the Q (quiescent)
point, dc-point, or operating point of the transistor circuit.

Saturation occurs when the base-collector voltage is zero.

10
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Exercise 2 — Common Base Circuit AC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine ac operating
characteristics of a common base (CB) amplifier by using a typical CB circuit. You will verify
your results with a multimeter and an oscilloscope.

DISCUSSION

e The sine wave generator provides the ac input signal.

e Ac signals at the base are shorted to ground by capacitor C2.

e The ac output signal is between capacitor C3 (located at the collector of Q1) and ground.
e The input impedance of the common base configuration is very low while the output

impedance is very high.

Low input impedance causes loading of the input signal.

The high ratio of output to input impedance creates a circuit with high gains.

Common base transistor circuits are used in applications which require high output gains.
The ac output signal is in phase with the input signal.

Voltage gain of the common base circuit is the ratio of the output voltage to the input
voltage, or the ratio of the load and input impedance.

12
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Transistor Amplifier Circuits

Unit 3 — Common Emitter Circuit

UNIT 3 — COMMON EMITTER CIRCUIT

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a common emitter
transistor amplifier circuit by using calculated and measured circuit conditions.

UNIT FUNDAMENTALS
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The emitter terminal is common to the input and output signals of the common emitter (CE)
transistor circuit.
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The ac output signal of a CE circuit is 180° out of phase with the ac input signal
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Unit 3 — Common Emitter Circuit
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After a base-emitter voltage (VBE) of about 0.6 Vdc, the base current (Ig) increases very
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The transistor circuit ac and dc load lines intersect at the Q-point on the collector current

characteristic curves.

A voltage divider circuit uses a single dc power supply to provide a constant base terminal
voltage for the CE transistor. The CE circuit has high current, voltage, and power gains. The

input and output impedances are high.
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NEW TERMS AND WORDS
beta - the symbol used for the ratio of the dc collector current to the dc base current.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR AMPLIFIER CIRCUITS circuit board

NOTES
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Exercise 1 — Common Emitter Circuit DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the dc operating
conditions of a common emitter (CE) transistor circuit by using a typical CE circuit. You will
verify your results with a multimeter and calculations.

DISCUSSION

e The emitter terminal is common to both the input and output signals.

e Base voltage (V) can be calculated from the voltage divider equation.

e Ohm’s law is used to calculate the emitter current (Ig).

e The emitter current and collector current (I¢) are nearly equal. The exact collector current can

be found by subtracting the base current from the emitter current.

Current gain is the ratio of dc collector current to base current. Dc current gain is represented
by beta (B4c) or hgg and usually ranges in value between 10 and 500.

Design criteria for a common emitter circuit specifies a collector voltage (V) about halfway
between the power supply voltage (V) and the emitter voltage (V).

The saturation point occurs when the collector-emitter voltage (V¢g) is zero and collector
current 1S maximum (IC(S AT))-

Cuffoff occurs when collector current is approximately zero.

The area on a transistor characteristic curve between saturation and cutoff is called the active
region.

The Q-point of a transistor is determined by its dc bias conditions. Q-point is the where the
dc load line intersects the base current, collector current, and the collector-emitter voltage
curves.

The ideal location of the Q-point is at the midpoint of the dc load line.

18
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Exercise 2 — Common Emitter Circuit AC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the ac operating
characteristics of a common emitter (CE) amplifier by using a typical CE transistor circuit. You
will verify your results with a multimeter and an oscilloscope.

DISCUSSION

The ac input signal is provided by the sine wave generator. The ac output signal is taken
between the collector terminal and ground. The parallel resistance of R4 and R6 is the load.
The ac output voltage is larger and 180° out of phase with the input signal.

As base voltage increases, base current increases, this results in an increase in the collector
and emitter currents.

The voltage gain of a common emitter circuit is the ratio of the ac output voltage to the ac
input voltage. Av=-Vo/Vi (where the negative sign indicates that there is a 180° phase
shift.)

The gain of a CE circuit where an emitter resistor is not bypassed by a capacitor is equal to
the ratio of the collector load (Ry) to the emitter resistor (RS5). Av=-R;/R5
Connecting the Q-point with the Icsat) point and drawing a line to the X-axis provides the
value of the ac cutoff voltage and the ac load line.

Large ac input signals, which are so large that the peak output voltage exceeds the maximum
allowed by the cutoff point, cause clipping at the output.

The optimum Q-point is at the center of the ac load line.

20
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Transistor Amplifier Circuits Unit 4 — Common Collector Circuit

UNIT 4 — COMMON COLLECTOR CIRCUIT

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a common
collector transistor amplifier circuit by using calculated and measured circuit conditions.

UNIT FUNDAMENTALS

pY

The collector terminal is common to the input and output signals of the common collector (CC)
transistor circuit.
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The ac output signal of a CC circuit is in phase with the input signal.
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The CC transistor circuit base and collector current characteristic curves are similar to the CE
circuit curves.
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A CC transistor voltage divider circuit biases the base terminal with a single dc power supply.
The CC circuit has a voltage gain less than 1.0 and has current gains between 10 and 500.

High input impedance and low output impedance make the CC transistor circuit desirable for
applications between a high impedance source and a low impedance load.

NEW TERMS AND WORDS

None

EQUIPMENT REQUIRED
F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR AMPLIFIER CIRCUITS circuit board
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Transistor Amplifier Circuits Unit 4 — Common Collector Circuit

Exercise 1 — Common Collector Circuit DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the dc operating
conditions of a common collector (CC) transistor circuit by using a typical CC circuit. You will
verify your results with a multimeter and with calculations.

DISCUSSION

In common collector transistor circuits the collector terminal is common to both the input and
the output signals.

Since no collector resistor is present the collector voltage (V) equals the dc power supply
voltage (Va).

Base voltage (Vp) is calculated using the voltage divider equation.

Emitter voltage (Vg) is about 0.6 Vdc less than the base voltage when the transistor is
operating normally.

Ohm’s law is used to calculate the emitter current (Ig).

Collector current (I¢) is the emitter current minus the base current.

The dc load line passes through the saturation point, Q-point, and the cutoff point.

Cutoff occurs when Vg is equal to the supply voltage and I¢c equals 0 mA.

Saturation occurs when Vg equals 0 Vdc and the I¢ is at maximum value.

26
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Exercise 2 — Common Collector Circuit AC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine ac operating
characteristics of a common collector (CC) amplifier by using a typical CC transistor circuit.
You will verify your results with a multimeter and an oscilloscope.

DISCUSSION

e The ac input is provided by a sine wave generator.

e The ac output is taken between the emitter terminal and ground.

e Voltage gain of the common collector transistor circuit is the ratio of the ac output voltage to
the ac input voltage. The voltage gain is always less than one.

e The input and output signal are in phase.

e The common collector transistor circuit is also called an emitter follower because the output
signal follows the input signal.

e Input impedance (Zi) is equal to the combined parallel resistance of R1, R2, and B x (R3 +
re’). Since § x (R3 + re’) is more than 100 times as large as R1 in parallel with R2, this
parallel combination equals the input impedance.

e This circuit block allows the student to measure output impedance (Zo) by connecting
potentiometer R4 in parallel with R3 and adjusting R4 until the output signal is half that of
the original.

28
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Transistor Amplifier Circuits Unit 5 — Bias Stabilization

UNIT 5 — BIAS STABILIZATION

UNIT OBJECTIVE
At the completion of this unit, you will be able to demonstrate the effect of a temperature
increase on transistor bias by using typical transistor amplifier bias circuits.

UNIT FUNDAMENTALS
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Transistor bias refers to the dc operating conditions: the base, collector, and emitter dc voltages
and currents.
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Transistor bias depends on the dc voltage supply and on the values and configuration of the
circuit resistors.

The Q-point of the load line is determined by the transistor bias. Transistors are heat-sensitive
devices. A change in transistor temperature can adversely affect the output signal quality.
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Unit 5 — Bias Stabilization

Va =6 Vde

If a circuit is not designed to overcome the effects of temperature change, the location of the Q-
point can move toward the saturation or cut-off points causing signal distortion.
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A transistor amplifier circuit with a base voltage divider and an emitter resistor fixes the bias
voltage levels and, therefore, has good bias temperature stability. The stability factor (S) is a
measure of a transistor circuit's bias stability with changes in temperature.

NEW TERMS AND WORDS

collector leakage current (ICBO) - current caused by the reverse bias voltage between the
collector and the base. ICBO increases with temperature.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Clock

TRANSISTOR AMPLIFIER CIRCUITS circuit board
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Transistor Amplifier Circuits Unit 5 — Bias Stabilization

Exercise 1 — Temperature Effect on Fixed Bias

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe the effect of temperature on
a fixed bias circuit by using a typical transistor circuit. You will verify your results with a
multimeter, a clock, and calculations.

DISCUSSION

e Increased transistor temperature creates an increase in the value of beta (3, current gain) and
the collector leakage current (Icpo).

e Collector leakage current (Icgo) is caused by the reverse bias voltage. Icpo is measured from
the base to the collector with the emitter open.

e Collector leakage current is normally in the nanoampere range, but doubles with every 10° C
increase.

¢ In a fixed bias circuit, changes in beta have the greatest effect on the collector current.

e Large temperature increases can cause collector current to reach the saturation point or create
a thermal runaway condition that could damage the transistor.

e A measure of transistor temperature stability is referred to as the stability factor (S). The
stability factor is a ratio of the change in collector current to the change in collector leakage
current.

e Stability factors can range in value from one to as high as beta. A low stability factor
indicates a temperature stable transistor. Values less than 10 are considered good.

¢ Fixed bias, or simple bias, circuits have poor temperature stability. The stability factor is
equal to beta.

e In a fixed bias circuit, increased temperature causes Vpg to decrease resulting in an increase
of both the voltage drop across R3 and the base current.

e Base current increase cause an increase in collector current. Increases in beta and collector
leakage current compound the collector current increase.

e Fixed bias circuits are usually used for transistor circuits that provide a switching function.
The circuit operates at saturation and cutoff.
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Transistor Amplifier Circuits Unit 5 — Bias Stabilization

Exercise 2 — Temperature Effect on Voltage Divider

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe the temperature effects on a
voltage divider bias circuit by using a typical transistor circuit. You will verify your results with
a multimeter, a clock, and calculations.

DISCUSSION

The collector current is almost independent of beta in a voltage divider bias circuit. Therefore
when beta changes with temperature, it has little effect on circuit bias.

When the resistors in the voltage divider network are selected correctly, the base voltage is
essentially constant. Constant base voltage and the feedback from the emitter resistor give the
voltage divider bias circuit good temperature stability.

Increasing temperatures cause an increase in the collector and emitter currents. Larger
emitter currents increase the emitter voltage which opposes and slightly increases base
voltage. A slight increase in base voltage creates a decrease in base current thus
counteracting the collector and emitter current increase.

Feedback is the effect on the base voltage caused by the increase in emitter voltage.

The larger the emitter resistance the better the temperature stability of the circuit.

Too large an emitter resistor will limit the voltage gain of the circuit and bring the Q-point
closer to the saturation point, limiting the ac signal operating range.

The stability factor (S) of the voltage divider bias circuit is approximately equal to the ratio
of R4 to R7. A stability factor of ten or less is desirable.
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Transistor Amplifier Circuits Unit 6 — Transistor Specification Sheet

UNIT 6 — TRANSISTOR SPECIFICATION SHEET

UNIT OBJECTIVE

At the completion of this unit, you will be able to cite transistor parameters by using a transistor
specification sheet.

UNIT FUNDAMENTALS

A transistor parameter is a physical or an electrical property whose value determines the
characteristics or behavior of the transistor. The transistor specification (data) sheet summarizes
all the transistor parameters and technical data that the manufacturer considers important for the
user. The user should refer to the specification sheet when selecting a transistor for a specific
circuit application.

A typical transistor specification sheet contains:

1. A listing of the manufacturer's transistor identification numbers and transistor casing types.
2. Maximum ratings.

3. Electrical characteristics.

4. Characteristic curves.

5. Mechanical features.

Some important transistor parameters include:
. Current gain (hpg).

. Maximum power dissipation (Pp).

. Saturation voltages (VCE(sat) and VBE(sat) are measures of conductivity).
. Collector leakage (cutoff) current (IcBQ)-

. Breakdown voltage (V(BR)CEO. V(BR)CBO: V(BR)EBO)-

. Switching characteristics.
. Noise (NF).

NN L AW N~

Transistor specification sheets are contained in the manufacturer's technical information book.
Such books usually cover the family of devices to which a transistor belongs.

NEW TERMS AND WORDS
None

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
TRANSISTOR AMPLIFIER CIRCUITS circuit board
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Transistor Amplifier Circuits Unit 6 — Transistor Specification Sheet

Exercise 1 — Transistor Parameters Familiarization

EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with several transistor parameter
symbols. You will verify your knowledge with a list of common transistor parameter symbols
and meanings.

DISCUSSION

Several frequently used transistor parameter symbols and their meanings are presented to the
students.

e The symbols are composed of letters which appear in the name or definition of the parameter.
e Capital letter subscripts are sometimes used to denote dc or maximum values.

e Lower case subscript letters usually represent ac (dynamic, rms, or instantaneous) values.

e Terminal junctions are indicated by subscripts in the abbreviation of the parameter.

NOTES
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Transistor Amplifier Circuits Unit 6 — Transistor Specification Sheet

Exercise 2 — Using the Transistor Specification Sheet

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to locate maximum ratings, dc
characteristics, and operating parameters by using a typical transistor specification sheet. You
will verify your results by successfully completing all tasks.

DISCUSSION

e Manufacturer’s of transistors publish technical manuals which include the transistor
specification (data) sheets.

e The manual usually contains an alphanumeric index indicating the page number where data
on a specific transistor is located.

e Manuals, also, include information to help select the correct transistor for the application and
tables that compare specific transistor performance for general design or applications
groupings.

e Specification sheets include sections for maximum ratings, electrical characteristics, and
characteristic curves.

e Included in the data sheet are the transistor identification numbers, casing types, applications,
transistor configuration, and material.

e Maximum ratings section provides operating parameters when a transistor is at its maximum
rating.

e The Electrical Characteristics section consists of the following categories that provide
maximum and minimum parameter values required for circuit design.

Off characteristics

On characteristics
Small-signal characteristics
Switching Characteristics
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Transistor Amplifier Circuits Unit 7 — RC Coupling

UNIT 7 — RC COUPLING

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a two-stage RC-
coupled amplifier by using measured circuit conditions.

UNIT FUNDAMENTALS
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Two amplifiers are cascaded when the output of the first amplifier is connected to the input of
the second amplifier. In a cascaded system, the first amplifier is called the first stage. The second
amplifier is called the second stage. Cascaded amplifiers achieve an overall gain higher than that
possible with one amplifier.
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When a capacitor and one or more resistors connect the output of the first stage to the input of
the second stage, the amplifiers are RC (resistance-capacitance) coupled. With common-emitter
circuits, each amplifier inverts the input signal so that the output of the second stage is in phase
with the input of the first stage. The manner in which gain varies with the frequency of the input
signal is called frequency response.
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NEW TERMS AND WORDS

cascaded - when the output of the first stage is connected to the input of the second stage.
frequency response - the manner in which gain varies with the frequency of the input signal.
bandwidth - the range of signal frequencies over which the gain is relatively constant.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR AMPLIFIER CIRCUITS circuit board

NOTES
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Transistor Amplifier Circuits Unit 7 — RC Coupling

Exercise 1 — DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the dc operating
conditions of an RC-coupled amplifier by using measured values. You will verify your results
with a multimeter.

DISCUSSION
e This RC coupling circuit consists of two cascaded common emitter NPN amplifiers (Q1 and

Q2).

e The output of the first transistor is connected to the input (base) of the second transistor
through the coupling capacitor C2.

e The coupling capacitor blocks the dc collector current of Q1 from entering the base of Q2.
The coupling capacitor prevents dc interaction and shifting of both transistor Q-points.

e RC stands for resistance-capacitance.

e Both transistors have the identical voltage divider circuit and the same component values;
therefore, the dc bias for each transistor is essentially the same.

NOTES
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Transistor Amplifier Circuits Unit 7 — RC Coupling

Exercise 2 — AC Voltage Gain and Phase

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the ac voltage gain and
the input/output phase relationship of an RC-coupled amplifier by using measured and calculated
values. You will verify your results with a multimeter and an oscilloscope.

DISCUSSION

e The sine wave input is applied to the base of the first amplifier.

e The output of the first amplifier depends on the ac output load resistance of Q1. Since C2
passes ac signals, the ac load resistance (Ry;) consists of the parallel combination R3, R4,
R8, and the Q2  x (R10 +r'e).

e Q2Bx(RI0+T1') is large and may be eliminated from the calculation.

e The first amplifier has a voltage gain (Ay;) which is the ratio of the output to input signal
(Vo1/Vi1). The gain has a negative sign since this stage inverts.

e The ratio of load resistance to the emitter resistance approximates the voltage gain of the first
amplifier.

Avi =—-Rp1/Rs
e The ac output load resistance of Q2 is equal to the value of the collector resistor (R9).
e Voltage gain of the second amplifier is expressed using this equation:
Ay =—-Vp/Vip=—-R12/Rio=—Ro/Ryg
e Overall circuit gain is the product of the amplifier gain.
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Transistor Amplifier Circuits Unit 7 — RC Coupling

Exercise 3 — Frequency Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the frequency response of
an RC-coupled amplifier by using measured values. You will verify your results with a
multimeter and an oscilloscope.

DISCUSSION

Amplifier gain varies as the input signal frequency varies. This behavior is referred to as the
frequency response.

The amplifier circuit used in this exercise experiences decreases in gain at frequencies below
20 Hz and above 100 kHz.

The bandwidth of an amplifier is the range of input signal frequencies over which the
amplifier gain remains constant.

In general, a 15% decrease in amplifier gain indicates that the amplifier is at the end of its
bandwidth range.

Frequency response curves for audio amplifiers should be relatively flat between 20 Hz and
20 kHz.

The coupling capacitor value may affect frequency response (at the lower frequencies) of the
amplifier.

Upper limit frequency bandwidth is affected by the frequency-dependent transistor
parameters and the stray capacitance of circuit elements.
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Transistor Amplifier Circuits Unit 8 — Transformer Coupling

UNIT 8 — TRANSFORMER COUPLING

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a transformer-
coupled two-stage amplifier by using measured circuit conditions.

UNIT FUNDAMENTALS
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When a transformer connects the output of the first-stage amplifier to the input of the second-
stage amplifier, the amplifiers are transformer-coupled. The transformer matches the high output
impedance of the first-stage amplifier (Q1) with the low input impedance of the second-stage
amplifier (Q2). A transformer-coupled amplifier uses less power than an RC-coupled amplifier
does because the dc voltage drop across a transformer winding is less than that of a collector
resistor, permitting a smaller dc supply voltage.
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The frequency response of a transformer-coupled amplifier is normally poorer than that of an
RC-coupled amplifier.
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Unit 8 — Transformer Coupling

NEW TERMS AND WORDS
None

EQUIPMENT REQUIRED
F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR AMPLIFIER CIRCUITS circuit board

NOTES
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Transistor Amplifier Circuits Unit 8 — Transformer Coupling

Exercise 1 — DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the dc operating
conditions of a transformer-coupled two-stage amplifier by using measured values. You will
verify your results with a multimeter.

DISCUSSION
e The transformer-coupled amplifier circuit consists of two NPN common emitter amplifiers

(Q1 and Q2).

e The transformer T1 has its primary winding connected between the power supply and the
collector terminal of the first stage amplifier.

e The secondary winding of the transformer is connected to the base terminal of the second-
stage amplifier and to ground through a dc current-blocking capacitor (C3).

e Transformer (T1) blocks dc current flow between the two amplifier stages. This isolates the
dc bias for each stage.

e Transformers are circuit devices used for ac signals only.

e Resistor R7, which is connected in parallel with the transformer secondary winding,
maintains the impedance specification of this coil.

e The amplifiers have identical voltage divider circuits and emitter resistors causing Vg and Vg
of each transistor to have about the same value.

e The resistance of the primary winding is small; therefore, the collector voltage of the first
stage (V) is slightly less than the dc supply voltage (Vy).

e The second stage of the amplifier has a collector resistor (R9) which produces a collector
voltage (V(2) of about 9 Vdc.
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Transistor Amplifier Circuits Unit 8 — Transformer Coupling

Exercise 2 — AC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the ac voltage gain,
impedance matching, and input/output phase relationship of a transformer-coupled amplifier by
using measured and calculated values. You will verify your results with a multimeter and an
oscilloscope.

DISCUSSION
e The ac input signal to the base of the first amplifier stage is provided by the sine wave
generator.

e Transformer T1 has its primary connected between the power supply and the collector of the
first stage amplifier.

e The secondary is connected to the base of the second-stage amplifier and to ground through a
dc blocking capacitor (C3).

e The transformer provides impedance matching between the low impedance of the second-
stage base circuit and the high impedance of the first stage collector output.

e The primary winding impedance (Zp) is represented as: Zp = Zg x (Np/Ns)®

where Zg is the impedance of the secondary
Np/Ng is the turns ratio of the transformer

e The impedance of the second-stage base circuit is equal to the parallel combination of R7,
R8, and B x (r. + R10).

e The turns ration of this transformer is 1.96.

e The ac peak-to-peak voltage between the primary and secondary coils is reduced (stepped
down) by the transformer. The reduction is proportional to the turns ratio.

e The dot on the bottom of the primary and the dot on the top of the secondary indicate that the
signals at these points are in phase.

e The voltage gain of the first-stage is equal to the ratio of the output voltage to the input
voltage. Ay1 =-Vo1/Vi Note: The negative sign indicates a phase inversion.

e The ac output signals of each amplifier are measured from their respective bases.

o The first stage output signal is smaller than the first stage collector signal because the
transformer steps down the signal.

e The collector resistor R9 is the ac output load of Q2.

e The voltage gain of the amplifier’s second stage can be expressed by any of the following

equations: Ay =-V/Vix
sz = —RLz/Rlo
Ay, =-R9/R10

e  The overall amplifier gain is the product of the gains of the individual amplifier stages.

e  The output signal of stage 2 is not quite in phase with the input signal of stage 1. This is
caused by the inductive reactance of the transformer.

e The ac cutoff of V. is higher than the dc supply voltage because of the transformer action.
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Transistor Amplifier Circuits Unit 8 — Transformer Coupling

Exercise 3 — Frequency Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the frequency response of
a transformer-coupled amplifier by using measured values. You will verify your results with a
multimeter and an oscilloscope.

DISCUSSION

e Voltage gain can be expressed using a logarithmic scale, the unit of logarithmic voltage gain
is decibels (dB).

e This equation is used to convert voltage gain into its logarithmic equivalent:

AvdB =20 10g10 (Vo/Vi) =20 10g10 (AV)

e Decibels are used because human hearing has a logarithmic response.

e Doubling the decibel level is the equivalent to a tenfold increase in arithmetic gain.

e Voltage gain in dBs is plotted against the frequency of the input signal, the resulting curve is
referred to as the frequency response.

e Transformer-coupled amplifiers have a poorer frequency response than RC-coupled
amplifiers. This occurs because the transformer frequency response is limited in comparison
to an RC coupling circuit.

e The transformer used on the TRANSISTOR AMPLIFIER CIRCUITS circuit board has a
frequency response spec of +2 dB between 200 Hz and 10 KHz.
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Transistor Amplifier Circuits Unit 9 — Direct Coupling

UNIT 9 — DIRECT COUPLING

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a direct-coupled,
two-stage amplifier by using measured circuit conditions.

UNIT FUNDAMENTALS

o '\.'H

When the output of the first-stage amplifier (Q1) is directly connected to the input of the second-
stage amplifier (Q2), the amplifiers are direct coupled.

The frequency response at low frequencies is very good for direct-coupled amplifiers. The dc
conditions of each amplifier stage are not isolated. A direct-coupled amplifier is temperature
sensitive and requires stabilizing circuits to minimize drifting of the dc bias.

NEW TERMS AND WORDS
None

EQUIPMENT REQUIRED
F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR AMPLIFIER CIRCUITS circuit board
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Transistor Amplifier Circuits Unit 9 — Direct Coupling

Exercise 1 — Direct-Coupled Amplifier DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the dc operating
conditions of a direct-coupled, two-stage amplifier by using measured values. You will verify
your results with a multimeter.

DISCUSSION

e The direct-coupled two-stage amplifier circuit consists of two transistors configured as
common emitters. The first stage, Q1, uses an NPN transistor and the second stage, Q2, uses
a PNP transistor.

e The output of Q1 (the collector) connects directly into the input of Q2 (the base). The
collector voltage of Q1 is equal to the base voltage of Q2. (V¢ = Vga)

e The emitter voltage (Vi) is about 0.6 Vdc more positive than the base voltage (Vg,) when
the base-emitter junction of Q2 is forward biased.

e The collector voltage (V) is less positive than the base voltage (Vg;) since the base-
collector junction is normally reverse biased.

e The first stage has a voltage divider network to set the dc bias. The collector voltage of this
stage sets the base voltage of the second stage.

e The second stage does not use a voltage divider to establish the dc bias; the resulting bias is
more sensitive to temperature changes.

e The emitter resistor in the second stage generates feedback that counteracts dc bias drift due
to temperature. But, it is not as effective as voltage divider bias.
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Transistor Amplifier Circuits Unit 9 — Direct Coupling

Exercise 2 — Direct-Coupled Amplifier AC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the ac voltage gain and
the input/output phase relationship of a direct-coupled amplifier by using measured and
calculated values. You will verify your results with a multimeter and an oscilloscope.

DISCUSSION

The sine wave generator provides the input signal. The signal enters the base of the first-
stage amplifier.
Input and output signal are in phase because each common emitter inverts the signal.
The voltage gain of Q1 is found with these equations:

AV1 = _Vol/Vil = —R4/R5
The voltage gain of Q2 is expressed by any of these equations:

sz = —Voz/ Viz = —RLz/ R6 = —R7/R6
The overall circuit voltage gain is the product of the two amplifier gains.

NOTES
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Exercise 3 — Direct-Coupled Amp Frequency Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the frequency response of
a direct-coupled amplifier by using measured values. You will verify your results with a
multimeter and an oscilloscope.

DISCUSSION

The bandwidth of a direct-coupled amplifier can extend to frequencies below 5 Hz.
Direct-coupled amplifier frequency response is good at low frequencies because of the lack
of a capacitor in the connection path.

Amplifier gain is reduced at low frequencies because of capacitive reactance.

The high frequency bandwidth limit is limited by frequency-dependent amplifier parameters
and stray circuit capacitance.

RC-coupled amplifiers have a capacitive reactance large enough to reduce gain at frequencies
below 50 Hz.

Transformer-coupled amplifiers have reduced gain at lower frequencies because of the
transformer characteristics.

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Lab-Volt License Agreement

By using the software in this package, you are agreeing to
become bound by the terms of this License Agreement,
Limited Warranty, and Disclaimer.

This License Agreement constitutes the complete
agreement between you and Lab-Volt. If you do not agree
to the terms of this agreement, do not use the software.
Promptly return the F.A.C.E.T. Resources on Multimedia
(CD-ROM) compact discs and all other materials that are
part of Lab-Volt's F.A.C.E.T. product within ten days to
Lab-Volt for a full refund or credit.

1. License Grant. In consideration of payment of the license
fee, which is part of the price you paid for this Lab-Volt
product, Lab-Volt, as Licensor, grants to you, the Licensee, a
nonexclusive, nontransferable license to use this copy of the
CD-ROM software with the corresponding F.A.C.E.T. Lab-
Volt reserves all rights not expressly granted to the Licensee.

2. Ownership. As the Licensee, you own the physical media
on which the CD-ROM is originally or subsequently recorded
or fixed, but Lab-Volt retains title to and ownership of the
software programs recorded on the original compact disc and
any subsequent copies of the CD-ROM, regardless of the
form or media in or on which the original and other copies
may exist. This license is not a sale of the original software
program of Lab-Volt's CD-ROM or any portion or copy of it.

3. Copy Restrictions. The CD-ROM software and the
accompanying materials are copyrighted and contain
proprietary information and trade secrets of Lab-Volt.
Unauthorized copying of the CD-ROM even if modified,
merged, or included with other software or with written
materials is expressly forbidden. You may be held legally
responsible for any infringement of Lab-Volt's intellectual
property rights that is caused or encouraged by your failure to
abide by the terms of this agreement. You may make copies
of the CD-ROM solely for backup purposes provided the
copyright notice is reproduced in its entirety on the backup
copy.

4. Permitted Uses. This CD-ROM, Instructor's Guide, and all
accompanying documentation is licensed to you, the
Licensee, and may not be transferred to any third party for
any length of time without the prior written consent of Lab-
Volt. You may not modify, adapt, translate, reverse engineer,
decompile, disassemble, or create derivative works based on
the Lab-Volt product without the prior written permission of
Lab-Volt. Written materials provided to you may not be
modified, adapted, translated, or used to create derivative
works without the prior written consent of Lab-Volt.

5. Termination. This agreement is effective until terminated.
It will terminate automatically without notice from Lab-Volt
if you fail to comply with any provisions contained herein.
Upon termination you shall destroy the written materials,
Lab-Volt's CD-ROM software, and all copies of them, in part
or in whole, including modified copies, if any.

6. Registration. Lab-Volt may from time to time update the
CD-ROM. Updates can be made available to you only if a
properly signed registration card is filed with Lab-Volt or an
authorized registration card recipient.

7. Miscellaneous. This agreement is governed by the laws of
the State of New Jersey.

Limited Warranty and Disclaimer

This CD-ROM software has been designed to assure correct
operation when used in the manner and within the limits
described in this Instructor's Guide. As a highly advanced
software product, it is quite complex; thus, it is possible that if
it is used in hardware configurations with characteristics other
than those specified in this Instructor's Guide or in
environments with nonspecified, unusual, or extensive other
software products, problems may be encountered by a user. In
such cases, Lab-Volt will make reasonable efforts to assist the
user to properly operate the CD-ROM but without
guaranteeing its proper performance in any hardware or
software environment other than as described in this
Instructor's Guide.

This CD-ROM software is warranted to conform to the
descriptions of its functions and performance as outlined in
this Instructor's Guide. Upon proper notification and within a
period of one year from the date of installation and/or
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






Transistor Power Amplifiers Unit 1 — Circuit Board Familiarization

UNIT 1 — CIRCUIT BOARD FAMILIARIZATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify the circuit blocks and their major
components on the TRANSISTOR POWER AMPLIFIERS circuit board. You will connect some
circuits and observe their operation.

UNIT FUNDAMENTALS

Radio and television receivers, public address systems, tape recorders, and other electronic
devices use transistor power amplifiers.

This unit describes the circuit blocks on the TRANSISTOR POWER AMPLIFIER circuit board.
Other units include exercises that will help you understand the principles of each type of power
amplifier on the circuit board.

NEW TERMS AND WORDS
None

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

TRANSISTOR POWER AMPLIFIERS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave
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NOTES




Transistor Power Amplifiers Unit 1 — Circuit Board Familiarization

Exercise 1 — Circuit Location and Identification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with the circuit blocks on the
TRANSISTOR POWER AMPLIFIERS circuit board. You will verify your results by identifying
circuit components and connecting two power amplifier circuits.

DISCUSSION

Several types of transistor power amplifier circuits can be demonstrated with the
TRANSISTOR POWER AMPLIFIERS circuit board.

Fixed (15.0 Vdc) and variable positive dc positive supplies are used in the transistor
amplifier circuits.

Use the ATTENUATOR when small ac input signals are required.

The DARLINGTON PAIR circuit block does not use a signal generator.

The PHASE SPLITTER circuit block has two output signals.

Transformers are used in input and output circuits of some power amplifiers.

NOTES




Transistor Power Amplifiers Unit 1 — Circuit Board Familiarization

Exercise 2 — Transistor Power Amplifier Introduction

EXERCISE OBJECTIVE

When you have completed this exercise, you will have observed the operation of two power
amplifier circuits. You will view your results on an oscilloscope.

DISCUSSION

e  Transistor power amplifiers increase the signal power.
e The amplitude of the output signal voltage is usually less than the input voltage.
e The output current is appreciably greater than the input current.

NOTES




Transistor Power Amplifiers Unit 2 — Single-ended Power Amplifier

UNIT 2 — SINGLE-ENDED POWER AMPLIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of a single-ended power
amplifier by using ac and dc measurements.

UNIT FUNDAMENTALS

L e I
Ray = b1 |t FIC
; -
T c 2= L outPuT
Y I e
Py E v
per (GEN) P E Re E Vi
o l

u

A single-ended power amplifier circuit is shown. It has a single transistor (Q1) controlling a
current through a load (Rp ).
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The ac signal is input at RI to the base of Q1; the output signal is across Ry in the secondary coil
of the transformer (T1).
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The transformer (T1) is used as an impedance matching device. T1 matches the relatively high
impedance (Z1 = 308.1Q) of the Q1 collector circuit in the T1 primary coil with a low
impedance load (R, = 8.2Q)) in the T1 secondary coil.



Transistor Power Amplifiers Unit 2 — Single-ended Power Amplifier

[ L, _L
I g
3 e AE 2R affaur
U] i
1 R R 1 I
______ = e E -
el F -y
Lt (GEN) PaL = |"I:‘-[ =¥
=%

Power gain (Ap) is determined by the ratio of the output power (P) to the input power (P;) or
the product of voltage gain (Av) and current gain (Ai).

Ap=Py/Pi=AvxAi
Power amplifiers have high power gain but low voltage gain.

The peak of the collector-emitter voltage (VE) may exceed the dc supply voltage (VA) by a
factor of two, as shown in the figure.

When a single-ended power amplifier is designed, Vg must not exceed the transistor
specification.
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Amplifiers can be classified as class A, B, or C. The single-ended power amplifier is biased for
continuous current flow (If ), which causes class A operation.

Because output current flows continuously, class A is the least efficient class of amplifier, but it
produces an output signal with practically no amplitude distortion.
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A power amplifier's efficiency is determined by the ac output power of the load (Ry ) divided by
the dc power of the supply (V).

NEW TERMS AND WORDS
power amplifier - amplifier that increases the signal power from the input to the output.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

TRANSISTOR POWER AMPLIFIERS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave
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Transistor Power Amplifiers Unit 2 — Single-ended Power Amplifier

Exercise 1 — DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure dc operating voltages and
currents by using a typical single-ended power amplifier circuit. You will verify your results
with a multimeter.

DISCUSSION

Transistor Q1 is an NPN transistor connected in a common emitter configuration.

The collector voltage (Vc) is almost equal to the supply voltages because the transformer
primary coil resistance is only 18.4 ohms.

The total dc current is unaffected by an ac input signal; therefore, the amplifier is a class A
operation.

Output transformer T1 matches the low impedance of the load resistor (R5) to the high
output impedance of the collector.

With no ac input signal, no current flows in the load resistor (R5) because only ac signals can
be coupled through a transformer.

NOTES




Transistor Power Amplifiers Unit 2 — Single-ended Power Amplifier

Exercise 2 — AC Voltage, Current, and Power Gains

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to identify single-ended power
amplifier ac characteristics by determining ac voltage, current, and power gains. You will verify
your results with a multimeter and an oscilloscope.

DISCUSSION

Due to the class A operation, there is no distortion or clipping between the input and output
Calculation of average ac power requires the conversion of the peak-to-peak (pk-pk) ac
voltages to root mean square values (rms):
Vims = (Vpkpk X 0.707) /2
The average input ac power to the amplifier (P;) is the product of the rms values of the ac
voltage (Vi) an current (I;) at the base of Q1:
Pi = Vi X Ii
The output power is the power consumed by load resistor RS. It is the product of the rms
voltage drop across (V,) and rms current through (I,) R5:
P,=Vox1,
Another form of the power formula may be used when voltage and resistance are known:
P,=V, /RS
Amplifier voltage, current, and power gains are the ratios of the output values to the input
values:

Voltage Gain A,=V,/V;
Current Gain A=1,/]
Power Gain A,=P,/P;

Power gain is also equal to the product of the voltage gain and current gain:
Ap:PO/Pi:(VOXIO)/(ViXIi):AVXAi

The voltage gain of a power amplifier is low, but the power gain is high because the current

gain is very high.

10
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NOTES
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Transistor Power Amplifiers Unit 3 — Phase Splitter

UNIT 3 — PHASE SPLITTER

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate and describe the operation of a
transistor phase splitter circuit by using dc and ac measurements.

UNIT FUNDAMENTALS

INPUT \_//'ﬁ'\ QUTPUT A
{,__\_/ PHEE
SPLITTER

| /\/ GUTPUT B

A block diagram of a phase splitter is shown above.

A phase splitter can be a transformer or a transistor circuit.

A phase splitter is a circuit that receives a single input signal and provides two equal amplitude
output signals that are 180° out of phase
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A transistor phase splitter circuit is shown above. The input is at the base of Q1, and the
outputs are at the Q1 collector (C) and emitter (E) terminals. The voltage divider circuit (Rg1

and Rp») across the dc power supply sets a base voltage (V) that maintains a stable forward
bias for Q1.

Because the voltage divider circuit forward biases the transistor (Q1), the phase splitter operates
as a class A amplifier

13



Transistor Power Amplifiers Unit 3 — Phase Splitter
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In a transistor phase splitter circuit, the emitter resistor (Rg) and collector resistor (R¢) are
equal. When R and RE are equal, the voltage drop across the collector circuit equals the emitter
circuit voltage drop.

Because the emitter (RE) and collector (R¢) resistors are equal, the voltage gains at outputs A
and B of the transistor phase splitter are equal and slightly less than 1.0.

To summarize, a transistor phase splitter is a common-emitter circuit that converts the input
signal into two output signals that are 180° out of phase with peak-to-peak voltages essentially
equal to the input signal.

NEW TERMS AND WORDS

transistor phase splitter - a transistor circuit that generates two equal signal out of phase, from a
single input signal.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

TRANSISTOR POWER AMPLIFIERS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

14
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NOTES
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Transistor Power Amplifiers Unit 3 — Phase Splitter

Exercise 1 — Phase Splitter DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure dc operating voltages and
currents by using a typical transistor phase splitter circuit. You will verify your results with a
multimeter and an oscilloscope.

DISCUSSION

e In transistor circuits, the emitter and collector currents are essentially equal because the base
current is very small.

e In a phase splitter circuit, the emitter and collector resistors (R3 and R4) have the same value.

e Because the emitter and collector currents are almost equal, the collector resistor (R3) and
the emitter resistor (R4) voltage drops are about equal.

¢ Since emitter and collector circuit voltage drops are about equal, the ac waveforms at each
terminal (A and B) will have the same magnitude.

e No-signal and signal total circuit currents are the same; therefore, the phase splitter is a class
A amplifier.

NOTES
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Transistor Power Amplifiers Unit 3 — Phase Splitter

Exercise 2 — Voltage Gain and Phase Relationships

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure phase splitter voltage gain
and phase relationships by using a typical phase splitter circuit. You will verify your results with
an oscilloscope and a multimeter.

DISCUSSION
1 a4
:.L:"H, S I
I': -
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s
e The input signal is in phase with output signal B at the emitter.
e The input signal is out of phase with output signal A at the collector.
e The ac currents at the input, emitter, and collector are in phase.
e When calculated from circuit resistances, the gain of the phase splitter circuit is less than one

even through the measured gain appears to equal one.
Ay (output B) = Rg / Rg +r¢)
e The outputs at the emitter and collector are equal in magnitude but 180 degrees out of phase.
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NOTES
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Transistor Power Amplifiers Unit 4 — The Push-pull Power Amplifier

UNIT 4 — THE PUSH-PULL POWER AMPLIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a typical push-
pull power amplifier by using ac and dc measurements.

UNIT FUNDAMENTALS
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A push-pull power amplifier circuit is shown. It offers greater power gain and better efficiency
than a single-ended amplifier circuit does.

The two transistors (Q1 and Q2) of a push-pull power amplifier require input signals at the base
that are equal in amplitude but 180° out of phase.

A push-pull transistor amplifier can use a center-tapped transformer (T1), as shown above, or a
phase splitter circuit to provide the two equal 180° out-of-phase input signals.

Because the ac inputs to each transistor are 180° out of phase and the dc bias is near the cutoff
point, each transistor conducts during opposite halves of the input signal (V;). The transistor

collector signals are combined into one output signal (V) by the output transformer (T2).

Crossover distortion of the output signal is prevented by each transistor being biased near the
cutoff point.

Because each transistor operates as a class AB amplifier, the output (V) of the push-pull
amplifier is a class A signal.

The power gain of the push-pull power amplifier is high because the current gain is very high;
the voltage gain is low (less than 1.0).

19



Transistor Power Amplifiers Unit 4 — The Push-pull Power Amplifier

NEW TERMS AND WORDS

push-pull power amplifier - a circuit with two similar transistors connected to operate with equal
magnitudes but opposite phases. The outputs of each component are combined.

Crossover distortion - a signal that is distorted near the zero crossing point not affected at the
peaks and valleys.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

TRANSISTOR POWER AMPLIFIERS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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Transistor Power Amplifiers

Exercise 1 — DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the dc operation of a
push-pull power amplifier by using a typical push-pull power amplifier circuit. You will verify

your results with a multimeter and an oscilloscope.

DISCUSSION
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e Two class AB amplifiers connected back-to-back in a common emitter configuration form a

push-pull power amplifier

e Base resistor R2 and R3 form a voltage divider circuit to provide the base voltage for forward

biasing the transistors.

e The voltage drop across each transistor is slightly less than the power supply voltage

e The transistors are biased near the cutoff point so that the collector power dissipated is
minimum under no-signal conditions.

e (Collector current for each of the two class AB transistors flows only during a portion of the
input signal; consequently, the total dc circuit current is affected by an ac input signal.

e Transformer T2 matches the relatively high output impedance of the transistors to the low

impedance of the load.

21
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NOTES
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Transistor Power Amplifiers Unit 4 — The Push-pull Power Amplifier

Exercise 2 — AC Voltage and Power Gains

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure push-pull power amplifier
voltage and power gains by using a typical push-pull power amplifier circuit. You will verify
your results with an oscilloscope.

DISCUSSION

The input transformer (T1) is used as a phase splitter to develope two signals that are equal in
amplitude but opposite in phase to transistors Q1 and Q2.

Transistor Q1 amplifies the negative half of the input signal, and transistor Q2 amplifies the
positive half.

These half-signals from the transistors are then combined in output transformer T2 to restore
the sine wave, which is 1801 degrees out of phase with the input signal to T1.

A small collector current is needed to flow at all times to prevent a type of waveform
distortion called cross-over distortion.

Transistors Q1 and Q2 conduct for more than 1807 but less than 36007 of the input signal,
permitting continuous collector current.

The power gain is high, but the voltage is not.

These transistors are considered class AB.
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NOTES
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Transistor Power Amplifiers Unit 5 — The Complementary Power Amplifier

UNIT 5 — THE COMPLEMENTARY POWER AMPLIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a complementary
power amplifier by using measured circuit conditions.

UNIT FUNDAMENTALS
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A complementary power amplifier circuit is shown.

A complementary power amplifier consists of an NPN transistor and a PNP transistor connected
in series across a dc power supply. The transistors are configured in common collector circuits.

Each transistor operates as class AB, resulting in an output from the complementary power
amplifier that is nondistorted.

NPN and PNP transistors have complementary symmetry; the biasing is arranged so that the
input signal polarity needed to turn on the NPN is opposite that needed for the PNP.

Complementary power amplifiers have high input impedance, low output impedance, high power
gain, and good efficiency.
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Transistor Power Amplifiers Unit 5 — The Complementary Power Amplifier

NEW TERMS AND WORDS

complementary symmetry - the property of two transistors in which the polarity of an input
signal needed in one transistor is opposite to that needed in the other.

matched transistors - transistors that have almost identical characteristics (betas, leakage
currents, and other parameters).

matched transistors - transistors that have almost identical characteristics (betas, leakage
currents, and other parameters).

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

TRANSISTOR POWER AMPLIFIERS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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Transistor Power Amplifiers Unit 5 — The Complementary Power Amplifier

Exercise 1 — DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the dc operating
conditions of a complementary power amplifier by using measured values. You will verify your
results with a multimeter.

DISCUSSION

A complementary power amplifier has an NPN transistor (Q1) and a PNP transistor (Q2)
connected in series in a common-collector configuration.

About half the power supply voltage (V) is across each transistor.

Both transistors are biased to have Q-point that is very close to the cutoff point.

An ideal complementary power amplifier requires two matched transistors.

The dc biasing permits each transistor to be turned on for slightly more than 180 degrees of
the input signal; this is class AB operation.

NOTES
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Transistor Power Amplifiers Unit 5 — The Complementary Power Amplifier

Exercise 2 — AC Voltage and Power Gains

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine voltage and power gains
by using a typical complementary power amplifier circuit. You will verify your results with a
multimeter and an oscilloscope.

DISCUSSION

The NPN Q1 transistor conducts during the positive half-cycle of the input signal (V;).

The PNP Q2 transistor conducts during the negative half-cycle of the input signal (V;).
Each transistor conducts for a slightly more than 180 degrees of the input signal, producing
an output signal with no cross-over distortion; this is class AB operation.

The output signal is in phase with the input signal.

The high power gain is the product of a voltage gain less than 1.0 and a very high current
gain.

Ap=A,x A
Pin = Vi (rms) x I; (rms)
where: [; (rms) = Vg, (rms) / R1
Pout = Vo, (rms) x I, (rms)
where: [; (rms) =V, (rms) / R6
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Transistor Power Amplifiers Unit 6 — The Darlington Pair

UNIT 6 — THE DARLINGTON PAIR

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a typical
Darlington pair by using measured circuit conditions.

UNIT FUNDAMENTALS
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Transistors can be connected in many ways to allow you to take advantage of different
characteristics or to make best use of a particular parameter.

A Darlington pair consists of two NPN or PNP transistors (NPN shown) with the emitter of the
first stage directly connected to the second stage base.
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This circuit shows a PNP Darlington pair in a common emitter configuration.

The Darlington pair acts as a single transistor with an overall current gain (Bp) equal to the
product of the individual transistor current gains (3).
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Transistor Power Amplifiers Unit 6 — The Darlington Pair
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The input impedance of a Darlington pair is very large.

When the Darlington pair is connected in a common collector configuration, the output
impedance is very small.

The two transistors of a Darlington pair are often mounted in the same case so that both
transistors undergo exactly the same changes in temperature and applied voltage.

NEW TERMS AND WORDS
None

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
TRANSISTOR POWER AMPLIFIERS circuit board
Multimeter
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NOTES
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Transistor Power Amplifiers Unit 6 — The Darlington Pair

Exercise 1 — Current Gain Characteristics

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the current gain of a
Darlington pair by using measured values. You will verify your results with a multimeter.

DISCUSSION

A Darlington pair has the emitter of the first stage transistor directly connected to the base of
the second stage transistor.
In a Darlington pair, the Q2 base current (Ig;) equals the Q1 emitter current (Ig;) or
essentially equals the collector current (I¢;):
Igo = Icy

The Q1 and Q2 betas equal the ratio of the collector and base currents:

Bi=Ici1/1Ipi

Bo=1Ic2/In2
The Darlington pair current gain (Bp) equals the Q2 collector current (I¢2) divided by the Q1
base current (Ig)):

Bp = Icz / Iy
The Darlington pair current gain (Bp) equals the product of the betas of each stage:

Bp = B1 x P2
If the two transistors in a Darlington pair are very carefully matched to have equal betas, the
Darlington pair beta (Bp) equals the square of the transistor beta:

Bb = (B)’
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NOTES
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Transistor Power Amplifiers Unit 6 — The Darlington Pair

Exercise 2 — Input and Output Impedances

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the input impedance of a
typical Darlington pair circuit. You will verify your results with a multimeter.

DISCUSSION

e A Darlington pair in a common collector circuit is useful in matching a very high impedance
source to a very low impedance.

e The input impedance of a Darlington pair is very high (in the range of 500kQ to 10MQ for a
small signal transistor).

Zi(D):leBszSZBDXRS
e The input impedance in a common emitter circuit is very low (in the range of 1Q to 50Q2 for
a small signal transistor).

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes
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The Appendix includes safety information.






Transistor Feedback Circuits Unit 1 — Introduction to the Circuit Board

UNIT 1 — INTRODUCTION TO THE CIRCUIT BOARD

UNIT OBJECTIVE

At the completion of this unit, you will be able to locate and identify the major circuit blocks on
the TRANSISTOR FEEDBACK CIRCUITS circuit board.

UNIT FUNDAMENTALS

The TRANSISTOR FEEDBACK CIRCUITS circuit board consists of 4 circuit blocks:
SERIES FEEDBACK/SHUNT FEEDBACK circuit block

MULTISTAGE SHUNT-SERIES FEEDBACK circuit block

MULTISTAGE SERIES-SHUNT FEEDBACK circuit block

DIFFERENTIAL AMPLIFIER circuit block.

A GENERATOR BUFFER circuit and an ATTENUATOR circuit are also included on the

circuit board. Three of the circuit blocks introduce various feedback methods. The fourth circuit
block is a differential amplifier.
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ATTENUATOR

The attenuator can be used to attenuate or reduce the magnitude of an input signal.
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To become familiar with a feedback circuit on the TRANSISTOR FEEDBACK CIRCUITS
circuit board, you will set up a typical circuit and use test equipment to look at its operation.

Two-post connectors allow circuit configuration changes and circuit power application.

NEW TERMS AND WORDS

feedback - the return of a portion of an amplifier's output to its input.

differential amplifier - an amplifier whose output signal is proportional to the algebraic
difference between two input signals.

attenuator - a passive network that reduces the level of a signal.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR FEEDBACK CIRCUITS circuit board
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Transistor Feedback Circuits Unit 1 — Introduction to the Circuit Board

Exercise 1 — Component Location and Identification

EXERCISE OBJECTIVE
When you have completed this exercise, you will be able to locate all major circuits on the

TRANSISTOR FEEDBACK CIRCUITS circuit board. You will verify your results by correctly
identifying circuits and their major components.

DISCUSSION

e The TRANSISTOR FEEDBACK CIRCUITS circuit board demonstrates four common forms
of feedback.

o SERIES FEEDBACK/SHUNT FEEDBACK: Series and shunt feedback in a single transistor
amplifier.

e MULTISTAGE SHUNT-SERIES FEEDBACK and MULTISTAGE SERIES-SHUNT
FEEDBACK: Multistage circuits that contain two stages of amplification and use a
combination of series and shunt feedback.

e DIFFERENTIAL AMPLIFIER: Two transistors in a circuit that amplifies small signals.

NOTES
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Exercise 2 — Feedback Amplifier Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to set up and activate a typical circuit
block by using two-post connectors and applying power. You will verify your results with an
oscilloscope.

DISCUSSION

e The SERIES FEEDBACK/SHUNT FEEDBACK circuit block develops series and shunt
feedback in an amplifier circuit.

e The feedback is in parallel with (shunted across) the amplifier input.

e Demonstrate amplifier gain reduction with the use of negative feedback.

NOTES
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Transistor Feedback Circuits Unit 2 — Series Feedback

UNIT 2 — SERIES FEEDBACK

UNIT OBJECTIVE

At the completion this unit, you will be able to describe the effect of a series feedback circuit by
using ac and dc measurements.

UNIT FUNDAMENTALS

Degenerative feedback also known as inverse feedback or negative feedback, is produced when
a portion of an amplifier's output signal is transferred to and opposes the effect of the input.

Negative feedback decreases the gain, increases the bandwidth, and affects the input impedance
and the output impedance of an amplifier. Series feedback is applied in series with the input
(Va).

Current feedback is a feedback current that is proportional to output current (IR Cp)).
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The output current (IRr,) flows through the emitter feedback resistor (Rg).
IR through RE develops a feedback voltage (V).

Vg opposes the input voltage (Vy).
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The feedback ratio (B ) is the fractional part of the output voltage that is fed back to the input.

To understand the feedback ratio () in a common emitter amplifier such as this one, consider
the output taken across the emitter resistor (Rp).

Since all of the output voltage (V) is fed back to the input (Vf= V), the feedback ratio (f3)
would be 1.
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The gain relationship for any type of amplifier with feedback is determined by the following
equation, where Aris the gain with feedback and A is the gain without feedback.

Af =

I « (A % 8)

In case of negative feedback, [ is a negative quantity, and you need to take the minus sign into
account when you calculate gain.

NEW TERMS AND WORDS

degenerative feedback - a mode of feedback in which a portion of the output is fed back to and
opposes the input; also called inverse feedback or negative feedback.

input impedance - the impedance across the input terminals of an amplifier.

output impedance - the impedance across the output terminals of an amplifier; also called source
impedance.

series feedback - a feedback signal applied in series with the input signal.

current feedback - a feedback signal that is proportional to output current.

feedback ratio - the portion of the output voltage that is fed back to the input; also referred to as
feedback factor.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR FEEDBACK CIRCUITS circuit board
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Transistor Feedback Circuits Unit 2 — Series Feedback

Exercise 1 — Effect of Feedback on AC Gain

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe and measure the effect of
series feedback on ac gain by using a typical series feedback circuit. You will verify your results
with a multimeter and an oscilloscope.

DISCUSSION

e A common emitter type amplifier with an unbypassed emitter resistor is used to demonstrate
series feedback, a common type of negative feedback.

e Negative feedback results in a reduction in gain of the amplifier to which it is applied.

e Assume an increase in base current from a positive-going input signal: voltage at the emitter
will go more positive, effectively reducing the base signal by an equal amount.

e A large capacitor across the emitter resistor effectively bypasses the positive-going input
signal to ground so that no reduction of the base signal occurs.

e The feedback factor (P) is determined from the values of the emitter resistor (Rg) and the
collector resistor (Rc).

e To achieve negative feedback, the feedback factor () must be a negative quantity.

NOTES

11



Transistor Feedback Circuits Unit 2 — Series Feedback

Exercise 2 — Effect of Feedback on Bandwidth

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to under-stand the effect of series
negative feedback on bandwidth by using a typical series feedback circuit. You will verify your
results with an oscilloscope.

DISCUSSION

e Amplifier bandwidth defined
e Lower and upper cutoff frequencies specified as 3 dB down from midrange level
e Approximate bandwidth using square wave input signal and formula fx = 0.159/T.

Negative feedback reduces the gain of an amplifier and increases bandwidth.

NOTES
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Transistor Feedback Circuits Unit 2 — Series Feedback

Exercise 3 — Effect of Feedback on Impedance

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe the effect of series feedback
on input impedance by using a typical series feedback circuit. You will verify your results with
an oscilloscope.

DISCUSSION

Simple input impedance is the sum of all series elements and the transistor base input
impedance including effects of any bias resistors.

e Adding series negative feedback to a common emitter amplifier increases input impedance.
* Vri=Vi-Vp

o Ii = VRl/ R1

o Zi = Vi/ Ii

NOTES

13
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Transistor Feedback Circuits Unit 3 — Shunt Feedback

UNIT 3 — SHUNT FEEDBACK

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the effects of shunt feedback on ac
gain, bandwidth, input impedance, and output impedance by using a typical shunt feedback
circuit.

UNIT FUNDAMENTALS

Shunt negative feedback places a portion of an amplifier's output voltage in shunt (parallel) with
the input voltage.

Shunt feedback effectively shunts the input and the output of an amplifier.

For a transistor amplifier without feedback, the gain (A) depends on the transistor ac gain (p).
For the transistor used in this circuit, 3 can vary from 50 to 300.

Av=_
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The gain (A¢) of a shunt feedback amplifier equals the ratio of the feedback resistor (Rf) to the
series input resistor (R;).

Ar=Rg/R{
For shunt feedback, the feedback ratio () is the reciprocal of At.
P =Ri/Rf
Therefore, this equation applies.
B=1/Ar

Negative shunt feedback decreases gain but increases the bandwidth.

NEW TERMS AND WORDS
Shunt feedback - feedback voltage that is effectively applied in parallel with the input signal.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine/square wave
TRANSISTOR FEEDBACK CIRCUITS circuit board
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NOTES
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Transistor Feedback Circuits Unit 3 — Shunt Feedback

Exercise 1 — Effect of Shunt Feedback on AC Gain

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to understand the effect of shunt
negative feedback on ac gain by using a typical shunt feedback circuit. You will verify your
results with an oscilloscope.

EXERCISE DISCUSSION

A small positive change in V; of a transistor increases base current which, in turn, decreases
collector voltage V..

A portion of this decreasing collector voltage is sent back to, and summed with, the rising
input signal.

The positive-going voltage V; and the opposite-in-phase V. oppose each other.

The gain with feedback (A¢) of a shunt feedback amplifier is approximately equal to the ratio
of feedback resistor R¢to series input resistor Rj: Ar= R¢/R;.

For shunt feedback, the feedback ratio (B) is the reciprocal of Af: B = Ri/Ry.

NOTES
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Exercise 2 — Effect of Feedback on Bandwidth

EXERCISE OBJECTIVE

When you have completed this exercise, you will understand the effect of shunt negative
feedback on bandwidth by using a typical shunt feed-back circuit. You will verify your results
with an oscilloscope.

DISCUSSION

e Bandwidth defines the breadth of input frequency for which the output amplitude remains

constant, within prescribed limits

Limits are usually defined as upper and lower cutoff frequency

Cutoff frequency is where the gain of an amplifier falls to 3 dB of its average gain

Average gain means the midrange gain: the gain at the center of its bandwidth

A square wave can be used to measure bandwidth of an amplifier by checking certain

characteristics of the square wave at the output of the amplifier

e As viewed on an oscilloscope, the lower cutoff frequency is the time (T) it takes the square-
wave leading edge to reach 63 percent of its final level

e Asviewed on an oscilloscope, the upper cutoff frequency is the time it takes the output to fall
63 percent

e Simplified equation for lower (or upper) cutoff frequency is: f1 (or f2) = 0.159/T

19
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Transistor Feedback Circuits Unit 3 — Shunt Feedback

Exercise 3 — Effect of Feedback on Impedance

EXERCISE OBJECTIVE

When you have completed this exercise, you will understand the effect of shunt negative
feedback on input and output impedance by using a typical shunt feedback circuit. You will
verify your results with an oscilloscope.

DISCUSSION

Bandwidth defines the breadth of input frequency for which the output amplitude remains
constant, within prescribed limits

Limits are usually defined as upper and lower cutoff frequency

Cutoff frequency is where the gain of an amplifier falls to 3 dB of its average gain

Average gain means the midrange gain: the gain at the center of its bandwidth

A square wave can be used to measure bandwidth of an amplifier by checking certain
characteristics of the square wave at the output of the amplifier

As viewed on an oscilloscope, the lower cutoff frequency is the time (T) it takes the square-
wave leading edge to reach 63 percent of its final level

As viewed on an oscilloscope, the upper cutoff frequency is the time it takes the output to fall
63 percent

Simplified equation for lower (or upper) cutoff frequency is: f1 (or £2) = 0.159/T

21
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Transistor Feedback Circuits Unit 4 — Multistage Amplifier Feedback

UNIT 4 — MULTISTAGE AMPLIFIER FEEDBACK

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation and characteristics of
two types of multistage feedback amplifiers by using ac and dc measurements.

UNIT FUNDAMENTALS

Multistage feedback is in an amplifier circuit that has more than one stage. This feedback is
across the entire amplifier circuit.

There are two basic types of multistage amplifier feedback: shunt-series and series-shunt.
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Shown is a shunt-series feedback circuit. Resistor Rgp, provides shunt feedback to the input stage.
Resistor Ref provides series feedback to the output stage.

In a multistage amplifier with shunt-series feedback, the feedback ratio of Rgj,/Ref determines
the ac current gain (Ai = Rgp/Ref).
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Shown is a series-shunt feedback circuit.

Resistor Ref provides series feedback to the input stage.
Resistor Rg, provides shunt feedback to the output stage.

In a series-shunt multistage amplifier, the feedback ratio of Rg,/Ref determines the voltage gain
(Av =Rgp/Ref).

NEW TERMS AND WORDS

shunt-series - a multistage amplifier in which the input stage has shunt feedback.
series-shunt - a multistage amplifier in which the input stage has series feedback.
constant current source - a high impedance source that delivers the same load current

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR FEEDBACK CIRCUITS circuit board
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Transistor Feedback Circuits Unit 4 — Multistage Amplifier Feedback

Exercise 1 — Shunt-Series Current Gain

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate and measure shunt-series
current gain by using a typical shunt-series multistage amplifier circuit. You will verify your
results with an oscilloscope.

DISCUSSION

e Known as a current amplifier, current gain (Ai) equals the shunt resistance (Ry,) divided by
the series resistance (Rey).

NOTES
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Exercise 2 — Shunt-Series Output Impedance

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure shunt-series output
impedance by using a typical shunt-series multi-stage amplifier circuit. You will verify your
results with an oscilloscope and a multimeter.

DISCUSSION

e Circuit output impedance (Zo) equals the transistor collector impedance in parallel with the
collector resistor.

e Zo=(RcoxRc)/(Rco+ Rc)

e Because of the high output impedance of the circuit, it acts as a constant current source for
small loads.

NOTES
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Exercise 3 — Series-Shunt Voltage Gain

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate and measure series-shunt
voltage gain by using a typical series-shunt multistage amplifier circuit. You will verify your
results with an oscilloscope.

DISCUSSION

e In a multistage amplifier with series-shunt feedback, resistor Rer provides series feedback and
Rqh provides shunt feedback to the input stage

e Circuit voltage gain is directly related to and R,

o Av= Rsh/ Ref‘

e A series-shunt feedback amplifier has high voltage gain

NOTES
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Exercise 4 — Series-Shunt Output Impedance

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure the output impedance of a
series-shunt feedback amplifier by using a variable load connected to the circuit output. You will
verify your results with an oscilloscope and a multimeter.

DISCUSSION

e Output impedance of a series-shunt amplifier equals the shunt resistor divided by the
transistor beta in parallel with the collector resistor
e Zo=Ryu/p |Rec

NOTES
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Transistor Feedback Circuits Unit 5 — Differential Amplifiers

UNIT 5 — DIFFERENTIAL AMPLIFIERS

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of a differential
amplifier by using ac and dc measurements.

UNIT FUNDAMENTALS
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This circuit is a differential amplifier. It has two transistors (Q1 and Q2) with equal gains.
The two emitter resistors (R4A and R4B) are tied together and connect to a common emitter

resistor (R5). RS sets the circuit operating current, which divides equally between the two
transistors.
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A differential amplifier has several modes of opera-tion. You can take the output between the
two collectors or from either transistor collector to ground.

The output taken from one collector with respect to ground is called a single-ended output. The
output taken between the two collectors is called a double-ended output, or more commonly, a
differential output.

A differential amplifier can also have a single-ended input signal at either input or a
differential input, which is applied between he two inputs and is not referenced to ground.

NEW TERMS AND WORDS

differential amplifier - an amplifier whose output signal is proportional to the algebraic
difference between two input signals.

single-ended output - an output that is referenced to ground or circuit common.

differential output - an output circuit in which the signal is taken between two levels which are
floating; there is no ground (common) reference.

single-ended input - an input that is referenced to ground or circuit common.

differential input - an input circuit that amplifies the difference between two input terminals.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace

Generator, sine wave
TRANSISTOR FEEDBACK CIRCUITS circuit board
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NOTES
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Transistor Feedback Circuits Unit 5 — Differential Amplifiers

Exercise 1 — Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe some characteristics of a
differential amplifier by using a typical differential circuit. You will verify your results with an
oscilloscope and a multimeter.

DISCUSSION

¢ Differential amplifier is balanced to equalize collector voltage to zero.
e This circuit is a single-ended input with ground reference

e A single-ended in-phase output is taken from Q2

e A single-ended out-of-phase is taken from Q1

A nonground-referenced differential output is taken from Q1/Q2 collectors.

NOTES
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Exercise 2 — Differential Gain

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure single-ended and
differential gain by using a typical differential amplifier circuit. You will verify your results with
an oscilloscope and a multimeter.

DISCUSSION
e Collector-to-emitter resistor-ratio determines the gain of each half of the differential
amplifier

e A=R¢/(2xRg)

NOTES
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Exercise 3 — Gain

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure common mode gain by
using a typical differential amplifier circuit. You will verify your results with an oscilloscope, a
signal generator, and a multimeter.

EXERCISE DISCUSSION

e A signal applied to both inputs (Vj; and Vj,) at the same time is called a common mode
signal.
e A characteristic of the differential amplifier is its ability to reject common mode signals.

e Common mode signals are rejected only at the differential output; the single-ended outputs
contain the common mode signals.

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.

SRRl






Lebffolt. pasic Electricity & Electronics

Student Workbook

Ed |t|0 I 4
3091568000503






FOURTH EDITION

Second Printing, March 2005

Copyright March, 2003 Lab-Volt Systems, Inc.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system,
or transmitted in any form by any means, electronic, mechanical, photocopied, recorded, or
otherwise, without prior written permission from Lab-Volt Systems, Inc.

Information in this document is subject to change without notice and does not represent a
commitment on the part of Lab-Volt Systems, Inc. The Lab-Volt® F.A.C.E.T." software and
other materials described in this document are furnished under a license agreement or a
nondisclosure agreement. The software may be used or copied only in accordance with the terms
of the agreement.

ISBN 0-86657-222-8

Lab-Volt® and F.A.C.E.T.” logos are trademarks of Lab-Volt Systems, Inc.

All other trademarks are the property of their respective owners. Other trademarks and trade
names may be used in this document to refer to either the entity claiming the marks and names or
their products. Lab-Volt System, Inc. disclaims any proprietary interest in trademarks and trade
names other than its own.



Lab-Volt License Agreement

By using the software in this package, you are agreeing to
become bound by the terms of this License Agreement,
Limited Warranty, and Disclaimer.

This License Agreement constitutes the complete
agreement between you and Lab-Volt. If you do not agree
to the terms of this agreement, do not use the software.
Promptly return the F.A.C.E.T. Resources on Multimedia
(CD-ROM) compact discs and all other materials that are
part of Lab-Volt's F.A.C.E.T. product within ten days to
Lab-Volt for a full refund or credit.

1. License Grant. In consideration of payment of the license
fee, which is part of the price you paid for this Lab-Volt
product, Lab-Volt, as Licensor, grants to you, the Licensee, a
nonexclusive, nontransferable license to use this copy of the
CD-ROM software with the corresponding F.A.C.E.T. Lab-
Volt reserves all rights not expressly granted to the Licensee.

2. Ownership. As the Licensee, you own the physical media
on which the CD-ROM is originally or subsequently recorded
or fixed, but Lab-Volt retains title to and ownership of the
software programs recorded on the original compact disc and
any subsequent copies of the CD-ROM, regardless of the
form or media in or on which the original and other copies
may exist. This license is not a sale of the original software
program of Lab-Volt's CD-ROM or any portion or copy of it.

3. Copy Restrictions. The CD-ROM software and the
accompanying materials are copyrighted and contain
proprietary information and trade secrets of Lab-Volt.
Unauthorized copying of the CD-ROM even if modified,
merged, or included with other software or with written
materials is expressly forbidden. You may be held legally
responsible for any infringement of Lab-Volt's intellectual
property rights that is caused or encouraged by your failure to
abide by the terms of this agreement. You may make copies
of the CD-ROM solely for backup purposes provided the
copyright notice is reproduced in its entirety on the backup
copy.

4. Permitted Uses. This CD-ROM, Instructor's Guide, and all
accompanying documentation is licensed to you, the
Licensee, and may not be transferred to any third party for
any length of time without the prior written consent of Lab-
Volt. You may not modify, adapt, translate, reverse engineer,
decompile, disassemble, or create derivative works based on
the Lab-Volt product without the prior written permission of
Lab-Volt. Written materials provided to you may not be
modified, adapted, translated, or used to create derivative
works without the prior written consent of Lab-Volt.

5. Termination. This agreement is effective until terminated.
It will terminate automatically without notice from Lab-Volt
if you fail to comply with any provisions contained herein.
Upon termination you shall destroy the written materials,
Lab-Volt's CD-ROM software, and all copies of them, in part
or in whole, including modified copies, if any.

6. Registration. Lab-Volt may from time to time update the
CD-ROM. Updates can be made available to you only if a
properly signed registration card is filed with Lab-Volt or an
authorized registration card recipient.

7. Miscellaneous. This agreement is governed by the laws of
the State of New Jersey.

Limited Warranty and Disclaimer

This CD-ROM software has been designed to assure correct
operation when used in the manner and within the limits
described in this Instructor's Guide. As a highly advanced
software product, it is quite complex; thus, it is possible that if
it is used in hardware configurations with characteristics other
than those specified in this Instructor's Guide or in
environments with nonspecified, unusual, or extensive other
software products, problems may be encountered by a user. In
such cases, Lab-Volt will make reasonable efforts to assist the
user to properly operate the CD-ROM but without
guaranteeing its proper performance in any hardware or
software environment other than as described in this
Instructor's Guide.

This CD-ROM software is warranted to conform to the
descriptions of its functions and performance as outlined in
this Instructor's Guide. Upon proper notification and within a
period of one year from the date of installation and/or
customer acceptance, Lab-Volt, at its sole and exclusive
option, will remedy any nonconformity or replace any
defective compact disc free of charge. Any substantial
revisions of this product, made for purposes of correcting
software deficiencies within the warranty period, will be
made available, also on a licensed basis, to registered owners
free of charge. Warranty support for this product is limited, in
all cases, to software errors. Errors caused by hardware
malfunctions or the use of nonspecified hardware or other
software are not covered.

LICENSOR MAKES NO OTHER WARRANTIES OF ANY KIND
CONCERNING THIS PRODUCT, INCLUDING WARRANTIES
OR MERCHANTABILITY OR OF FITNESS FOR A
PARTICULAR PURPOSE. LICENSOR DISCLAIMS ALL
OBLIGATIONS AND LIABILITIES ON THE PART OF
LICENSOR FOR DAMAGES, INCLUDING BUT NOT LIMITED
TO SPECIAL OR CONSEQUENTIAL DAMAGES ARISING OUT
OF OR IN CONNECTION WITH THE USE OF THE SOFTWARE
PRODUCT LICENSED UNDER THIS AGREEMENT.

Questions concerning this agreement and warranty and all
requests for product repairs should be directed to the Lab-Volt
field representative in your area.

LAB-VOLT SYSTEMS, INC.

P.O. Box 686

Farmingdale, NJ 07727

Attention: Program Development

Phone: (732) 938-2000 or (800) LAB-VOLT

Fax: (732) 774-8573

Technical Support: (800) 522-4436

Technical Support E-Mail: techsupport@labvolt.com



Table of Contents

Unit 1 — Circuit Board Familiarization.........ceiieiiienneiiseinsninennseenneinseinnecsecnsicnessseeseense 1
Exercise 1 — Circuit Location and Identification .............coccceviiniiiiniiniininieniciccicnece e 3
Exercise 2 — Power Supply Regulator Introduction............cccceeevierieiiiieniieiienie e 5

Unit 2 — Shunt Voltage ReGUIALON........ucuueeneeniinnsensiensnensennsnenseessnessensssessseessssssssssssssssassssessases 7
Exercise 1 — Shunt Regulator Operation...........cocueveevierieniinienieneeieeeene et 9
Exercise 2 — Line RegUIAtioN .........cooiiiiiiiiiiiiie et 10
Exercise 3 — Load ReguIation ............ccoouiiiiiiiiiiie e 11

Unit 3 — Series Voltage RegUIAtOr........cuiieiviicisiinssnninssnncsssnnsssssnsssssssssssssssssssssssssssssssssssssssssssens 13
Exercise 1 — Series Regulator OPeration ...........cc.cccueeriieriieiiieniienieesieesieeseeereeseneeveeseeeeveees 17
Exercise 2 — Line RegUIAtion .........cooiiiiiiiiiiiiiicceeee e 18
Exercise 3 — Load RegUIAtION .......cooviiiiiiiieiiece et 19

Unit 4 — Voltage Feedback Regulation........ceeeineineensennsnenssennsnensenssnecsesnssesssnssssesssnssssssssassne 21
Exercise 1 — Voltage Feedback Regulator Operation .............cccceeeverieneenienieneencnicneeeennen 23
Exercise 2 — Voltage Feedback Load Regulation ............cccoceeiiiiniiiiiiniiiieeeeeeeee 24
Exercise 3 — Active Foldback Current LImiting .........cccccecverervieniinienienieneiieeeeseceseenieens 25

Unit 5 — Current Regulator.........uiiiiiniinniiiinniicsniinninnecnsecsissssessseesssecsssssssssssessssesssssssssss 27
Exercise 1 — Current Regulator Operation..........cc.eeccueeeeiiiieniieeiiieerieeeriee e eivee e eiaee e 29
Exercise 2 — Current Regulator Line Regulation ............ccccceoeviiiiiiiniinieineeeeeeceeen 30
Exercise 3 — Current Regulator Load Regulation ............cccccveeiieiiieniieiienieceeeie e 32

Unit 6 — Three-Pin IC Regulator 33
Exercise 1 — Regulator Operation & Voltage Regulation..........cc.ccoceeviiiiniininiiniincncneenns 36
Exercise 2 — Current Regulation and Power Efficiency..........cccccoooiiiiiniiiniiniiiiccee 37

Unit 7 — DC t0 DC CONVEITEE...cuueieeeiseicsneiseesssecsssnssanissansssesssssssssssssssssessssssssssssassssassssssssssssassss 39
Exercise 1 — Operating CharaCteriStiCS ........cvuieruierieeriieriieeieerieeeieesieeeteeseeeereessaeeseesseeenseenens 42
Exercise 2 — Voltage Regulation and EffiCiency .........cccoeoivieiiiiiniiniiieceeeeeeeee 44

APPENAIX A — SATELY eueeerurerieeniienseninensenssnensnsssnnssessssesssesssssssssssssssssassssessassssassssassssssssssssassns A-ii






Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






Power Supply Regulators Unit 1 — Circuit Board Familiarization

UNIT 1 — CIRCUIT BOARD FAMILIARIZATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify the circuit blocks and major
components on the POWER SUPPLY REGULATION CIRCUITS circuit board.

UNIT FUNDAMENTALS
Most electronic devices require power supply regulation circuits.

A power supply regulation circuit provides a constant voltage or current to a system when
changes in the line voltage or load resistance occur.

NEW TERMS AND WORDS

integrated circuit (IC) - any electronic device in which active and passive elements are
contained in a single package.

discrete - an individual circuit component, complete in itself, such as a resistor, diode, capacitor,
or transistor, used as an individual and separable circuit element.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
POWER SUPPLY REGULATION CIRCUITS circuit board
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Power Supply Regulators Unit 1 — Circuit Board Familiarization

Exercise 1 — Circuit Location and Identification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with thefunctional circuit blocks on
the POWER SUPPLY REGULATION CIRCUITS circuit board. You will use the circuit board
to locate and identify circuit components.

DISCUSSION

The six power supply regulation circuits on the POWER SUPPLY REGULATION
CIRCUITS circuit board are:

Shunt Voltage Regulator

Series Voltage Regulator

Current Regulator

Voltage Feedback Regulation

IC Regulator

DC to DC Converter

The SHUNT VOLTAGE REGULATOR consists of a transistor in parallel with the load.
Two-post connectors are used to energize the input and select the load resistor.

The SERIES VOLTAGE REGULATOR consists of a transistor in series with the load. Two-
post connectors are used to energize the input and select the load resistor.

The CURRENT REGULATOR requires a two-post connector to energize the circuit, and a
second two-post connector to provide a series connection between the PNP transistor and the
circuit load.

The VOLTAGE FEEDBACK REGULATOR is an enhanced version of a series voltage
regulator. This regulator has circuits which provide overload protection and output voltage
adjustment.

The IC REGULATOR has an adjustable three-pin regulator which can be configured as a
fixed or an adjustable voltage or current regulator.

The DC to DC CONVERTER utilizes a switching regulator IC. The IC uses an inductor to
increase the applied voltage.

Both the IC REGULATOR and the DC to DC CONVERTER require a two-post connector to
energize the input circuits.
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Power Supply Regulators Unit 1 — Circuit Board Familiarization

Exercise 2 — Power Supply Regulator Introduction

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to configure and operate two power
supply regulation circuits. You will verify your results by measuring circuit voltages.

DISCUSSION

e Power supply regulators provide a constant output voltage or current independent of
variations in the line voltage and/or load resistance.
e Regulator feedback circuits control the accuracy of the output regulation.

NOTES
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Power Supply Regulators Unit 2 — Shunt Voltage Regulator

UNIT 2 — SHUNT VOLTAGE REGULATOR

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation, line regulation, and
load regulation of a shunt voltage regulator.

UNIT FUNDAMENTALS
Rg
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A shunt regulator is designed to maintain a nearly constant load voltage for changes in line
(input) voltage or load resistance.
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A shunt voltage regulator uses a regulating device, usually a transistor, in parallel (or in shunt)
with the circuit output.

The transistor forces more or less current through Rq as a means to control the load, or output,
voltage (V).

Transistor current is added to the load current. Total circuit current flows through Rg.

The performance of a shunt regulator is determined by its ability to maintain a constant load
voltage.

Line regulation expressed as a percentage, indicates the ability to maintain a constant load
voltage for variations in circuit line (input) voltage.

Load regulation expressed as a percentage, indicates the ability to maintain a constant load
voltage for variations in circuit load resistance.
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NEW TERMS AND WORDS

shunt voltage regulator - a type of regulator that uses a parallel element to control output voltage
when line voltage or load voltage changes.

Line regulation - the ability of a voltage regulator to maintain a constant output voltage for
variations in line voltage.

Load regulation - the ability of a voltage regulator to maintain a constant output voltage for
variations in load resistance.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
POWER SUPPLY REGULATION CIRCUITS circuit board

NOTES




Power Supply Regulators Unit 2 — Shunt Voltage Regulator

Exercise 1 — Shunt Regulator Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe shunt voltage regulator
operation by using a typical voltage regulator circuit. You will verify your results with a
multimeter.

DISCUSSION
e A shunt regulator uses the current flow through Rg to maintain a nearly constant output
voltage.

e Output voltage of the shunt regulator is developed by the zener diode (Vz) and the transistor
base-emitter junction (Vgg).

e Changes in line voltage or load current cause a change in base current. This change forces a
change in collector current which creates a change in the voltage drop across Rs. This change
in Vgs maintains the circuit output voltage.

NOTES




Power Supply Regulators Unit 2 — Shunt Voltage Regulator

Exercise 2 — Line Regulation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the percentage of line
regulation of a shunt voltage regulator. You will obtain the required data with a multimeter.

DISCUSSION

e Line regulation specifies the allowable change in circuit output voltage for a given change in
line voltage.
e Line regulation is expressed as a percentage and is usually determined with the load
resistance held constant.
e Line regulation percentage is calculated as follows:
% Line Regulation = (V¢ at max line - Vo at min line)/Vg at min line x 100

NOTES

10



Power Supply Regulators Unit 2 — Shunt Voltage Regulator

Exercise 3 — Load Regulation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe and calculate load
regulation. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e Load regulation specifies the allowable change in circuit output voltage for a given change in
load resistance.

e Load regulation is expressed as a percentage and is usually determined with the line voltage
held constant.

e Load regulation percentage is calculated as follows:
% Load Regulation = (Vo at min load - V¢ at max load)/Vo at max load x 100

NOTES

11
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Power Supply Regulators Unit 3 — Series Voltage Regulator

UNIT 3 — SERIES VOLTAGE REGULATOR

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation, line regulation, and
load regulation of a series voltage-regulating circuit.

UNIT FUNDAMENTALS
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A series regulator has a regulating transistor (Q1) in series with the output (circuit load Ry ).

QI is referred to as the series pass transistor because all of the load current must pass through
the transistor.

The series regulating configuration shown is also referred to as an emitter follower circuit.
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In the series regulator, the voltage drop across Q1 is varied to maintain a nearly constant output
voltage.

Rg, in series with Q1, reduces the power dissipation of Q1.

R1 provides the base current for Q1 and the bias current for zener diode CR1.

CRI1 provides the circuit reference voltage.
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Unit 3 — Series Voltage Regulator

Power Supply Regulators
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In typical applications, input and output bypass capacitors are used to provide stability (prevent

undesired oscillations) to the circuit.

A bleeder resistor is used to maintain a minimum circuit load current.
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The polarity of a specific voltage is determined by the reference point selected

Unless noted, all voltages are with respect to circuit common.
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Since the input (collector) of Q1 (an NPN transistor) is more positive than the output (emitter) of

Q1, Vg of Q1 is measured as shown.
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The voltage at the base of Q1 is more positive than the voltage at the emitter of Q1. VgE of Q1

1s measured as shown.

NEW TERMS AND WORDS

series regulator - a voltage-regulating circuit that uses a series pass transistor.
pass transistor - a name commonly applied to a series regulating element because all output

current must pass through this device.
bleeder resistor - a resistor that is connected across a circuit to provide a minimum circuit load.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
POWER SUPPLY REGULATION CIRCUITS circuit board
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NOTES
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Power Supply Regulators Unit 3 — Series Voltage Regulator

Exercise 1 — Series Regulator Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe series voltage regulator
operation. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e Circuit output or load voltage is determined by Vcr; and Vpgg.

e Required transistor base current is typically less than the load current because of transistor
gain.

e Zener diode current is selected to bias the zener beyond its knee (zener voltage breakdown
region).

e (Calculations of circuit component power dissipation utilize standard power formulas.

NOTES

17



Power Supply Regulators Unit 3 — Series Voltage Regulator

Exercise 2 — Line Regulation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the percentage of line
regulation for a series voltage regulator. You will verify your results with a multimeter.

DISCUSSION

e Line regulation specifies the allowable change in circuit output voltage for a given change in
line voltage.
e Line regulation is expressed as a percentage and is usually determined with the load
resistance held constant.
e Line regulation percentage is calculated as follows:
% Line Regulation = (V¢ at max line - Vo at min line)/Vg at min line x 100

NOTES

18
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Exercise 3 — Load Regulation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the percentage of load
regulation of your circuit. You will verify your results with a multimeter.

DISCUSSION

e Load regulation specifies the allowable change in circuit output voltage for a given change in
load resistance.

e Load regulation is expressed as a percentage and is usually determined with the line voltage
held constant.

e Load regulation percentage is calculated as follows:
% Load Regulation = (Vo at min load - V¢ at max load)/Vo at max load x 100

NOTES

19
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Power Supply Regulators Unit 4 — Voltage Feedback Regulation

UNIT 4 — VOLTAGE FEEDBACK REGULATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a voltage
feedback regulator circuit that uses active foldback current limiting.

UNIT FUNDAMENTALS
PASS ELEMENT
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This is a block diagram of the series pass feedback voltage regulator used in this unit.

With exception to the error amplifier, output voltage sampling, and protection circuit, the
regulator functions as an emitter follower (standard series pass regulator).
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The circuit output voltage is controlled by varying the conduction of Q1, the series pass
transistor.

The conduction of Q1 is controlled by the error amplifier circuit, which varies the base current of

Ql.

Should an overload or short circuit occur, the active protection circuit reduces the output (load)
current and voltage.

An activated foldback protection circuit draws current away from the base of the pass transistor
to reduce its conduction.
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NEW TERMS AND WORDS

foldback - a protective circuit that reduces output current and voltage below peak levels under
overload conditions.

feedback - a signal coupled from the output of a circuit back to input.

current-sensing resistor - a resistor that develops a voltage drop that is proportional to the load
current.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter

POWER SUPPLY REGULATION CIRCUITS circuit board

NOTES
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Exercise 1 — Voltage Feedback Regulator Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operation of a
voltage feedback regulator. You will verify your results with a multimeter.

DISCUSSION

The major functions required by a voltage feedback regulator are feedback, error detection,
and a series control element (pass transistor).

Feedback voltage is generated by the series resistors R6, R7 (a potentiometer), and RS.

The zener diode provides a reference voltage.

The error detection amplifier (Q3) compares the feedback voltage against the reference
voltage.

QL is the circuit pass transistor. The base current of Q1 is controlled by Q3.

The regulating mechanism of this circuit consists of the base current of Q1 and the collector
current of Q3.

If the output voltage increases, the collector current of Q3 increases causing a decrease in the
base current of Q1. Q1 collector-emitter voltage increases and restores the output voltage to
the initial value.

NOTES
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Exercise 2 — Voltage Feedback Load Regulation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the load regulation of a
voltage feedback regulator by using measured values. You will verify your results with a
multimeter.

DISCUSSION

e Load regulation determines the ability of the voltage regulator to maintain a constant output
voltage with changes in circuit load.

e The voltage feedback regulator has two principal control loops. The primary control loop
uses the variation in Vg to maintain a near-constant load voltage while the secondary control
loop applies feedback to Q3 causing control over the conduction of the pass transistor.

e Load regulation percentage is calculated as follows:

% Load Regulation = (Vo at min load - V¢ at max load)/Vo at max load x 100

NOTES
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Exercise 3 — Active Foldback Current Limiting

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the foldback current
limiting protection circuit of a series voltage feedback regulator. You will verify your results
with a multimeter.

EXERCISE DISCUSSION

Active foldback current protection requires a sensing transistor and current-sensing resistor
to detect a current overload.

The sensing transistor is cut off (does not conduct) when no overload exist and conducts
when a current overload occurs.

Exceeding specified load current causes the circuit output voltage and current to decrease.
On the VOLTAGE FEEDBACK REGULATION circuit block, transistor Q2 and resistors
R3, R4, and R5 create the foldback network.

During normal operating conditions, Q2 is reverse-biased and does not conduct.

When the load current through R5 (a current sensing resistor) is large enough to generate a
voltage drop that forward biases Q2, the circuit enters the foldback current-limiting mode.

NOTES
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UNIT 5 — CURRENT REGULATOR

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a current
regulator.

UNIT FUNDAMENTALS

An ideal current source provides a constant load (output) current regardless of line (input) or
load changes.
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Based on Ohm's law (E =1 x R), a constant current through a variable load resistance generates a
load voltage directly related to the value of the resistance.

Transistors can be configured to generate a constant current output.

Within design limits, practical current sources can provide line regulation and load regulation
(maintain a near constant output current).

NEW TERMS AND WORDS

current source - a power source whose output is stated in terms of current. A current source
provides a fixed value of current independent of the load.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
POWER SUPPLY REGULATION CIRCUITS circuit board
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Exercise 1 — Current Regulator Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operation of a
transistor current regulator. You will verify your results with a multimeter.

DISCUSSION

A PNP transistor configured as a common base circuit is used as a current regulator.

A zener diode is used to provide a constant voltage, and resistor R1 provides a fixed
resistance.

Proper bias current for CR1 and base current for Q1 are provided by R2. Transistor Q1 is
used to isolate the input circuit from the output circuit.

The voltage across R1 is equal to the zener voltage minus the base-emitter voltage of Q1.
Output current regulation is due to the constant value of the zener and the base-emitter
voltages.

Current regulation is lost if the load voltage increases to the point where Q1 saturates.

NOTES
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Exercise 2 — Current Regulator Line Regulation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the percentage of current
regulator line regulation. You will verify your results with a multimeter.

DISCUSSION

A current regulator with good line regulation maintains nearly constant load current when
variations of input voltage occur.
Determine line regulation by maintaining a constant load resistance as the input voltage is
varied between specific limits.
This equation is used to calculate percentage line regulation:

Line regulation = [IL(max) - IL(min)]/IL(min) x 100

The constant current is determined by the voltage drop across R1.

Variations in line voltage affect the current and voltage of CR1. Zener diode voltage
variations affect the voltage across R1 and Vgg of Q1.

VgE is nearly constant; therefore, it is the voltage drop across R1 that varies and determines
whether circuit current increases or decreases.
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Exercise 3 — Current Regulator Load Regulation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to calculate the percentage of load
regulation of a current regulator. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e Current regulators with good load regulation maintain nearly constant load current with
varying load resistance.
e Determine load regulation by maintaining a constant line voltage as the load resistance is
varied between specific limits.
e This equation is used to calculate percentage load regulation:
Load regulation = [Imax) - It.(min)}/Ir(min) X 100

e The current through R2 is essentially constant and divides between the zener diode and the
base of Q1.

e Changes in load resistance result in small changes in base current which cause a change in
VRi.

e Changes in Vg cause variations in load current.

NOTES
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UNIT 6 — THREE-PIN IC REGULATOR

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of an adjustable
three-pin integrated circuit power supply regulator.

UNIT FUNDAMENTALS
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The LM317 adjustable three-pin integrated circuit (IC) regulator is designed to provide an
adjustable positive output voltage.
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The LM317 IC is housed in a TO-220 type plastic package. It can provide a maximum load
current of 1.5A and dissipate 15W of power.

A heat sink, which is a metal tab attached to the internal chip, removes heat from the device.
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The functional diagram of the regulator illustrates its similarity to the voltage feedback series
pass regulator. Output voltage (V) is compared against the circuit reference voltage (zener

diode) by the operational amplifier (error amplifier). The op amp output drives the base of the
series pass transistor.

The internal reference zener diode current is provided by a constant current source. The current
source buffers the zener diode from variations of line voltage. Protective circuits, which shut
down the pass transistor, ensure that the regulator is not stressed beyond its maximum operating
limits. The three-pin IC regulator can be configured as a voltage or current regulator with fixed
or variable outputs.

Adjustability is derived from the application of Ohm's law to the voltage reference (ADJ
terminal) of the IC.

Based on Ohm's law, a resistor in series with a voltage causes current to flow: I = E/R.
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The programming current (Ip) required to operate the LM317 regulator is obtained from the IC

ADJ voltage and an external resistance (RREF).

Ip=VADJRREF

For this regulator family, the programming current is essentially constant because VA is
constant.
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NEW TERMS AND WORDS

integrated circuit (IC) - any electronic device in which passive and active elements are
contained in a single package.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
POWER SUPPLY REGULATION CIRCUITS circuit board

NOTES
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Exercise 1 — Regulator Operation & Voltage Regulation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate and measure the voltage
regulation of a three-pin IC regulator. You will verify your results with a multimeter.

DISCUSSION

The circuit configuration produces an adjustable output voltage.

A specific programming current (Ip) is provide by the selection of R3.

Circuit output voltage is varied by R2.

At the desired output voltage, V+ and V- are equal. Vr; equals Vgrgr, the zener diode voltage.
Output voltage is defined by: Vo=125x[1+ (R2/R3)]

The value 1.25 is the nominal reference voltage and minimum output voltage for this
regulator type.

e An opposing offset voltage (equal magnitude and opposite polarity), which cancels the
circuit reference voltage is used to force the output voltage to zero.

NOTES
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Exercise 2 — Current Regulation and Power Efficiency

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate three-pin IC current
regulation and determine IC power dissipation. You will verify your results with a multimeter.

DISCUSSION

e An LM317 can be configured as a constant current source (current regulator).

e Ry is selected for a specific current output and the reference voltage of the IC is essentially
constant.

e (Current regulation is maintained by the combined internal reference voltage and op amp
producing a constant voltage across Rp.

e Current regulation and voltage regulation depend on a constant voltage across Rp.

e Voltage regulator configuration uses the programming current flowing through R, to set the
circuit output voltage. Once set, the output voltage is constant and the output current varies
depending on the load resistance.

e Current regulator configuration uses the programming current as the circuit constant current
output and flows through R,. Output current is constant and the output voltage varies
depending on the load resistance.

e Power is dissipated by the regulator. Power = Vp x Iz (Where Igp, = Vrer/Rp or Ik of the
circuit).

e Power consumed by the IC regulator is not available to the load. Therefore, power efficiency
is less than 100%.

e Power efficiency is the power consumed divided by the line power. Multiply by 100 to obtain
percentage. %PE = (PLoap / PLing) x 100.
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UNIT 7 - DC TO DC CONVERTER

UNIT OBJECTIVE

When you have completed this unit, you will be able to demonstrate the operation of an IC
switching regulator configured as a dc to dc converter.

UNIT FUNDAMENTALS
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A dc to dc converter transforms a dc input voltage from one level to a different level.

The output voltage may be higher or lower than the input voltage, and the output polarity may be
the same as or opposite to that of the input.
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In general, dc to dc converter circuits control a transistor switch (Q1) that is used to charge an
inductor (L1) with energy.
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When transistor switch Q1 is turned on, energy is stored in the inductor, CR1 is reverse biased
(off), and C1 supplies (discharges) energy to the load.
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When transistor switch Q1 is turned off, energy from the inductor flows through CR1 (now
forward biased) into C1 and the load.
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A typical dc to dc converter circuit uses a transistor switch to chop up the dc line voltage into
high frequency pulses. The pulses are rectified and filtered to provide a dc output voltage.

Due to the high frequency pulses (25 kHz or higher), the rectifier and filter components are
generally smaller in size than required in conventional linear power supplies.
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On your circuit board, a 78540 type of universal switching regulator subsystem, housed in a 16-
pin molded DIP package, is used for the dc to dc converter circuit block.

The 78S40 is a monolithic regulator subsystem consisting of the active building blocks required
for a dc to dc converter circuit.

40



Power Supply Regulators Unit 7 — DC to DC Converter

NEW TERMS AND WORDS

pulses - abrupt changes in voltage or current.

duty cycle - the amount of time a device operates as opposed to its idle time; the ratio of time on
to total time.

ripple - a slight variation in the output voltage of a power supply related in frequency or input
power frequency.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Multimeter

Oscilloscope, dual trace

POWER SUPPLY REGULATION CIRCUITS circuit board

NOTES
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Exercise 1 — Operating Characteristics

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operating
characteristics of a dc to dc converter. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

e The dc to dc converter on the circuit board has three sections:
Switching regulator subsystem - controls the voltage switching action of Q1.
Inductive storage element and rectifier/filter section - generates a dc output voltage
Resistive divider - sample the output voltage and provide feedback control voltage

e The switching regulator subsystem comprises several active circuit blocks (the inductor is an
external passive component).

e The oscillator block provides a free-running 25 kHz square wave that drives the transistor
switch.

e An error amplifier (comparator) uses the reference voltage and feedback voltage to generate
a control voltage.

e A control circuit block modifies the duty cycle of an oscillator circuit that provides the base
drive for the transistor switch.

e If the on duty cycle of the free-running oscillator waveform were increased, the transistor
switch would remain on longer and the inductor would charge proportionally longer.

e The two-transistor configuration of the transistor switch is referred to as a darlington stage.

e The IC provides a very stable internal band-gap voltage reference (1.25 Vdc nominal) at pin
8.

e Initial circuit output voltage (Vo) is determined by the ratio between R4 and R3 and is
expressed by the following: Vo=125x[1+ (R4/R3)]

e An IC SENSE voltage (Vi) of about 0.3V limits the output current by modifying the
switching regulator duty cycle.

e A capacitor connected to pin 12 is used to select the frequency of the internal free-running
oscillator.

e R2 provides collector current for the IC driver transistor.

e Inductor L1 charges from V¢ through R1 when the transistor switch is on and discharges
into the load when the switch is off.

e CRI, a steering diode, ensures that the energy into and out of L1 is properly directed.

e The circuit output voltage appears across R5 and R6. C3 provides output voltage filtering
(reduces ripple voltage).

e The R3/R4 voltage divider sets the output voltage by providing a sample (feedback) voltage.

e (2 bypasses the IC reference voltage. This action prevents stray pickup from the IC
oscillator from disrupting the circuit regulation.
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Exercise 2 — Voltage Regulation and Efficiency

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate regulation and power
efficiency of a dc to dc converter. You will verify your results with a voltmeter and an
oscilloscope.

EXERCISE DISCUSSION

e Since Vggr is a constant reference voltage, the output voltage (Vo) is a function of the R4/R3
ratio.
¢ [Initial output voltage is determined as follows: Vo = VREF x [(R4/R3) + 1]
e Output voltage is related to the energy transferred by the inductor. Therefore, Vo can also be
expressed in terms of the switching transistor on/off ratio.
e Based on the transistor duty cycle, output voltage is determined as shown:
Vo = Vi X [(ton/torr) + 1] - 0.8. Where: Vi is the circuit input (Vcc), and 0.8 V represents the
voltage drop of diode CR1.
e Regulation occurs because output voltage variations cause proportional changes in the
feedback voltage, Vg;.
e A change in Vgj; is detected by the comparator. The comparator modifies the on/off ratio of
QI1, restoring the circuit output voltage.
e The output voltage of the converter varies between a maximum and minimum value. The
peak-to-peak variation of the voltage is called ripple.
e There are two major operating areas for the switching regulator IC:
Area A - the output is below a specified limit and must be boosted, or charged,
to its proper level.
Area B - the output voltage is above a specified limit and must be allowed to discharge
to its proper level.

e Ripple voltage comprises two frequency components:
1. - The high frequency component, which occurs during boost time, is
generated by the switching action of the IC transistor.
2. - The low frequency component, which occurs because of
discharge time, equals the sum of the boost time and discharge time.

e The power efficiency (PE) of your circuit, expressed as a percentage, relates the power
consumed by the load (Pp) to the total input power (Py) required by your circuit.
%PE = (PL/PI) x 100
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






FET Fundamentals Unit 1 — Circuit Board Familiarization

UNIT 1 — CIRCUIT BOARD FAMILIARIZATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify the circuit blocks and major
components of the FET FUNDAMENTALS circuit board by using the given information.

UNIT FUNDAMENTALS

The FET FUNDAMENTALS circuit board explores the field-effect transistor (FET), the
unijunction transistor, and three transducer devices. Two types of field-effect transistors (FETs)
are discussed: the junction FET and the dual gate metal oxide semiconductor FET.

A unijunction transistor has only one PN junction. Training is provided on this device by
connecting the UNIJUNCTION TRANSISTOR circuit block as a relaxation oscillator.

Transducers convert energy from one form to another, such as a heat to resistance change. Three
transducers, a thermistor, a photoresistor, and a fiber optic link are explored in this unit.

NEW TERMS AND WORDS

transducer - a device that converts energy from one form to another; for example, current to
light (LED) or heat to resistance(thermistor).

relaxation oscillator - a type of oscillator in which the active control device turns off (relaxes)
for part of the cycle.

thermistor - a device whose resistance varies as the amount of the heat on the device changes.
photoresistor - a device whose resistance varies as the amount of light on its surface changes.
fiber optic link - a path that uses light energy to transmit information.

gate (G) - the FET terminal that corresponds to the base of a transistor.

emitter (E) - the current injection terminal of a UJT.

drain (D) - the FET terminal that corresponds to the collector of a transistor.

fiber optic cable - a low loss cable made of glass fibers. It is used as a path way (or conductor)
for the passage of light.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit
FET FUNDAMENTALS circuit board
Oscilloscope, dual trace

NOTES




FET Fundamentals

Unit 1 — Circuit Board Familiarization

Exercise 1 — Circuit Location and Identification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with the functional circuit blocks
on the FET FUNDAMENTALS circuit board. You will use the circuit board to locate and
identify components.

DISCUSSION

Five circuit blocks explore a field-effect transistor.

JFET

JFET AMPLIFIER

JFET CURRENT SOURCE

DUAL GATE MOSFET
HARTLEY/COPITTS OSCILLATORS

One circuit block explores a unijunction transistor.

Three circuit blocks explore transducers.
THERMISTOR

PHOTORESISTOR

FIBER OPTIC LINK
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FET Fundamentals Unit 1 — Circuit Board Familiarization

Exercise 2 — Unijunction Oscillator Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to activate a typical circuit block by
applying power to the UNIJUNCTION TRANSISTOR circuit block. You will verify your results
with an oscilloscope.

DISCUSSION

e The circuit produced by the unijunction transistor is called a relaxation oscillator.

e A timing circuit, consisting of an RC network, determines the frequency of the output signal.

e A repeating waveform is produced at each terminal of the UJT when the timing components
and power are properly connected.
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FET Fundamentals Unit 2 — Junction FETS

UNIT 2 — JUNCTION FETS

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of a junction field-effect
transistor (JFET) by using dc and ac measurements.

UNIT FUNDAMENTALS
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A JFET has three terminals: gate (G), source (S), and drain (D).
CHAMMEL CHRMHEL
.il'h I"..l
1"'.-.. DRAIN HAJORITY \ HAJORTTY
== A OURRENT d EﬁE;—'
=i CARRIERS 5
eAtE | E = =
= L N
¥ =) =
@& =S =
SOURCE
A B

;

HAJOR
FEEIEN o — é?:'m -~ CURREN
.2 CARRTIERS — ¥
GATE [GB) -\I u‘*% — =

= =5

Vs B __ﬂ_,.l,% =

(BIARS) SOLRCE
4

The figure shows the proper bias for an N-channel JFET. JFETs are voltage-operated, current-
controlling devices. A reverse bias voltage, applied between the gate and source terminals,
produces a depletion region. The width of the depletion region, determined by the amount of
bias, controls the amount of current flow through the channel.
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Shown are the schematic symbols and proper bias voltages of an N-channel and a P-channel
JFET.

NEW TERMS AND WORDS

gate - the FET terminal that corresponds to the base of a transistor.

source - the FET terminal that corresponds to the emitter of a transistor.

drain - the FET terminal that corresponds to the collector of a transistor.

N-channel - an FET device with a P type (doped) gate material.

P-channel - an FET device with an N type (doped) gate material.

channel - the source to drain controlled path for current flow through an FET device.

ohmic region - the linear operating area between a JFET's off and saturated limits.

pinch-off - FET saturation or constant current region; an operating point at which an increase in
drain to source voltage does not produce a change in the drain to source current.

avalanche region - the destructive breakdown area of an FET. It results from excessive drain to
source circuit voltage.

pinch-off - FET saturation or constant current region; an operating point at which an increase in
drain to source voltage does not produce a change in the drain to source current.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

FET FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave
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FET Fundamentals Unit 2 — Junction FETS

Exercise 1 — JFET Operating Characteristics

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe the drain current
characteristics of a junction field-effect transistor (JFET). You will verify your results with a
multimeter and an oscilloscope.

DISCUSSION

¢ Drain current (Ip) is maximum when the transistor is zero biased. Maximum drain current is
symbolized as Ipss.

e Drain current is varied by changing the value of the drain to source voltage (Vps).

¢ Increasing Vpg past saturation produces avalanche breakdown.

e Gate to source voltage (Vgs) is negative to correctly bias a N-channel JFET.

NOTES
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FET Fundamentals Unit 2 — Junction FETS

Exercise 2 — JFET Characteristic Curves

EXERCISE OBJECTIVE
When you have completed this exercise, you will be able to observe the Ip-Vpg family of
curves by changing the gate bias. You will verify your results with an oscilloscope.

DISCUSSION

e Characteristic curves (drain current versus drain-source voltage) are used to predict the
performance of JFET. A curve is produced for several different values of Vs to generate a
family of characteristic curves.

NOTES

11
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FET Fundamentals Unit 3 — JFET Amplifier

UNIT 3 — JFET AMPLIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of a JFET voltage
amplifier by using dc measurements and observed waveforms.

UNIT FUNDAMENTALS

JFET amplifiers must be biased correctly to:
1. establish dc voltages around which undistorted sine waves can occur.
2. stabilize circuit performance against wide device variations between JFETs of the same type.
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In common source amplifiers, two basic methods of bias are used:
1. fixed bias(gate bias)
2. source bias (self bias)

T:? COMMCM

Source bias improves circuit stability and requires only one power source, VpD.
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The ac voltage drop across the bias source resistor (Rg) produces a degenerative feedback
(reduced circuit gain).

NEW TERMS AND WORDS

amplifiers - circuits that increase the level of an input signal without distortion.
transconductance - a measure of the amplification capability of a JFET, stated in micromhos.
common source amplifiers - circuits having an input signal applied to the gate and an output
signal taken from the drain (both with respect to circuit common).

degenerative feedback - feedback that reduces circuit gain but increases circuit bandwidth.
source bypass - capacitive bypass of a source resistor.

fixed bias - a JFET that requires a fixed level of dc bias voltage between the gate and source
terminals of the device.

source bias - a JFET bias that requires a resistor in series with the source terminal.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit

FET FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

14
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FET Fundamentals Unit 3 — JFET Amplifier

Exercise 1 — DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure dc operation voltages by
using a JFET amplifier. You will verify your results with a multimeter.

EXERCISE DISCUSSION

A 0V biased N-channrel JFET is used in this experiment.

At OV bias, the drain current (Ip) is at saturation and symbolized as Ipsgs.

Drain current varies over a wide range when the device is biased at 0V, to restrict this range a
self, or source, bias configuration is utilized.

Gate current (Ig) is approximatly zero when a JFET is operating properly. Therefore, the gate
is at common (0V) through Rg.

Gate to source bias voltage (Vgs) is a negative value and establishes the dc bias point at
which the JFET will operate.

Bias voltage (Vgs) magnitude is determined by the value of ID flowing through Rs.

NOTES
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FET Fundamentals Unit 3 — JFET Amplifier

Exercise 2 — AC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure ac voltage gain by using a
JFET amplifier. You will verify your results with an oscilloscope.

DISCUSSION
e This JFET amplifier is designed to amplify an input sine wave (V;) with a minimum
distortion.

e The output signal (V,) of the amplifier is 180° out of phase.

e Coupling capacitors prevent changes in JFET bias caused by external dc voltages.

e Self bias JFET circuits reduce amplifier gain; capacitor Cs, which shorts Rg for the ac signal,
reduces this effect.

e The JFET amplifier is a voltage controlled device; changes in the amplitude of the input
signal vary the drain current. The varying drain current produces a varying signal voltage
across the load resistor (Rp).

e The ac voltage gain (A,) is determined by the ratio of the output voltage (V,) to the input
voltage (Vi).

NOTES
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FET Fundamentals Unit 4 — JFET Current Source

UNIT 4 — JFET CURRENT SOURCE

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of a JFET current source
by using dc measurements.

UNIT FUNDAMENTALS
—, COMSTANT
. CURRENT = R
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A constant current source supplies a fixed value of current to a varying load resistance.
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This circuit illustrates the constant current source principle.
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In this circuit, RA (1 MQ) is so much larger than R[ (0€ to 500Q2) that the circuit current (I) is
mainly controlled by R A . Therefore, IT is determined by the equation below.

IT=VA/RA

Changes in the load resistor have little or no effect on I.
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FET Fundamentals Unit 4 — JFET Current Source
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You may connect a JFET as a constant current source by operating it in its pinch-off region.
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The JFET current source studied in this unit uses zero gate bias; the gate and source terminals are
shorted together.

The drain saturation current (IDSS) is constant when Vg exceeds the JFET pinch-off
voltage specification.

NEW TERMS AND WORDS

constant current source - a circuit that supplies a fixed current to a varying load resistance.
drain saturation current (IDSS) - zero gate drain current of a JFET operated in the pinch-off
region.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
FET FUNDAMENTALS circuit board
Multimeter

20



FET Fundamentals Unit 4 — JFET Current Source

NOTES
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FET Fundamentals Unit 4 — JFET Current Source

Exercise 1 — JFET Current Source Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure the output current of a JFET
constant current source using different resistive loads. You will verify your results with a
multimeter.

DISCUSSION

A constant current source supplies a fixed value of current to a varying load (Ry).

A JFET becomes a constant current source when its gate and source terminals are shorted
and it is placed in series with the voltage source and load resistor.

The JFET must be operating in the pinch-off (P), or saturation, region for it to function as a
constant current source. Vps >Vp

NOTES
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FET Fundamentals Unit 4 — JFET Current Source

Exercise 2 — JFET Voltage and Power Distribution

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine voltage and power
distribution of a JFET current source by using a JFET test circuit. You will verify your results
with a multimeter.

DISCUSSION

e A JFET constant current source, when used in a circuit, is connected in series.

e Kirchhoff’s voltage law states that the sum of the voltage drops must equal zero.

e Current flowing through the load produces a voltage drop across the load (Vry).

e  When the load voltage (Vg ) is subtracted from the source voltage (Vpp) the resulting

voltage is the drain to source voltage (Vps).

Load voltage will vary as load resistance varies, effecting the value of Vps.

e The value of Vpg is critical. In order to maintain a constant current, Vpg must exceed the
pinch-off voltage (Vp).

e Power dissipation of the JFET increases as Vpgs increases. A constant current source has 100
mW dissipated across Q1 with a 100€2 resistive load.

NOTES
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FET Fundamentals Unit 5 — Dual Gate MOSFET

UNIT 5 — DUAL GATE MOSFET

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of a metal oxide
semiconductor field-effect transistor (MOSFET) by using ac and dc measurements.

UNIT FUNDAMENTALS

D
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MOSFETs are either N-channel or P-channel devices.
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Similar to a JFET, a single gate MOSFET has 3 terminals: gate, source, and drain.

A MOSFET is also known as an insulated gate FET (IGFET). The gate is physically and
electrically insulated from the device channel by a layer of glass-like material (silicon dioxide)
with excellent insulation properties.
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When a MOSFET has two gates, it is known as a dual gate MOSFET.
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FET Fundamentals Unit 5 — Dual Gate MOSFET
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MOSFETsS can operate in either the depletion or enhancement mode. Some devices operate in
both modes. The dashed lines in the schematic symbol represent the enhancement mode.
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Depletion mode devices are considered to be on until they are depleted, or biased off.
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Enhancement mode devices are considered to be off until they are enhanced, or biased on. In this
circuit, increasing the positive bias increases drain current (Ip).

NEW TERMS AND WORDS

MOSFET - metal oxide semiconductor field-effect transistor.

IGFET - insulated gate field-effect transistor.

channel - a part of a MOSFET that is continuous from drain to source and is embedded in
oppositely doped substrate material.

silicon dioxide - a glass-like oxide insulator used between the gate and channel of a MOSFET

device.
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FET Fundamentals

Unit 5 — Dual Gate MOSFET

EQUIPMENT REQUIRED
F.A.C.E.T. base unit

FET FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES

27



FET Fundamentals Unit 5 — Dual Gate MOSFET

Exercise 1 —- MOSFET Modes Of Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the effect of bias on the
operating modes of the MOSFET by using a typical test circuit. You will verify your results with
a multimeter and an oscilloscope.

DISCUSSION

The MOSFET used in this unit is a dual gate N-channel depletion mode MOSFET which can
operate in either depletion or enhancement mode.

Both gates can be connected and operated as a single gate device.

Most MOSFET’s have internal diodes that protect the gate static electric discharge. These
diodes are called internal gate protection diodes and are not shown as part of the MOSFET
schematic symbol.

In depletion mode, the N-channel MOSFET has a negative bias applied to the gate with
respect to the source.

In enhancement mode, the N-channel MOSFET has a positive bias voltage applied to the
gate with respect to the source.

NOTES
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FET Fundamentals Unit 5 — Dual Gate MOSFET

Exercise 2 — MOSFET Voltage Amplifier

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the operating
characteristics of an N-channel MOSFET amplifier by using a typical test circuit. You will verify
your results with an oscilloscope.

DISCUSSION

The circuit shows an N-channel enhancement / depletion mode MOSFET configured for
combination fixed bias.

A combination fixed bias is provided by the source resistor and the fixed bias adjust (Rapy).
The fixed bias adjust (Rapy) varies the gate bias voltage, which establishes the value of the dc
drain current.

When a MOSFET amplifier is properly biased, the drain voltage is approximately half of
Vop.

An N-channel common source MOSFET amplifier amplifies an input sine wave with
minimum distortion. The output signal is 180° out of phase.

A disadvantage of source bias is that it reduces the circuit gain. This effect is reduced by
using a capacitor to short the source resistor.

A coupling capacitor prevents any external dc voltages from upsetting the combination bias.
The bias divider resistors can be large because the gate terminal draws very little current.
The MOSFET amplifier is a voltage-control device. Input signal variations in amplitude
create variations in drain current which develop a signal voltage across the load resistor.
The ac voltage gain (A,) is determined by the ratio of the output voltage (V,) to the input
voltage (Vi). Ay =V /V;

In this circuit configuration the input signal is at gate 1, while a dc level is applied to gate 2
to control the output signal.

29



FET Fundamentals Unit 5 — Dual Gate MOSFET

NOTES
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FET Fundamentals Unit 6 — Unijunction Transistors

UNIT 6 — UNIJUNCTION TRANSISTORS

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the dc and ac operation of a
relaxation oscillator by using a unijunction transistor test circuit.

UNIT FUNDAMENTALS

e |Bz tmAsE 20

EenrTTER) —E T T

A

{ o EN !

| = |

'

\_ y
T &1 teasE

This is the schematic symbol of a unijunction transistor (UJT).

. SEMICONDUCTOR
* BAR

The construction (simplified) of a UJT is shown. A unijunction transistor is a two-layer device. It
is constructed with P type material and N type material.

The large bar of N type semi-conductor material joins with a small portion of P type material.
The junction of both materials forms a PN junction.
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FET Fundamentals

Unit 6 — Unijunction Transistors
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The bar of semiconductor material has resistive characteristics. It can be compared to two
resistors connected in series. The PN junction is represented as a diode because it has the same
characteristics. The diode (PN junction) connects at a point along the resistance (N type

material).
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A variable resistor represents the resistance below the diode connection (Rg1) because its
resistance value initially decreases as the emitter current (Ig) increases; the UJT has a negative
resistance characteristic. When the saturation current is reached, the variable resistance starts to

increase again.

The connection between B1 and B2 (Rgpg) behaves like a resistor. The connection between the
emitter (E) and B2 or B1 behaves like a diode (PN) junction.

Values of Rgp and Rpare related by a device specification called the intrinsic standoff ratio,

which is represented by the Greek letter eta ().
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This is a UJT relaxation oscillatorcircuit. A UJT is a nonlinear device that typically switches
between on and off states as the voltage at E increases and decreases with the charging and
discharging of the timing capacitor (C2).

The UJT is used for timing, triggering, sensing, and wave-form generation circuits such as a
relaxation oscillator.

NEW TERMS AND WORDS

emitter current - the base 1 to emitter current that flows after the UJT is fired (conducting).
negative resistance - the unique characteristic of a UJT in which the base 1 resistance and
voltage decrease as the base 1 current increases.

intrinsic standoff ratio - a ratio used to determine the firing voltage (Vp) of a UJT; represented
by eta.

relaxation oscillator - an oscillator that has positive feedback and that switches between off and
on states. The off time is called its relaxation time.

graduated voltage drop - the voltage distributed along a bar of semiconductor material (similar
to the voltage drops along a string of series resistors); also called voltage gradient.

firing voltage (Vp) - the emitter terminal voltage, with respect to base 1, required for the UJT to
conduct emitter current.

valley voltage (Vv) - the emitter terminal voltage at which the UJT moves to its off state

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

FET FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace
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NOTES
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FET Fundamentals Unit 6 — Unijunction Transistors

Exercise 1 — UJT Operating Characteristics

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operating
characteristics of a unijunction transistor by using a UJT test circuit. You will verify your results
with a multimeter and an oscilloscope.

DISCUSSION

The diode in the equivalent circuit represents the PN junction.

The interbase resistance ranges from 4.7 kQ to 9.1 kQ for this UJT.

The emitter voltage (Vi) must be able to overcome the junction voltage (V;) and the diode
drop (Vp) for emitter current to flow.

Emitter current flows from B1 to the emitter providing a regenerative (positive feedback)
effect.

The regenerative effect gives a UJT its unique negative resistance characteristic.

No emitter current flows in the cutoff region.

Once firing voltage is reached at the emitter terminal, emitter current starts to increase
(milliampere range).

Emitter voltage decreases because of the negative resistance effect between the emitter and
BI.

Beyond the saturation region, emitter current increases with emitter voltage and the
resistance effect becomes positive again.
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FET Fundamentals Unit 6 — Unijunction Transistors

Exercise 2 — UJT Waveform Generation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operation of a
relaxation oscillator by using a UJT circuit. You will verify your results with an oscilloscope.

DISCUSSION

The UJT is configured as a relaxation oscillator.

This relaxation oscillator produces a sawtooth waveform at E, a positive pulse at B1, and a
negative pulse at B2.

When C2 charges to the firing voltage (Vp), the emitter current starts to flow. At this point,
C2 discharges through E, B1 and R3. Since R1 is much larger than R3 plus RBI1, the
discharge time of C2 is shorter than the charge time.

The energy discharged from C2 produces the waveforms.

The charge time (t) controls the frequency of the waveforms.

This equationisused: f=1/1=1/(R1 x C2)

NOTES
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FET Fundamentals Unit 7 — Hartley and Colpitts Oscillators

UNIT 7 — HARTLEY AND COLPITTS OSCILLATORS

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of JFET Hartley and
Colpitts oscillators by using an oscillator test circuit.

UNIT FUNDAMENTALS
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An oscillator is a circuit that converts direct current to alternating current with a specific

frequency.
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There are four requirements for a circuit to be an oscillator.

a dc power supply

an amplifier (active device)

a frequency-determining network (such as an LC tank)

positive feedback(in phase) or regenerative feedback which causes a circuit gain greater
than 1

P

The operating frequency of oscillators can range from less than one cycle per second (< 1 Hz) to
billions of cycles per second (gigahertz, or GHz).

Hartley and Colpitts oscillators usually operate from about 100 kHz to 100 MHz; a Colpitts
oscillator is usually used for the higher frequencies.

The active device (amplifier) of an oscillator may be a bipolar transistor or a FET. The Hartley
and Colpitts oscillators in this unit use a JFET as the active device.
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FET Fundamentals Unit 7 — Hartley and Colpitts Oscillators

When the level of the feedback signal is above a critical level and essentially in phase with the
amplifier input signal, the circuit oscillations become self-sustaining, or self-driven.
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A practical oscillator uses a frequency-determining network to make it oscillate at a
predetermined frequency.

The frequency-determining network, or tank circuit, could be a resonant LC
(inductor/capacitor) network or an RC (resistor/capacitor) phase shift network.

The frequency-determining network could also be a quartz crystal or a mechanical resonator

Oscillator circuits may be varied over a range of frequencies if part of the tank circuit is

adjustable.
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Depending upon the dc power supply configuration, the two general types of oscillator circuits
are series fed and shunt fed. In the series fed oscillator circuit shown, the dc supply current
passes through the amplifier and all or part of the tank circuit.
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In a shunt fed oscillator, the dc supply current does not flow through the tank circuit.
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NEW TERMS AND WORDS

oscillator - a circuit that can convert dc current to ac current at a predictable rate.

positive feedback - a signal returned to the circuit input which is in phase with the circuit input
signal.

regenerative feedback - positive feedback.

feedback signal - the part of the circuit output signal returned to the circuit input.
self-sustaining - having sufficient feedback to maintain circuit oscillations without external
stimulus.

tank circuit - the frequency-determining components of an oscillator circuit.

crystal - a component made from

quartz material. It can be

cut or shaped to resonate

(oscillate) at very precise

and stable frequencies.

mechanical resonator - a nonelectrical component that can oscillate at a predetermined
frequency. Examples are springs, pendulums, or tuning forks.

series fed oscillator - a circuit that has direct current within the tank circuit.

shunt fed oscillator - a circuit in which direct current is not present within the tank circuit.
buffer circuits - circuits that have a high input impedance and therefore do not load down the
tank circuit of an oscillator.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

FET FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace
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NOTES
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Exercise 1 — Hartley Oscillator Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operation of a
typical JFET Hartley oscillator by using a test circuit. You will verify your results with a
multimeter and an oscilloscope.

EXERCISE DISCUSSION

e This JFET Hartley oscillator is shunt fed and uses an LC tank circuit to set the oscillator
frequency.

e Cl1 and C2 are dc blocking capacitors and prevent dc current from flowing through the tank
circuit.

e (Csand L1 are used to decouple the dc power supply to prevent circuit oscillations on the
power supply (Vpp).

e For ac signals the impedance of Cs is low and the impedance of L1 is high.

e The JFET in this circuit is the active component and is a source-biased amplifier.

e The oscillator circuit frequency is determined by the components of the tank circuit (C3, C4,
L2 and L3). The resonant frequency can be determined using this formula. fr =1/ (2LC)
where L = L2+L3 and C = (C3xC4) / (C3+C4)

e The ac feedback signal is from the inductor divider circuit (L2 and L3) within the tank
circuit. The ac voltage across L3 is the available feedback. The amount of feedback is set by
the feedback adjust circuit (R2 and R3).

e The oscillator becomes self-driven when enough signal is fed back and the feedback is
regenerative.

e JFET source bias is developed across R1 and is essentially in phase with the output voltage.

e External circuit connections to the LC tank will cause loading effects. In practical oscillators,
the LC tank circuits are isolated to prevent loading.
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NOTES
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Exercise 2 — Colpitts Oscillator Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operation of a
typical JFET Colpitts oscillator by using a test circuit. You will verify your results with a
multimeter and an oscilloscope.

EXERCISE DISCUSSION

This JFET Colpitts oscillator is shunt fed and uses an LC tank circuit to set the oscillator
frequency.

C1 and C2 are dc blocking capacitors and prevent dc current from flowing through the tank
circuit.

Cs and L1 are used to decouple the dc power supply to prevent circuit oscillations on the
power supply (Vpp).

For ac signals, the impedance of Cs is low and the impedance of L1 is high.

The JFET in this circuit is the active component and is a source-biased amplifier.

The oscillator circuit frequency is determined by the components of the tank circuit (C3, C4,
L2 and L3). The resonant frequency can be determined using this formula. fr =1/ (2LC)
where L = L2+L3 and C = (C3xC4) / (C3+C4)

The ac feedback signal is from the capacitor divider circuit (C3 and C4) within the tank
circuit. The ac voltage across C4 is the available feedback. The amount of feedback is set by
the feedback adjust circuit (R2 and R3).

The oscillator becomes self-driven when enough signal is fed back and the feedback is
regenerative.

JFET source bias is developed across R1 and is essentially in phase with the output voltage.
External circuit connections to the LC tank will cause loading effects. In practical oscillators,
the LC tank circuits are isolated to prevent loading.

45



FET Fundamentals Unit 7 — Hartley and Colpitts Oscillators

NOTES
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UNIT 8 — TRANSDUCERS

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify and describe the operation of several
types of transducers by using a thermistor, photoconductive cell, and fiber optic link.

UNIT FUNDAMENTALS

LIGHT EMNERGY = ELECTRICAL EMERGY |

MECHRMNICAL | 1 ELECTRICAL
ENERGY EESISTAMCE CHANGE

A transducer converts one form of energy into a more usable form of energy that is used
primarily for measurement and control. Transducers are used for many different applications.
They convert a temperature change to a resistance change, a light intensity change to a resistance

change, a current to a light source, a light source to a current, and a physical movement to a
current.
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WOTE: All dimensions are in inches.

Transducers come in many shapes and sizes. They can be very different both physically and
electrically.

Transducers may have linear characteristics or nonlinear characteristics.
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Some examples of transducers and their applications are shown.

TRAMNSDLCER APPLICATION: HETHOD OF OPERATION
Ant erma Communicat ions: comnuverts electromagnetic fields into
electric current or comwerts current into [ields.
Bimetallic Home heat Ing and alr condit loming: converts ©empera-
Strip ture into physical mowement.
Lryatal LOmnUn IcatT onS: a QUart? materlal COnverts physical
motion into electrostatic charge or wvoltage charge.
Fiber gt ic Lomnun [Cat long: converts electrical Current imto
Link Pair light and light back to electrical current.

Additional examples of transducers and their applications are shown.

TRANSOUCER APPLICAT IOM: METHOD OF OPERAT I0M
Light-Emitt ing Signal indicators: corverts electrical current
| ol inta visible light.
Load Cell delghing: cormerts a push or pull force into a

wvoltage or resistance change.

Phatoresistor Llght detector: comwerts changes Ln [ight energy
inte changes of ohmic resistance.

Strain Gauge Failure analysis: comverts mechanlcal stress
into & resistance chanpe

Thermi=stor Temperature contral and sensing: comverts change
af temperature into changes of abmic resistance,

NEW TERMS AND WORDS

transducer - a device that can transform or convert one form of energy into another form. For
example, a transducer (load cell) can convert motion to resistance.

passive device - a device that does not require the application of an external power source.
active device - a device that requires the application of an external power source.

linear characteristics - a type of response where one quantity, such as current, varies directly
with a second quantity, such as voltage. A plot of this relationship produces a straight line.
nonlinear characteristics - a type of response where one quantity varies indirectly with a
second quantity. A plot of this relationship does not produce a straight line.

thermistor - a component whose resistance is affected by the amount of heat energy to which it
is exposed.

self heating - the internal power dissipation generated when current flows through a thermistor.
cold resistance - the resistance of a thermistor at a reference temperature where there is no
current flow and therefore a zero self-heating effect.

photoconductive - a material or device whose conduction characteristics are sensitive to changes
in light intensity.

48



FET Fundamentals Unit 8 — Transducers

Photoresistor - a component whose resistance is affected by the amount of light energy falling on
its surface.

fiber optic transmitter - a device that converts electrical current into light energy.

fiber optic cable - a conductor of light; constructed from glass fiber material.

fiber optic receiver - a device that converts light energy into electrical current.

light-emitting diode - a semiconductor that converts electrical current into light energy.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

FET FUNDAMENTALS circuit board
Multimeter

Generator, sine wave

NOTES
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Exercise 1 — Thermistor Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the relationship
between thermistor resistance and temperature by using self-heated and externally-heated test
circuits. You will verify your results with a multimeter.

EXERCISE DISCUSSION

A thermistor is a thermally-sensitive resistor whose primary function is to exhibit a change in
resistance with a change in body temperature.

Thermistors are used for precise temperature detection, measurement, compensation, or
control.

Thermistors are typically nonlinear and have negative temperature coefficients.
Thermistors are made by heat-treating, under pressure, a mixture of metallic oxides. The
process used is called sintering.

Thermistors are more sensitive than thermometers. Some thermistors show a resistance
change of several thousand ohms per degree of temperature.

Thermistors respond quickly to changes in temperature; therefore they have a fast time
constant.

Thermistors can by used in passive or active circuits
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Exercise 2 — Photoconductive Cell Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the effects of light on
the resistance of a photoconductive cell by using a test circuit. You will verify your results with a
multimeter.

EXERCISE DISCUSSION

A photoconductive cell is made of photosensitive semiconductor material whose resistance
changes with light intensity.

Photoresistor is another name for a photoconductive cell.

In the absence of light the resistance of the cell is very high. When the cell is exposed to
light, its resistance decreases.

The sensitivity of a photoconductive cell is the change in cell resistance when there is a
change in cell illumination.

Photoconductive cells are usually made of a layer of photoconductive semiconductor
material, such as cadmium sulfide (CdS) or cadmium selenide (CdSe), on a ceramic
substrate. The cell does not have a PN junction.

When used as part of a voltage divider, photoconductive cells provide a voltage output which
is directly or inversely related to light intensity.

Applications of photoconductive cells include light control and measurement, alarm and
relay controls, photometers and photographic exposure control.
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Exercise 3 — Fiber Optic Light Transmission

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate fiber optic light
transmission by using a fiber optic transmitter, cable, and receiver. You will verify your results
by observing the status of LEDs at the transmitter and receiver.

EXERCISE DISCUSSION

e Fiber optic technology uses light to transmit electronic signals from sources such as voice,
data, and video.

e The electronic signal is multiplexed, modulated, and encoded.

e The groomed electronic signal is converted into an optical signal by the fiber optic
transmitter.

e Transmission of optical signals occurs through fiber optic cables, which are composed of
glass or plastic fibers with a protective plastic coating.

e The fiber optic receiver converts the optical signal into an electronic signal which is decoded,
demodulated, and demultiplexed by the signal processor.

e A light-emitting diode (LED) enclosed within a protective housing functions as the fiber
optic transmitter.

e A phototransistor, an amplifier and an open collector transistor driver are the fiber optic
receiver.

e The fiber optic cable is terminated with color-coded connectors that match the transmitter
and receiver receptacles.
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






Thyristor & Power Control Circuits Unit 1 — Thyristors & Power Control Circuits

UNIT 1 — THYRISTORS & POWER CONTROL CIRCUITS

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify the thyristors and connect and operate
circuits on the THYRISTOR & POWER CONTROL CIRCUITS circuit board by applying the
information presented in this unit.

UNIT FUNDAMENTALS
LCFD
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A thyristor is a semiconductor device. Electronically controlled switches use thyristors in
industrial, military, aerospace, commercial, and consumer applications.

Thyristors can control power to many kinds of loads, such as a simple lamp, power supplies,
voltage regulators, and industrial motors. Circuits using ac or dc can use thyristors for power
control.

Following are the two most commonly used thyristors for power control:
1. the silicon controlled rectifier (SCR) , which is a reverse blocking triode thyristor, and
2. the triac, which is a bidirectional triode thyristor.

In the following two exercises, you will identify thyristors and connect and operate thyristor
circuits on the THYRISTOR & POWER CONTROL CIRCUITS circuit board.

NEW TERMS AND WORDS

thyristor - a bistable semiconductor device made of 3 or more junctions that can be switched
from the off state to the on state or vice versa.

silicon controlled rectifier (SCR) - a gate triggered 3-terminal thyristor that has positive anode to
cathode voltages and exhibits a reverse blocking state for negative anode to cathode voltages.
triac - a gate triggered, 3-terminal thyristor that switches for either positive anode to cathode
voltages or negative anode to cathode voltages.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Multimeter

Oscilloscope, dual trace

Generator, sine wave

THYRISTOR & POWER CONTROL CIRCUITS
circuit board

NOTES
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Exercise 1 — Thyristor Component Familiarization

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to identify thyristors and components
in the circuit blocks on the THYRISTOR & POWER CONTROL CIRCUITS circuit board. You
will verify your knowledge by answering the questions in the exercise.

EXERCISE DISCUSSION

e There are five circuit blocks on the THYRISTOR & POWER CONTROL CIRCUITS circuit
board.

e The following four circuit blocks contain thyristors:
SILICON CONTROLLED RECTIFIER (SCR)
TRIAC AC POWER CONTROL
SCR DC GATE HALF-WAVE AND FULL-WAVE
SCR AC GATE AND UJT HALF-WAVE AND UJT HALF-WAVE AND FULL-WAVE /
MOTOR

e The DRIVER circuit block contains a circuit that interfaces an external signal generator with
the ac input to three of the circuit blocks.

e Thyristors are labeled with the letter Q followed by a number (for example, Q1)

e The silicon controlled rectifier (SCR) is sometimes called a reverse blocking triode thyristor.
The SCR is primarily used for switching in ac and dc power control. The SCR is a three
terminal device.

e An SCRis very useful for switching because a few milliwatts applied at the gate (G) can
control hundreds of watts to a load.

e Triacs are three terminal, gate (G) controlled thyristor switches. The triac is bi-directional
and behaves like two inversely parallel connected SCRs.

e The triac conducts with positive or negative voltage at either terminal (MT1 and MT2) and is
triggered by a gate (G) current of either polarity.

e A diac is another thyristor type. The diac is a 2-terminal, bi-directional thyristor switch which
is generally used in SCR gate triggering applications. The diac operates like two inversely
parallel connected diodes.

e The Unijunction transistor (UJT) is a single junction, three terminal transistor that can be
used for delaying the triggering signal at the SCR gate.

e Thyristor specification sheets include all of the significant parameters unique to a particular
thyristor and are very important tools when designing thyristor circuits.
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Exercise 2 — Circuit Block Familiarization

EXERCISE OBJECTIVE
When you have completed this exercise, you will be able to connect thyristor circuits by using

the circuit blocks on the THYRISTOR & POWER CONTROL CIRCUITS circuit board. You
will verify your results with a multimeter and an oscilloscope.

EXERCISE DISCUSSION

e The DRIVER circuit block contains a transformer and amplification circuitry that amplifies
the ac signal from an external signal generator.

e The signal generator connects to the DRIVER circuit block input at the terminals marked
GEN.

e The DRIVER circuit block is used with thyristor circuits that have ac signal input. The
DRIVER output is hardwired to the ac inputs identified by the ac source symbol on the
circuit blocks.

e  When you connect the generator to the DRIVER circuit block, the generator connects to the
circuit block ac input through the DRIVER circuitry.

e All measurements for adjusting the signal generator (magnitude and frequency) are made at
the circuit block ac input.

e The THYRISTOR & POWER CONTROL CIRCUITS circuit board has four thyristor circuit
blocks. Each block uses at least one thyristor as the active circuit element.

e You can configure several types of thyristor circuits from the components in each circuit
block.

e The SCR circuit block which includes provisions for monitoring different parameters of an
SCR (Q1).

e The SCR DC GATE HALF-WAVE AND FULL-WAVE circuit block uses a dc voltage at
the gate (G) to control turn-on of the SCR (Q1). You can configure SCR Q1 as a half-wave
rectifier, to control a half-wave rectifier (CR1), or to control a full-wave bridge rectifier
(CR2).

e  When SCR QI controls half-wave rectification, diode CR1 is the half-wave rectifier.

e When SCR QI controls full-wave rectification, bridge rectifier CR2 is the full-wave rectifier.

e The SCR AC GATE AND UJT HALF-WAVE AND FULL-WAVE/MOTOR circuit block
uses ac voltage with or without a UJT (Q1) at the gate (G) of an SCR (Q2).

e The SCR (Q2) controls conduction of a full-wave rectifier (CR3) to either a resistive load
(R8) or a motor load (MOT). The circuit can also be configured for Q2 to function as a half-
wave rectifier.
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e The TRIAC AC POWER CONTROL circuit block uses a triac (Q1) to switch ac to the load
(R6). The triac gate (G) circuit configuration determines if half-wave or full-wave ac
switching occurs.

e As shown, the two-post connectors configure the circuit block so that the triac (Q1) gate (G)
receives positive and negative alternations.

e Onthe F.A.C.E.T. Computer-Based Laboratory THYRISTOR & POWER CONTROL
CIRCUITS circuit board, the circuit block commons connect to earth ground.

e Use the ADD-INVERT oscilloscope method to measure ac voltages across components that
do not connect directly to earth ground on the circuit board.

e The oscilloscope is set to ADD, and channel 2 is set to INVERT. Because the ground probe
clips connect to earth ground in the oscilloscope, the ADD-INVERT method is necessary to
prevent shorts to ground.

NOTES
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UNIT 2 — SILICON CONTROLLED RECTIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the fundamental operation of a
silicon controlled rectifier (SCR) by using dc measurements.

UNIT FUNDAMENTALS
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A thyristor is any semiconductor switch. A silicon controlled rectifier (SCR) is one type of
thyristor. A silicon controlled rectifier (SCR) is a 3 terminal, unidirectional thyristor. The 3-
terminals are the anode (A), the gate (G), and the cathode (K).

An SCR conducts when the anode to cathode is forward biased and a gate trigger signal is
applied. After an SCR is turned on, it remains on as long as it has a minimum anode current. This
minimum anode current that maintains conduction is the holding current (IH).
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Shown are the voltage/current characteristics of an SCR with no gate current applied and with a
forward and reverse blocking voltage rating of 200V.

When the forward blocking voltage is reached, the SCR turns itself on. The anode to cathode
voltage decreases, and the anode current increases.



Thyristor & Power Control Circuits Unit 2 — Silicon Controlled Rectifier
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Internally, the SCR is similar to 2 cross-connected transistors. Above is the SCR symbol and its
equivalent transistor circuit.
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A gate trigger signal turns on transistor Q2. Q2 then forward biases the Q1 base-emitter junction,
and both transistors turn on, providing a current path from the anode to the cathode. Both
transistors are then latched on until the anode current is removed.

NEW TERMS AND WORDS

holding current (IH) - the minimum current required to keep an SCR conducting.

reverse blocking voltage - the maximum reverse voltage that may be applied without turning on
an SCR.

Jforward blocking voltage - the maximum forward voltage that may be applied with turning on an
SCR.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
THYRISTOR & POWER CONTROL CIRCUITS circuit board
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Exercise 1 — Testing an SCR with a Multimeter

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to test a typical SCR by using a
multimeter. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e The ohm function or diode function of the digital multimeter is required to test the SCR.

e If conditions permit, the SCR should be removed from the circuit when testing it with an
ohmmeter.

e The gate-to-cathode junction of the SCR is the only junction that can be measured as a
normal diode junction.

e Conduction between the anode and gate terminals or between the anode and cathode
terminals indicates a defective SCR.

NOTES
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Exercise 2 — SCR DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to to turn an SCR on and off by using
a switch and a two-post connector. You will verify your results with an oscilloscope and a
multimeter.

EXERCISE DISCUSSION

e An SCR can be thought of as a triggered diode. The SCR can be forward biased but not
conducting until it is triggered by a gate current.
e The anode-to-cathode voltage drops, once the SCR is turned on.

e Once the SCR is on, it conducts until the anode current is removed or falls below a minimum
value, known as the holding current (Iy).

NOTES
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Exercise 3 — SCR GateTrigger and Holding Current

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to measure the gate trigger voltage and
holding current of a typical SCR by using dc measurement methods. You will verify your results
with a multimeter and an oscilloscope.

EXERCISE DISCUSSION

e The gate trigger voltage (Vgr) is the minimum gate voltage (Vgx) required to turn on the
SCR.

e To determine the value of the gate trigger voltage, monitor the SCR while increasing the gate
voltage until the SCR turns on.

e The SCR holding current (Iy) is the minimum forward anode current (I5) required to keep the
SCR turned on.

e To determine the holding current, monitor the forward anode current while decreasing the
current until just before the SCR turns off.

NOTES
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UNIT 3—-SCR DC CONTROL

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the dc control of typical
rectification circuits by using an SCR.

UNIT FUNDAMENTALS

In this circuit, the SCR is a half-wave rectifier that is controlled by S1 and the dc supply (V).
The SCR turns off every negative half-cycle because the SCR becomes reverse biased.
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In this circuit, the SCR is a switch in series with load resistor R4. When S1 is closed, V A

supplies the gate trigger voltage and turns on the SCR. The SCR then acts like a closed switch,
and a full-wave rectified waveform appears across R4.

You will use the DRIVER circuit block in this unit to amplify the generator signal. You can then
use the signal generator as the ac power source needed for the thyristor circuits.
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Unit 3 — SCR DC Control

NEW TERMS AND WORDS
None

EQUIPMENT REQUIRED
F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace
Generator, sine wave

THYRISTOR & POWER CONTROL CIRCUITS circuit board

NOTES
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Exercise 1 — SCR Half-Wave Rectifier

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate how an SCR operates as
a controlled half-wave rectifier. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

e The SCR is used as a controlled half-wave rectifier.
e With S1 open, the SCR is off and no current flows through the load resistor R4.

e When Sl is closed, the SCR is triggered on and the current flows during the positive half-
cycle of Vac.

NOTES
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Exercise 2 — SCR Control of a Half-Wave Rectifier

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate how an SCR controls a
half-wave rectifier by using a typical half-wave rectifier circuit. You will verify your results with
an oscilloscope.

DISCUSSION

e This circuit uses an SCR to control a half-wave rectifier.

e C(Closing S1 triggers the SCR; it remains on because R3 supplies the holding current during
the negative half-cycle of Vac.

e While SCR conducts, CR1 acts as a half-wave rectifier because the load current flows
through R4 on the positive half-cycle of Vac.

e Turn the SCR off by removing the holding current; this is achieved by opening R3.

NOTES
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Exercise 3 — SCR Control of a Full-Wave Rectifier

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate how an SCR controls a
full-wave rectifier by using a typical full-wave rectifier circuit. You will verify your results with
an oscilloscope.

EXERCISE DISCUSSION

This circuit uses an SCR to control a full-wave rectifier.

When the SCR is not on, there is no current flowing through load resistor R4 or the SCR, QI.
Closing S1 turns the SCR on. Current now flows through R4 and the SCR.

The SCR remains on because the holding current is supplied by R3.

Full-wave rectification of the input signal occurs at CR2 after the SCR is triggered on.

NOTES
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UNIT 4 - SCR AC CONTROL

UNIT OBJECTIVE
At the completion of the unit, you will be able to demonstrate ac control of an SCR by using
half-wave and full-wave phase control circuits.

UNIT FUNDAMENTALS

A phase control circuit controls the SCR conduction angle. The SCR conduction angle of a full-
wave phase control circuit is shown. A phase control circuit can also be used with a half-wave

rectifier.
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This circuit is a half-wave SCR phase control circuit. Power to the load (R8) can be controlled
during the positive half of the input cycle.
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In this circuit, power to the load (R8) can be controlled on both halves of the input cycle.
Therefore, the maximum power to the load is twice that of the half-wave circuit.

NEW TERMS AND WORDS

conduction angle - the time an SCR conducts during one cycle of the source voltage measured in
degrees.

Phase control - control of the SCR conduction angle through controlling the phase of the SCR
trigger signal with respect to the source voltage.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace

Generator, sine wave
THYRISTOR & POWER CONTROL CIRCUITS circuit board
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NOTES
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Exercise 1 — SCR Half-Wave Phase Control

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe half-wave phase control by
using a typical SCR ac control circuit. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

The circuit is a half-wave phase control circuit.

Power to the load resistor (R8) is controlled during the positive half-cycle of Vac.

The SCR’s trigger point can be set between 0 and 90 on the positive half-cycle of Vac by
adjusting R2.

The SCR is triggered and conducts during the positive half-cycle.

When the source voltage is negative, the SCR turns off and becomes reverse biased for the
negative half-cycle.

There is a voltage drop across the load only when the SCR conducts.

Capacitor (C1) with R2 and R3 cause a phase shift in the gate voltage.

NOTES
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Exercise 2 — Full-Wave Phase Control

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe full-wave phase control by
using a typical SCR ac power control circuit. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

e This circuit uses the SCR to control the full-wave bridge rectifier.

e When SCR (Q2) is conducting, a voltage appears across the load resistor (R8).

e Since CR3 is a full-wave rectifier, current flows through the load during both cycles of the ac
input voltage (Vac).

NOTES

23
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Thyristor & Power Control Circuits Unit 5 — UJT Triggered SCR Power Control

UNIT 5 - UJT TRIGGERED SCR POWER CONTROL

UNIT OBJECTIVE

At the completion of this unit, you will be able to use a unijunction transistor (UJT) as the trigger
device for an SCR by using a typical UJT-SCR circuit.

UNIT FUNDAMENTALS

EMITTER ‘—: [

This is the symbol for a unijunction transistor (UJT). The UJT has 1 PN junction and 3
terminals. In this unit, you will use the UJT to control the conduction angle of an SCR.

In this circuit, a UJT phase control is used with a half-wave rectifier.
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The UJT makes a good trigger device for the SCR because it generates a sharp pulse at the B1
terminal. When the UJT is used with a variable RC phase control circuit, you can easily adjust
the phase angle at which the B1 pulse occurs.

NEW TERMS AND WORDS

unijunction transistor (UJT) - a 3-terminal device with 1 PN junction.

firing voltage (VP) - the maximum emitter voltage at which the UJT turns on; also called the
peak-point emitter voltage.

valley voltage (VV) - the minimum emitter voltage just before the UJT turns off also called the
valley-point emitter voltage.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Oscilloscope, dual trace

Generator, sine wave

THYRISTOR & POWER CONTROL CIRCUITS circuit board
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NOTES
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Exercise 1 — UJT Characteristics

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe the basic operating
characteristics of a UJT by using ac measurements. You will verify your results with an
oscilloscope.

EXERCISE DISCUSSION

e A UJT is a three terminal device. The terminals are the emitter (E), base 1 (B1) and base 2

(B2).

UJTs can be used as triggering devices for SCRs.

UJTs generate a pulse at the B1 and B2 terminals.

The UJT has only one PN junction.

The equivalent circuit of a UJT consists of two series resistors and a diode connected to the

junction of the two resistors.

e The firing voltage (Vp) is the maximum emitter voltage at which the UJT turns on; also
called the peak-point emitter voltage.

NOTES
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Exercise 2 — UJT Half-Wave/Full-Wave Phase Control

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe UJT half-wave/full-wave
phase control by using a typical SCR UJT control circuit. You will verify your results with an
oscilloscope.

EXERCISE DISCUSSION

e The half-wave UJT phase control circuit uses a UJT to trigger the SCR.

e A half-wave UJT phase control circuit controls power to the load during the positive half of
the input cycle.

e A full-wave UJT phase control circuit controls power to the load during both halves of the
input cycle.

e The full-wave UJT phase control circuit delivers more power to the load than the half-wave
UJT phase control circuit.

NOTES
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UNIT 6 — TRIAC DEVICES

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of typical triac devices
by using dc measurements.

UNIT FUNDAMENTALS

A triac is a 3-terminal bidirectional thyristor. A thyristor is any solid state switch. The triac is a thyristor
that, unlike the SCR, is capable of conducting in either direction between its main terminals.

A triac can be triggered on if MT2 is positive with respect to MT1 or if MT2 is negative with respect to
MTI.
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Similar to the SCR, a triac requires a minimum MT2 current to remain in conduction. This
minimum current is the holding current.

A triac has 4 trigger modes. It can be triggered on with either a positive or negative gate trigger
signal, with MT2 being either positive or negative.
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Unit 6 — TRIAC Devices

NEW TERMS AND WORDS
bidirectional - capable of conducting in 2 directions.

MT1 - main terminal 1 of a triac; the reference terminal of a triac.

MT?2 - main terminal 2 of a triac.

NOTES
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Exercise 1 — Bidirectional Conduction

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate triac bidirectional
conduction characteristics by using a typical triac circuit. You will verify your results with an
oscilloscope and a multimeter.

DISCUSSION

e The three terminals of a triac are gate, main terminal 1 (MT1), and main terminal 2 (MT2).
A triac is a bidirectional device. The triac can have current flowing through it in either
direction.

e When MT2 is positive and the device is triggered on, current flows from MT1 to MT2.
e MT1 is the reference terminal for the gate and MT2.

e When MT2 is negative and the device is triggered on, current flows from MT2 to MT1.
e Triacs are useful for controlling ac loads since load current can flow in either direction.
NOTES

33



Thyristor & Power Control Circuits Unit 6 — TRIAC Devices

Exercise 2 — The Triac Triggering Modes

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the four triggering
modes of a triac by using dc measurements. You will verify your results with an oscilloscope.

DISCUSSION

A triac has four triggering modes.

Mode I requires a positive gate signal when MT2 is positive with respect to MT1.
Mode II requires a negative gate signal when MT2 is positive with respect to MT1.
Mode III requires a positive gate signal when MT2 is negative with respect to MT1.
Mode IV requires a negative gate signal when MT2 is negative with respect to MT]1.

NOTES
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UNIT 7 - TRIAC AC POWER CONTROL

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate ac power control by using typical
triac control circuits.

UNIT FUNDAMENTALS
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This is a half-wave triac circuit. The triac can be turned on only when Vac is positive.
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By adding CR1 to the circuit, it becomes a full-wave circuit. Since the triac can conduct on the
positive and negative half-cycles, it is bidirectional.

NEW TERMS AND WORDS

None.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
THYRISTOR & POWER CONTROL CIRCUITS circuit board

NOTES
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Exercise 1 — TRIAC Half-Wave Phase Control

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe half-wave phase control by
using a typical triac ac power control circuit. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

e The circuit shows a half-wave triac phase control.
e Diode CR2 blocks the negative half-cycle of source voltage (Vac) from reaching the triac
gate.

e RI, R2, and CI1 form a phase shift network. Adjusting R1 controls the phase angle of the
triac’s gate trigger voltage.

e The triac continues to conduct until the MT2 current falls below the holding current level of
the device.

NOTES

37



Thyristor & Power Control Circuits Unit 7 — TRIAC AC Power Control

Exercise 2 — TRIAC Full-Wave Phase Control

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe full-wave phase control by
using a typical triac as a power control circuit. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

The circuit is a full-wave triac phase control circuit.

It is a full-wave circuit because the triac can conduct on the positive and negative half-cycle.
R1, R2, and C1 form a phase control circuit for the triac gate.

The gate trigger delay, with respect to Vac, is minimum when R1 is fully clockwise.

The approximate adjustment range of R1 for each half-cycle is greater than 90°.

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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copy.
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free of charge. Warranty support for this product is limited, in
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OR MERCHANTABILITY OR OF FITNESS FOR A
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LICENSOR FOR DAMAGES, INCLUDING BUT NOT LIMITED
TO SPECIAL OR CONSEQUENTIAL DAMAGES ARISING OUT
OF OR IN CONNECTION WITH THE USE OF THE SOFTWARE
PRODUCT LICENSED UNDER THIS AGREEMENT.

Questions concerning this agreement and warranty and all
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field representative in your area.

LAB-VOLT SYSTEMS, INC.

P.O. Box 686

Farmingdale, NJ 07727

Attention: Program Development

Phone: (732) 938-2000 or (800) LAB-VOLT

Fax: (732) 774-8573
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






Operational Amplifier Fundamentals Unit 1 — The Operational Amplifier

UNIT 1 — THE OPERATIONAL AMPLIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the basic characteristics of operational
amplifiers.

UNIT FUNDAMENTALS
Q—_
ac or dc AMPLIFIED
INFUT oF AMF OUTRFUT
o—+

An operational amplifier (op amp) is an integrated circuit (IC)used to amplify ac and dc
input voltages.

— = o——
INPUT OF AMP auTEUT

L o0+

An op amp provides a linear output voltage proportional to the difference between the op amp
input terminals.

= HI
= o
AP w »
[

Internally, typical op amps are constructed with three basic building blocks.

1. A differential amplifier with high input impedance buffers, or prevents loading of, the signal
source.

2. A high gain amplifier boosts the output signal from the differential amplifier.

3. A low impedance, or output, buffer prevents loading of the gain stage by an external circuit
load.
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POSITIVE
SUFPPLY

INVERTIMNG o—HA—
OF AP oUTPUT
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Typical op amps use several types of signal functions. Positive and negative supply terminals
connect to the system power supply rails and provide operating power. Null, or nulling, terminals
connect to an external voltage and allow for op amp offset voltage adjustment. Inverting (-)and
noninverting (+) terminals connect to the circuit input voltages. An output terminal drives the

external circuit load.

HRLL

On many circuit drawings, the voltage supply terminals and the nulling terminals are not shown.

INPUTS OuTFUT

An op amp in the open loop mode has no feedback path between its output and input

connections.

For an ideal op amp, open-loop gain is infinite.
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Unit 1 — The Operational Amplifier

EQUAL
INPUTS

SATURARTED
QUTRUT

If the voltages at the noninverting and inverting inputs are equal, the op amp output is saturated.

—

UNECQUAL
IHPUT%:

HONZEROQ
OuUTPUT

Due to the extremely high open-loop gain, a small voltage difference between the op amp inputs
causes the output voltage to swing toward one of the power supply levels (voltage).

The output voltage polarity of an op amp is identical to the polarity of the voltage at the

noninverting input terminal.

NOTE: Typically, voltage polarity is with respect to circuit common. However, op amp inputs

can be referenced to one another.
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Closed-loop mode operation is established by a resistor connected between the op amp output
and inverting input terminals. The resistor allows a portion of the output voltage to be fed back
as negative, or degenerative, feedback.

MNEGAT IWVE
FEEDBACK

IMPUT <=
< QUTRPUT

Negative, or degenerative, feedback reduces the gain (from the open-loop value) of an op amp.

Although circuit gain is reduced, negative feedback improves circuit stability by preventing
unwanted oscillation and distortion.

NEW TERMS AND WORDS

operational amplifier (op amp) - a linear device used to generate an output voltage proportional
to the differential input voltage.

integrated circuit (IC) - an interconnected array of components (resistors, transistors, etc.)
contained on a single chip of a host substrate material.

Inverting (-) - the input terminal of an op amp which reverses the polarity of the applied input
voltage.

noninverting (+) - the input terminal of an op amp which does not reverse the polarity of the
applied input voltage.

open loop mode - an op amp configuration without external feedback between output

and input.

Closed-loop mode - an op amp configuration that feeds back a portion of the output voltage to
the inverting input.

input bias current - the current entering into both inputs of an op amp.

output-offset voltage - the output error voltage present when the input voltage is 0 Vdc.

drift - the change in offset current

and offset voltage generated

by a change in temperature.

input-offset current - the difference between the two input bias currents when the output
voltage is zero.

input-offset voltage - the voltage that must be applied to the two inputs of an op amp in order to
produce an output voltage of zero.

offset nulling - the process of balancing an op amp and adjusting its output voltage to zero.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit

OPERATIONAL AMPLIFIER FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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Exercise 1 — Op Amp Types and Packages

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to recognize different op amp
packages. You will verify your knowledge through observation and recognition.

EXERCISE DISCUSSION

Op amps are available in a variety of package styles.

Op amp package material can be metal, ceramic, or plastic.

Not all IC pins connect electrically to the op amp.

"No connection" (NC) pins add stability and ruggedness to the package.

From a bottom view, pin count progresses in a clockwise (CW) direction

From a top view, pin count progresses in a counterclockwise (CCW) direction.

On a TO-5 (top hat) package, pin 1 is located adjacent to the package tab.

On the flat pack, pin 1 is located adjacent to the dot or round indentation on the top side of
the package.

On the DIP package, pin 1 is located adjacent to the dot or half round notch on the top side of
the package.

ICs are available in single or multiple op amp configurations: typically one, two (dual), or
four (quad) per package.

The LF441 used on the circuit board is a single op amp package type.

The LF441 DIP outline shows the IC pin assignments. These assign-ments are set by the
device manufacturer and cannot be altered.

Since each op amp type is unique, the device manufacturer stamps a part number on the top
surface of each IC.

The TO-5 LF441 op amp outline shows the same pin assignments as the DIP, but in a
circular pattern.

Dual and quad style LF441 op amps have specific pin assignments. Note the absence of null
inputs.
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Exercise 2 — Op Amp Circuit Board Familiarization

EXERCISE OBJECTIVE
When you have completed this exercise, you will be familiar with the operation of the

OPERATIONAL AMPLIFIER FUNDAMENTALS circuit board. You will verify your results
by observation and measurements.

EXERCISE DISCUSSION

e Three basic op amp configurations are used on your circuit board.

e Only the open-loop configuration does not require a feedback path (resistor).

e Inverting and non-inverting configurations generally require a feedback resistor to provide
negative feedback.

e There are eight training circuit blocks on the op amp board.

e Three other general purpose blocks are also required to support the training procedure.

e The three general purpose blocks are labeled FOR GENERATOR BUFFER,
ATTENUATOR, and VOLTAGE DIVIDER.

e The ATTENUATOR circuit block reduces an input voltage, or signal, by a factor of 10
(OUT =IN/10).

e Certain procedural steps require a low-amplitude input signal. The ATTENUATOR allows
you to precisely adjust the output amplitude of a signal generator.

e The VOLTAGE DIVIDER circuit block generates a variable low-voltage output between
+2.5 Vdc and -2.5 Vdec.

e [fatwo-post connector is inserted into the circuit block, the range of output voltage is
reduced to between +0.5 Vdc and -0.5 Vdc.

e The circuit block labeled FOR GENERATOR BUFFER is used with an optional generator
buffer plug-in module. This module interfaces devices without 501 output impedance to the
circuits on your circuit board.
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Exercise 3 — Basic Op Amp Characteristics

EXERCISE OBJECTIVE

When you have completed this exercise, you will be familiar with fundamental op amp
characteristics. You will verify your results by performing offset null adjustments.

EXERCISE DISCUSSION

Three fundamental op amp characteristics are high input impedance, high voltage gain, and
low output impedance.

Ideal op amps have infinite input impedance. Practical op amps have typical input
impedances of 1 MQ or more.

Ideal op amps have infinite open-loop gains. Practical op amps have typical open-loop gains
0f 200,000 or more.

Ideal op amps have zero output impedance. Practical op amps have typical output
impedances of 10Q or more.

Practical op amps possess a small input current called the input bias current.

Input bias currents generate output error voltages called output-offset voltage.

Shifts in temperature change offset current, which changes offset voltage. These changes are
referred to as drift.

If the input bias current of an op amp is low, its offset voltage will be small.

If the inputs of a practical op amp are at the same potential, output voltage should be zero.
However, due to input bias current, an output- offset voltage is generated.

The effects of input bias current can be reduced significantly by the introduction of an input-
offset current or an input-offset voltage. This process is referred to as offset nulling.
Offset nulling, or op amp trim adjust, uses an adjustable external voltage to set the op amp
output to near OV.

High gain op amps, unless properly bypassed, may oscillate. To prevent this undesirable
condition, power supply connections must exhibit low impedance characteristics.

Bypass, or decoupling, capacitors are used to ensure op amp stability.

10
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NOTES
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Operational Amplifier Fundamentals Unit 2 — The Inverting Amplifier

UNIT 2 — THE INVERTING AMPLIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the dc and ac characteristics of an
inverting operational amplifier by measuring circuit performance.

UNIT FUNDAMENTALS

1'"";"'-
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An inverting amplifier is a closed-loop op amp circuit in which feedback is applied to the
inverting input through the feedback resistor (Rf).

The circuit input is applied to the inverting terminal of the op amp through the input resistor
(RND-

The circuit output, developed across Ry , is amplified and inverted with respect to the circuit

input.
AP
R
Rin
vy o WA— S
" Vo
\J\; +

Circuit gain (Av) is function of the ratio between Ry and RpN.

Av=Rp/RIN

Output voltage is calculated by multiplying the input voltage by the circuit gain value. The (-)
sign indicates inversion, not that the output voltage must be negative.

Vo=-(VixAv)

13
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kv

Since the op amp has high gain and feedback is provided, the inverting op amp terminal is
maintained at virtual ground.

For this circuit configuration, the inverting op amp terminal serves as the circuit summing point.

In the circuit shown, Vg represents the action of an op amp. The junction Vj is maintained at
virtual ground (0V) because V( varies as V7 varies.

Since Vj is held at virtual ground, it is also the circuit summing junction: Vy = V- V(.

NOTE: Virtual ground and summing junction concepts will be extensively explored in this and
other units.

NEW TERMS AND WORDS

inverting amplifier - a circuit using an active device to amplify and invert (180-degree phase
shift) an input signal.

virtual ground - a circuit point that behaves like circuit common or has near zero potential with
respect to circuit common.

summing point - a node where two or more voltages or currents meet and algebraically combine.
Phase shifted - the difference between two signals; measured in units of time or degrees.
Gain-bandwidth product - the product of the closed-loop gain of an op amp and its
corresponding closed-loop bandwith.

14
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slew rate - a measure (in volts per unit of time) of how fast a device can respond to an
instantaneous change of input voltage.

bandwidth - a measure of a range of frequencies that a circuit will pass without attenuation or
distortion.

unity-gain bandwidth - the bandwidth of an amplifier at a gain equal to one. This value is equal
to the gain-bandwidth product of the op amp.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

OPERATIONAL AMPLIFIER FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

Generator, sine wave

NOTES
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Exercise 1 — Inverting Amplifier DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate an inverting amplifier. You
will verify circuit operation by using a voltmeter.

EXERCISE DISCUSSION

An inverting amplifier inverts and amplifies the input voltage.

Output voltage is determined by: Vo - -[Vix (RgRiv)].

The junction of Rix, R, and the inverting terminal is the summing point of the circuit.

The circuit input resistance equals the value of Ry since the summing junction is at virtual
ground.

A circuit is zero-base referenced because the noninverting terminal is connected to circuit
common.

Zero-based reference circuits change their output voltage polarity from plus-to-minus or
minus-to-plus as the input voltage passes through zero (circuit common).

Use Ohm’s law to determine the magnitude of electron flow through circuit parts.

Current through the input resistor, which is connected to virtual ground at one end, is Iryy =
VI/ RIN-

Feedback current (Irp) equals VrRg/Rf or Vo/Rg.

Load current (Ir) equals Vo/Ry.

When a positive input voltage is applied to the inverting input of an op amp, current flows
(electrons flow) out of the output terminal of the op amp. The value of the current is Irp +
IRL.

When a negative input voltage is applied to the inverting input of an op amp, current flows
(electrons flow) into the output terminal of the op amp. The value of the current is (Irr + Irp);
the minus sign indicates direction, not negative current.

16
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NOTES
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Exercise 2 — Inverting Amplifier AC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate an inverting amplifier using
an ac input. You will verify circuit operation with an oscilloscope.

EXERCISE DISCUSSION

An inverting amplifier can amplify ac input signals. Concepts of virtual ground, circuit
summing point, and closed-loop operation do not change.

An output waveform is phase shifted by 180°.

Output amplitude is affected by the ratio of Ry to Ry

Vowkpk) = Vipkpl X (Re/Rix)

Nondistorted peak-to-peak output voltage is limited by the dc value of the power supplies.
LF441 op amp output voltage is limited to about 85% of the dc power supply.

If the product of the peak value of an input waveform and the circuit gain is too high, the op
amp distorts its output waveform. This is called saturation distortion.

Amplitude distortion is generally symmetrical unless the op amp is not balanced, then
distortion becomes asymmetrical: one peak distorts before the other.

NOTES
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Exercise 3 — Inverting Amplifier Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to relate the gain and bandwidth of an
op amp inverting amplifier. You will measure bandwidth with an oscilloscope.

EXERCISE DISCUSSION

Gain-bandwidth product and slew rate are op amp parameters that affect the operation of an
inverting amplifier.

Gain-bandwidth (GBW) is an op amp parameter that does not depend on op amp
configuration.

Gain multiplied by circuit bandwidth equals the GBW of an op amp.

The GBW product is also called the unity-gain bandwidth since GBW is specified at a gain
of one.

A general plot shows that bandwidth (B or bw) and gain are inversely proportional.
Bandwidth decreases as gain increases.

Bandwidth = GBW product/circuit gain

The LF441 op amp has a specified GBW of 1 MHz (at unity gain).

The bandwidth of an inverting amplifier is reduced by placing a capacitor across the
feedback.

As frequency increases, capacitive reactance decreases. At a specific frequency, capacitive
reactance equals Rg. This frequency is called the breakpoint frequency.

At the breakpoint frequency, an output signal drops 3 dB.

19
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NOTES
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UNIT 3 — THE NONINVERTING AMPLIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the dc and ac characteristics of a
noninverting operational amplifier by measuring circuit performance.

UNIT FUNDAMENTALS

A noninverting amplifier is a closed-loop op amp configuration. Feedback through R2 is
applied to the inverting terminal of the op amp. The input signal of the noninverting circuit is
applied to the noninverting terminal of the op amp.

Resistor R1 connects the inverting terminal of the op amp to circuit common. Circuit gain (Av)
equals 1 + (R2/R1). If R1 and R2 are equal, circuit gain equals 2.

R2
ArAvLY
R1
CUTPUT
OF AMP e
o—— 14 R4
INPUT

In a noninverting configuration, the output and input voltage polarities are identical.

For proper operation (not in saturation), the differential input voltage (V) of the op amp is
maintained at OV. If the op amp is driven into saturation, V) cannot be maintained at OV.

21
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Due to the very high input impedance of the op amp, a resistor (Ryy) is usually connected
between the positive terminal and circuit common. Ry prevents op amp saturation should the
circuit input voltage (V1) be disconnected (referred to as a floating input). The input impedance
of the circuit shown essentially equals the ohmic value of Ryy.

A noninverting op amp displays all the attributes of op amps in general: high input impedance,
low output impedance, and high gain.

_..-'..\.'\.
TR § .-"-
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— Yy U o ] T W
" i - L
[HFUT =
= 1
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The circuit input voltage is applied to the positive op amp input. This means that the circuit
summing junction is not at virtual ground but at a potential required to hold the differential input
voltage (Vp) at OV.

To determine the circuit current distribution, apply Ohm's law.

NOTE: VRN is the same as V[, VR4 is the same as V(, and R1 and R2 form a voltage divider.

22
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NEW TERMS AND WORDS

noninverting amplifier - a circuit using an active device to amplify but not invert an input signal.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
OPERATIONAL AMPLIFIER FUNDAMENTALS circuit board

NOTES
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Exercise 1 — Noninverting Amplifier DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a noninverting operational
amplifier using dc inputs. You will verify circuit operation with a multimeter.

EXERCISE DISCUSSION

The noninverting amplifier is a closed-loop op amp configuration.

Circuit gain (Av) is based on the ratio of R2 to R1: Av =1+ (R2/R1).

Due to the noninverting operation, the output and input voltages have the same polarity.
R3 is adjusted to balance, or null, the circuit output (Vo) to OV. The circuit input must be
connected to circuit common.

A noninverting op amp amplifies an input voltage and does not invert the input voltage
polarity.

Since the circuit gain (Av) is 10, output voltage is +10 Vdc.

For nonsaturated operation, the differential input voltage (Vp) must be 0V.

Since the op amp (+) input is at +1 Vdc, sufficient voltage is fed back (through R2) to
maintain Vp at nearly OV.

With respect to circuit common, both the (+) and (-) op amp inputs are at +1 Vdc.

To determine circuit current distribution, apply Ohm's law.

When the circuit input voltage (V) is positive, electrons flow into the output terminal of the
op amp.

When V] is negative, electrons flow out of the output terminal of the op amp.

24
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Exercise 2 — Noninverting Amplifier AC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a noninverting amplifier
using ac inputs. You will verify circuit operation with an oscilloscope.

EXERCISE DISCUSSION

A noninverting amplifier amplifies an ac input signal.

Due to the noninverting configuration, output and input waveforms are not inverted or phase
shifted.

On the circuit board, the output voltage is defined by the equation

Vo=Vix[1+ (R2/R1)]

If the input waveform amplitude is excessive, the op amp becomes saturated and distorts its
output waveform.

The active, undistorted peak-to-peak amplitude of an output waveform is limited by the
power supply voltage levels.

On the circuit board, the maximum output amplitude is 20 Vpipk.

NOTES
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Exercise 3 — Noninverting Amplifier Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the gain/bandwidth
characteristics of a noninverting operational amplifier. You will verify your results with an
oscilloscope.

EXERCISE DISCUSSION

Gain-bandwidth (GBW) product and slew rate (SR) are two op amp specifications that affect
the operation of a noninverting amplifier. Slew rate will be examined in another unit.

For a noninverting amplifier, circuit gain multiplied by circuit band- width cannot exceed the
specified GBW product of the circuit op amp.

As the gain of the amplifier increases, circuit bandwidth decreases.

As the gain of the amplifier decreases, circuit bandwidth increases.

If the amplifier bandwidth is limited, its output voltage falls off (is reduced or attenuated),
and the waveform may be distorted.

The LF441 op amp has a specified GBW product of 1 MHz.

A capacitor placed across the circuit feedback resistor reduces the bandwidth ac gain of the
amplifier and ac gain becomes frequency dependent.

The breakpoint frequency of this circuit occurs at the frequency where X¢ (in ohms) equals
the value of R2.

The breakpoint is referred to as the -3 dB point of the circuit and defines the circuit
bandwidth frequency.

At the -3 dB point of a circuit, the output voltage is attenuated by the factor 0.707 (0.707 x
Vo).

The formula dB = 20 log (Vnew/VinimiaL) €xpresses the change in output voltage.

Vnew 1s the final output voltage at the operating frequency, such as 100 kHz, where the
output voltage has decreased by 0.707.

VinrmiaL 1s the starting output voltage at the reference frequency, such as 1 kHz.
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UNIT 4 — THE VOLTAGE FOLLOWER

UNIT OBJECTIVE

At the completion of this unit, you will be able to operate an operational amplifier circuit
configured as a voltage follower or a gain-of-one inverting amplifier.

UNIT FUNDAMENTALS
A voltage follower circuit has unity gain, which means it has a gain of 1.
A voltage follower is also called a unity gain amplifier.

Advantages of a voltage follower are high input impedance, low output impedance (good
impedance matching characteristics), wide bandwidth, and fast response.

In a voltage follower configuration, the op amp output terminal is directly connected to the op
amp inverting input terminal. As a result, all of the output voltage is fed back.

Due to the input/output connection, the output voltage (V) follows the circuit input voltage

(V) in magnitude and polarity.
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The voltage at the op amp inverting terminal equals the output voltage (V).
V follows the circuit input voltage (V).
VD, the op amp differential input voltage, is OV.

The GBW product of an op amp is specified at unity gain.

A voltage follower circuit operates with unity gain. Therefore, the circuit bandwidth essentially
equals the specified op amp GBW product (1 MHz for the LF441 op amp).

The ability of an op amp voltage follower to accurately duplicate an input voltage is related to
levels of operation called small-signaland large-signal.

Typically, small-signal refers to voltages with amplitudes equal to or less than 1 Vpk-pk-
Typically, large-signal refers to voltages with amplitudes between 10 Vpk_pk and 20 Vpi_pk.

Small-signal operation is primarily related to the GBW product of an op amp.

Large-signal operation is primarily related to op amp slew rate and full-power bandwidth.
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This voltage follower configuration is used to measure the effects of op amp slew rate and full-
power bandwidth on an input signal.

A voltage follower configuration generates an output signal (V) equal to and in phase with the

circuit input signal (V).
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However, some applications require unity gain with phase inversion. An op amp configured as a
unity gain inverting amplifier meets this requirement.

On your circuit board, the VOLTAGE FOLLOWER circuit block can be configured for either
noninverting or inverting operation.

Due to the low output offset voltage values of the LF441 op amp, the VOLTAGE FOLLOWER
circuit block does not require a nulling circuit.
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NEW TERMS AND WORDS

voltage follower - a circuit in which the output voltage is equal to and in phase with the circuit
input voltage.

unity gain amplifier - an amplifier configured with a gain of 1.

small-signal - output voltages typically less than 1 Vpk-pk.

large-signal - typical output voltages between 10 Vpk-pk and 20 Vpk-pk.

Sfull-power bandwidth - the highest large-signal frequency at which the amplifier delivers rated
output without distortion.

Fractional gain - a gain that is less than unity.

slope - change in voltage divided by change in time.

rated output - the maximum output voltages at which an op amp is designed to operate.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace

Generator sine/square wave
OPERATIONAL AMPLIFIER FUNDAMENTALS circuit board

NOTES
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Exercise 1 — Voltage Follower DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a voltage follower using dc
voltages. You will verify your results with a multimeter.

EXERCISE DISCUSSION

Voltage follower output voltage (Vo) equals the input voltage (Vi). Output voltage (Vo) is
identical to the polarity of V.

High input impedance reduces loading.

Noise and stray pickup, which might develop across the high-impedance op-amp input are
reduced when input, impedance is lowered by an input resistor.

When output voltage (Vo) is stable and the op amp is not saturated, differential input voltage
(Vp) is intrinsically 0.

If Vpis greater than 0V, the op amp saturates and cannot duplicate the input (Vy).

A change of input voltage (Vi) causes a voltage to develop across the differential input of the
op amp. It responds by changing the output voltage (Vo). Since Vg is fed back to the input,
Vo continues to affect Vy until Vp is restored to 0V; additional voltage change is then no
longer required, and the output voltage is stabilized at a new level.

NOTES
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Exercise 2 — Inverting Gain-of-One Amplifier

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate an inverting gain-of-one
amplifier using dc voltages. You will verify circuit operation with a voltmeter.

EXERCISE DISCUSSION

e An inverting amplifier can be configured to provide unity gain.
e Circuit gain equals R3/R1. If R3 and R1 are equal in value, the circuit gain equals one.

e Resistor R2 is added to the circuit to reduce the input bias current effect. The value of R2
equals the parallel combination of R3 and R1: R2 = (R3 x R1)/(R3 + R1).

NOTE: Input bias current flowing through R1 generates a voltage (V) that appears at the
output.

e Fractional gain, a gain of less than one, results if the value of R3 is less than the value of R1.

e Since the circuit output voltage is less than the circuit input voltage, the configuration acts as
an attenuator.

e To determine the current distribution of the gain-of-one inverting amplifier, apply Ohm's law
(I=V/R) to the circuit.

e A positive input voltage to an inverting gain-of-one amplifier generates a negative output
voltage. Electrons flow out of the op amp output terminal.

e  When Ul is not saturated, Vo tracks Vi, and Vp is at OV.

e Ul is zero-based (R2 connected to common); therefore, the inverting terminal of U1 is at
virtual ground and serves as the circuit summing junction.

e If Ul is saturated (Vo greater than 10 Vdc), Vo cannot track Vi, and Vp, is greater than OV.
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Exercise 3 — Voltage Follower AC Characteristics

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the effects of slew rate
and full-power bandwidth on a voltage follower. You will observe the effects on an oscilloscope.

EXERCISE DISCUSSION

Slew rate (SR) specifies maximum rate-of-change in output voltage over a period of time.
Mathematically, SR is equivalent to the slope of a waveform.

Slew rate (SR) is defined as a change in output voltage divided by the time interval during
which the voltage change occurs. For this pair of parameters, SR is given in units of
volts/time.

The graph illustrates how slew is measured. The calculation determines the slope of the line.
SR is given in volts/microsecond (V/us).

If, for example, output voltage changes by 10V in 10 us, the slew rate of the circuit is 1 V/us
Ideal op amps have an infinite slew rate: the output would instantaneously follow any change
at the input.

An ideal square wave has instantaneous rise and fall times.

The LF441 op amp used on the circuit board has a specified slew rate of 1 V/us. Generally,
this means that the op amp output voltage cannot change faster than 1V in less than 1 ps.
Slew rate decreases rise and fall times of a square wave. For a slew rate of 1 V/us, it would
take 10 us for a 10V swing to occur.

If an op amp circuit has an SR of 5 V/us and its square wave input has rise and fall times of 1
V/us, the circuit can duplicate the input waveform.

When the circuit SR is equal to or greater than the rate of change in the input waveform, the
circuit output waveform tracks (reproduces) the input waveform.

When circuit SR is less than the rate of change of an input waveform, the output waveform
does not fully track (reproduce) the input waveform. The "squareness" of the waveform is
reduced.

For a given slew-rate-limited circuit, an output waveform becomes triangular and decreases
in amplitude as input frequency increases.

Slew rate limitations also affect sinusoidal waveforms. On a sinusoidal waveform, the slope
is maximum at the zero crossing points and zero at the peak points of the waveform.

The slope of a sinusoidal waveform always changes.

Slope defines a rate of change (volts per unit of time). Therefore, slope is also frequency
dependent. If the frequency of a constant amplitude sinusoidal waveform increases (period
decreases), the slope of the waveform increases.
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e The rated output of an op amp is affected by a parameter called full-power bandwidth: the
maximum frequency at which an op amp can produce a large-signal (10 Vpk) output without
significant distortion.

e An increase in the amplitude of a sinusoidal waveform increases the rate of change of the
waveform. This increase can cause the amplifier to distort the waveform because of slew rate
limitations.

e At the full-power bandwidth frequency, the output waveform of the op amp goes out of phase
with the input waveform. However, there is little effect on output amplitude.

e Ifthe op amp operates below the full-power bandwidth, Vo is in phase with Vi but not
distorted.

e When input frequency is greater than the full-power bandwidth, the output waveform
becomes slew-rate limited (and appears triangular) and its amplitude decreases.

NOTES
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UNIT 5 — THE INVERTING SUMMER

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of an inverting summing
amplifier using a three-input op amp summing configuration.

UNIT FUNDAMENTALS

An inverting summing amplifier is a multiple input inverting op amp circuit. The circuit output
voltage is proportional to the algebraic sum of the input voltages.

The polarity of the circuit output voltage is opposite that of the summed input voltages.
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The junction formed by the input resistors, feedback resistor, and the op amp inverting terminal
is the circuit summing point.

Direct summation of the input voltages and feed-back voltage occurs at the circuit summing
junction. The circuit summing junction is at virtual ground (the op amp is zero based) because
the noninverting terminal is referenced to circuit common.
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Circuit output voltage is proportional to the sum of each input voltage multiplied by the ratio of
RF to the respective input resistor (Rx).

Vo =-{[(RF/R1) x V1] + [(RF/R2) x V2] + [(RE/R3) x V3]}
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Input impedance for each circuit input voltage equals the value of the respective input resistor.
The impedance is based upon a virtual ground at the circuit summing junction.
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If the input and feedback resistors equal each other, the circuit performs a summing (algebraic
addition) operation.

Vo =-(V1+V2+V3)

18 18

28 U1 Vg

In a scaling, or weighted configuration, if R1, R2, and Rp equal each other but not R3, V3 is
scaled (or weighted) differently than V1 and V2. Scaling can be similarly applied to R1 or R2.
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If R3, R2, and R1 equal each other but Rf equals the average value of the input resistors, V@
equals the average value of the input voltages.

VO = -[(V1 + V2 + V3)/3]

Op amp saturation levels limit the maximum circuit output voltage. If the product of any one
input voltage and its respective circuit gain factor is excessive, the op amp saturates.

NEW TERMS AND WORDS

inverting summing amplifier - an inverting op amp configuration that algebraically combines
two or more input voltages.

scaling, or weighted configuration - a summing amplifier configuration that allows a certain
input voltage to have more influence on the output voltage than another input voltage.
summing configuration - a summing amplifier configuration that generates an output voltage
equal to the algebraic sum of the input voltages.

averaging configuration - a summing amplifier configuration that generates an output voltage
equal to the average value of the circuit input voltages.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
OPERATIONAL AMPLIFIER FUNDAMENTALS circuit board
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Exercise 1 — Amplifier Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate an inverting summing
amplifier. You will verify circuit operation with a multimeter.

EXERCISE DISCUSSION

A summing amplifier combines multiple input voltages and applies individual gain factors to
each input.

To minimize summing errors, R4 is added to the circuit. R4 equals the parallel combination
of R1, R2, R3, and RS5.

The summing configuration generates an output voltage equal to the algebraic sum of each
circuit input voltage multiplied by its respective circuit gain factor.

Due to the inverting configuration, the polarity of the summed input voltages is inverted at
the circuit output.

Ul, working through the feedback path, keeps the differential input voltage (Vp) at OV.

If Vp is greater than OV (positive or negative), Ul is driven into saturation.

One of the circuit inputs can be used to null, or trim, the circuit offset voltage to 0V.

Circuit input, feedback, and load current distribution depend on the magnitude and polarity
of the input and output voltages.

Apply Ohm's law to determine the magnitude of each current.

For positive input voltages, the summed voltage polarity is positive, and electrons flow out of
the op amp output terminal.

For negative input voltages, the summed voltage polarity is negative, and electrons flow into
the op amp output terminal.

If the circuit input voltages are positive and negative, electrons flow in either direction.

The direction of the op amp output terminal current is based on the resultant polarity of the
summed input voltages.
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Exercise 2 — Averaging

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate an inverting summing
amplifier configured for weighting or averaging application. You will verify your results with a
multimeter.

EXERCISE DISCUSSION

A fundamental inverting summing op amp can be configured for summing, scaling
(weighting), or averaging operations.

The circuit is configured as a unity gain inverting summing amplifier.

In a unity gain inverting summing amplifier where R2, R1, and Rr are equal in value, the
circuit output voltage equals the sum of the input voltages [Vo =- (V1 + V2)].

If the inputs have different gains, the input with the greater gain has more weight.

If the input resistors are equal and the feedback resistor equals the parallel value of the input
resistors, Vo equals the average of the circuit input voltages.

Any number of input voltages can be averaged if the circuit resistor ratios are maintained.

NOTES
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UNIT 6 — THE NONINVERTING SUMMING AMPLIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of a noninverting
summing amplifier.

UNIT FUNDAMENTALS

In a noninverting summing amplifier, the (-) terminal acts as the op amp summing junction.
The (+) terminal acts as the summing point (V A) of the individual circuit input voltages.

V A 1s multiplied by the circuit gain factor [1 + (Rp/R1)] to generate the output voltage (V).

Due to the high impedance of U1, V p is determined by the superposition theorem. However, if
R1 and R2 are equal in value, VA = (V1 + V2)/2.

NOTE: V1, V2, and V A are measured with respect to circuit common.

Ul is not zero based because the (+) input terminal is not returned to circuit common. V A can be
greater than OV (positive) or less than OV (negative).
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In this circuit, gain equals 1 + (R4/R3) and cannot be equal to or less than 1.

Output voltage (V) equals VA x [1 + (R4/R3)].

If R1 equals R2, VA equals (V1 + V2)/2. Therefore, the circuit applies the gain factor
[1 + (R4/R3)] to the average of the input voltages.

Vo= (V1 +V2)2x[1+ (R4/R3)]

=V x[1+ (R4/R3)]

In a noninverting summing amplifier, V) is 0V when Ul is not saturated. When V[ is greater
than OV, Ul is saturated.

V A can be any value that when multiplied by the circuit gain factor does not drive Ul into
saturation.

NEW TERMS AND WORDS

noninverting summing amplifier - an op amp configuration that algebraically combines input
voltages and does not invert the sum voltage polarity.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
OPERATIONAL AMPLIFIER FUNDAMENTALS circuit board

NOTES
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Exercise 1 — Noninverting Summing Amplifier Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a noninverting summing
amplifier. You will verify your results with a multimeter.

EXERCISE DISCUSSION

e The output equation for the two-input noninverting summing amplifier used in this exercise
is: Vo=[(V1 +V2)2] x [1 + (R4/R3)]

e The output voltage polarity equals the polarity of the average input voltage
[Va= (VI +V2)/2].

e Due to feedback, the voltage at the summing point equals V. Therefore, the differential
input voltage (Vp) equals OV.

e Ohm's law can be applied to determine the current distribution of a noninverting summing
amplifier circuit.

NOTES
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Exercise 2 — Summing and Averaging Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to configure a noninverting amplifier as
a voltage averaging or summing circuit. You will verify your results with a multimeter.

EXERCISE DISCUSSION

¢ In a two-input noninverting summing amplifier, V1 and V2 are combined at V4 because of
the high input impedance of the op amp.

e I[fthe circuit is in the voltage follower configuration, the gain is 1.

e [fR1 equals R2, then V4 equals (V1 + V2)/2.

e [fR1 and R2 are not equal, then V, is determined by measurement or by application of the
superposition theorem.

e If'the input resistors are equal in value, any number of circuit input voltages can be averaged.

e Vj equals the algebraic sum of the input voltages divided by the number of input voltages.

NOTES

51



Operational Amplifier Fundamentals Unit 6 — The Noninverting Summing Amplifier

52



Operational Amplifier Fundamentals Unit 7 — The Difference Amplifier

UNIT 7 — THE DIFFERENCE AMPLIFIER

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of a difference amplifier
by using a typical operational amplifier circuit.

UNIT FUNDAMENTALS
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The difference amplifier shown is a two-input circuit that amplifies the difference between V1
and V2.

V1 is connected to the inverting side of U1, and V2 is connected to the noninverting side of U1.
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When R1, R2, R4, and RS are equal in value, the difference amplifier subtracts V1 and V2.
Vo=V2-Vl1

In practice, the input impedance for V1 equals the ohmic value of R1. The input impedance for

V2 equals the ohmic value of R2 + R4. A difference amplifier circuit combines the gain effect

from the inverting and noninverting resistor ratios.

For V1, Vo equals -[V1 x (R5/R1)].

For V2, Vo equals {V2 x [R4/(R2 + R4)]} x [1 + (R5/R1)].
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A difference amplifier can combine dc and ac voltages. A difference amplifier exhibits
a characteristic called Common-mode rejection (CMR). CMR is the ability to cancel input
voltages that simultaneously appear at both circuit inputs.
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In this circuit, the sine wave generator applies an unwanted common- mode input voltage
(Vem) to both circuit inputs. Due to the common-mode rejection of U1, the sine wave does not

appear at V(.

Common-mode rejection ratio (CMRR), usually given in dB, measures the ability to cancel
(attenuate or reduce) common-mode voltages. The amplitude of the unwanted signal appearing at
the circuit output (Vocm) equals (Av/CMRR) x Vp: CMRR must be converted from dB form

to numeric form. VoM is the remaining common-mode input signal appearing at the amplifier
output.

NEW TERMS AND WORDS

difference amplifier - A circuit that amplifies the difference between two or more input voltages.
Common-mode rejection (CMR) - the ability of a difference amplifier to attenuate a signal
appearing simultaneously at both inputs of the circuit.

common- mode input voltage - a voltage appearing simultaneously at both inputs of an
amplifier.

Common-mode rejection ratio (CMRR) - a measure (usually in dB) of the amount of common-
mode input voltage that appears at the circuit output.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
OPERATIONAL AMPLIFIER FUNDAMENTALS circuit board

NOTES
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Exercise 1 — Difference Amplifier DC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a difference amplifier using
dc voltages. You will verify your results with a multimeter.

EXERCISE DISCUSSION

The difference amplifier circuit on the circuit board has resistors R1, R2, R4, and RS equal to
each other.
Due to the resistor values, Vo equals V2 - V1, or the difference between the input voltages.
The output voltage polarity is determine by the relationship between the noninverting input
voltage (V2) to the inverting input voltage (V1).
The V2 polarity dominates the V1 polarity and determines the output voltage polarity.
The following relationships apply (U1 is not saturated) to the difference amplifier circuit.

Vo = VA -V1

Va=(V2xR4)/(R2 + R4)

VD =0V VA = VR4

NOTES

56



Operational Amplifier Fundamentals Unit 7 — The Difference Amplifier

Exercise 2 — Difference Amplifier AC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a difference amplifier using
ac voltages. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

The difference amplifier combines input waveforms and accounts for amplitude and phase.
IfR1, R2, R4, and RS are equal in value, V, equals V2 - V1.

If V2 and V1 are identical (in amplitude and phase) ac waveforms, V, is essentially OV.

V, is 0V because of the common-mode rejection capability of U1.

The common-mode rejection capability of an op amp is an advantage because a common-
mode input voltage has a small effect on circuit output voltage.

If V2 has greater amplitude than V1, V, is in phase with V2 and lower in amplitude then
either V2 or V1.

If V2 has less amplitude than V1, V, is in phase with V1 and lower in amplitude than either
V2or VI.

If V2 and V1 have equal amplitudes and are 180° out of phase, then V, is in phase with V2.
In addition, V, equals 2 x V1 or 2 x V2.

When V2 and V1 are out of phase, V1 (the inverting input) adds to the magnitude of V2 (the
noninverting input). V2 dominates V1, and V, is in phase with V2.

Based on the V2 - V1 relationship of a difference amplifier, out-of-phase inputs (not
common-mode) are added.
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UNIT 8 — VOLTAGE COMPARATORS

UNIT OBJECTIVE

At the completion of this unit, you will be able to describe the operation of an operational
amplifier comparator circuit.

UNIT FUNDAMENTALS

A voltage comparator circuit compares an input voltage to a reference voltage and indicates
whether the input is greater than, equal to, or less than the reference voltage.

Voltage comparators are typically used as level detectors or squaring circuits.

Level detectors indicate when a voltage crosses a specific set point. Squaring circuits convert
slow rise or fall time wave-forms into high slewing waveforms.

On this open-loop comparator, V7 is compared to the reference voltage (VREF).- VREF 18

connected to the non- inverting terminal of U1. Therefore, U1 is not zero based, but has a trigger
point equal to VREF.

In this circuit, U1 tends to saturate due to the very high open-loop gain. Vy is not OV if Ul is
saturated.

When V7 is more positive than VREF, VD is greater than 0V, and V switches to -VgAT.

When V7 is more negative than VREF, VD is greater than 0V, and V( switches to +VgAT.
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This circuit illustrates zero crossing operation: Ul is zero based because its (+) input is
connected to circuit common.

If V1 equals OV, then V[ equals 0V, and U1 is not saturated.

If V7 is slightly above or below 0V (circuit common), V() is at negative or positive saturation,

and Vp is greater than OV.
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Open-loop comparator configurations are not practical because of the saturation characteristics
of op amps: slew rate limits and large voltage swings.

Op amp comparators can operate in closed-loop configurations. Feedback limits the level of
voltage change and introduces hysteresis.
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Zener diode CR1 provides a feedback path to limit the voltage swing of V, thus preventing U1
saturation.

If V] equals 0V, Vp equals OV. V(y is not 0V because of the characteristics of CR1 when it
"sees" insufficient current.

If V1 is positive, V( equals -Vz (CR1's zener voltage), but Vy equals 0V.

If V7 is negative, V equals +VFE (CR1's forward diode drop), but V equals 0V.
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This circuit uses the noninverting input side of U1 as the circuit input. If V; is positive, V is
positive; if Vj is negative, V, is negative.
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Positive feedback through resistor R2 generates hysteresis. Hysteresis prevents false triggering of
Ul around the zero crossing points of V; by increasing the width of the threshold voltage
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NEW TERMS AND WORDS

voltage comparator - A circuit that compares an input voltage to a reference voltage.

level detectors - circuits that compare the level of a signal to a reference level.

hysteresis - a small amount of feedback that provides stability.

threshold voltage - a narrow voltage band centered between the positive and negative switching
levels of a comparator.

trip point - the point within the threshold band where the output of a comparator switches from
one level to the other.

Schmitt trigger - comparator type that uses hysteresis to provide stability around a circuit trigger
point.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Multimeter

Oscilloscope, dual trace

OPERATIONAL AMPLIFIER FUNDAMENTALS circuit board
Generator, sine/square wave

NOTES
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Exercise 1 — Open-Loop Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate an open-loop comparator.
You will verify your results with a multimeter and an oscilloscope.

EXERCISE DISCUSSION

Ul has very high gain: 50,000 or more.

When configured for open-loop operation, U1 tends to saturate.

When input voltage equals reference voltage the output voltage is at positive saturation.

When input voltage is negative with respect to reference voltage the output voltage is at

positive saturation.

e When input voltage is positive with respect to reference voltage the output voltage is at
negative saturation.

e Ul switches between +Vgat and -Vsar as Vy is adjusted slightly below or above Vggr. This
point of operation is called the circuit trip point.

e Since the range around the circuit trip point is small, the circuit threshold voltage is narrow.

NOTES
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Exercise 2 — Zener-Clamped Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a zener-clamped op amp
comparator circuit using dc and ac voltages. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

In the circuit for this exercise, a zener diode (CR1) completes the feedback path for Ul.

Ul is zero based because its noninverting terminal is connected to circuit common.
Therefore, the circuit reference voltage is OV.

If V1 is positive (greater than 0V), Vo swings in a negative direction toward -Vgar.

When Vg approximately equals the zener breakdown voltage (Vz), CR1 conducts and
provides negative feedback. The feedback clamps Vo to the value of V7 and prevents
negative saturation.

Based on the placement of CR1 (anode lead to U1 output terminal) in the circuit, Vo switches
between -Vz and +V.

A zener-diode-clamped circuit controls the levels of a sine wave or square wave input signal.

NOTES
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Exercise 3 — Square Wave Converter

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a sine wave to square wave
converter. You will verify your results with an oscilloscope.

EXERCISE DISCUSSION

e Ul is configured as an open-loop comparator that uses positive feedback and is referred to as
a Schmitt trigger.

e Viis converted from a sine wave into a square wave. V, switches between +Vgar and -Vgar
and is in phase with V;.

e Positive feedback voltage (Vrn) is provided by hysteresis resistor Ry. Two trigger points are
established by the positive feedback.

e Vy provides a voltage at the noninverting input of U1. Therefore, the circuit is not zero
based.

e Hysteresis, or positive feedback, creates a window, or band, through which V; must cross
before the comparator switches V,,.

e Based on a specific hysteresis level, a switch in V, occurs at trigger points A and B.

e Vo cannot switch back until V; crosses a trigger point. Within the window, variations of V;
do not cause Ul to switch.

e The voltage difference between points A and B, labeled +Vrr and -V, equals the circuit
hysteresis voltage.

e An increase of positive feedback increases the width of the hysteresis window.

e A decrease of positive feedback decreases the width of the hysteresis window.

e Hysteresis reduces the sensitivity of a comparator, increasing the noise immunity of the
circuit.

e Based on Vj, a zero based comparator (no hysteresis) generates many changes in V,. The
number of transitions in V, decreases as hysteresis increases.

e Two equations, based on the saturation level of U1, define the circuit trigger voltages

° (+VT and -VT). +VT = +Vs AT/ (R2/ Rl)

—VT = —VSAT/(RZ/RI)

e The trigger voltages are based on the saturation voltage of Ul. Therefore, the trigger points

are not symmetrical and vary from op amp to op amp.
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






Operational Amplifier Applications Unit 1 — Introduction to the Circuit Board

UNIT 1 — INTRODUCTION TO THE CIRCUIT BOARD

UNIT OBJECTIVE

At the completion of this unit, you will be able to locate and identify the major components on
the OPERATIONAL AMPLIFIER APPLICATIONS circuit board.

UNIT FUNDAMENTALS

The OPERATIONAL AMPLIFIER APPLICATIONS circuit board consists of 6 training circuit
blocks:

INTEGRATOR

DIFFERENTIATOR

LOW PASS FILTER

HIGH PASS FILTER

BAND PASS FILTER

FULL-WAVE BRIDGE DRIVER/CONVERSION

IMVERT ING
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Each circuit block is designed around an LF441 integrated circuit operational amplifier (op amp).
The schematic symbol for an op amp is shown.

Each op amp is installed in a plug-in DIP socket. This makes it easy to replace the op amps if
they become damaged.
47 @

i
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The circuit board provides an ATTENUATOR circuit block for use with input signals whose
amplitude is too large for the test circuits.

Attenuation is a reduction of a signal's amplitude. In this circuit, the attenuation factor is 11:1
based on the resistor ratio of 470Q to 47€.
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This symbol represents the signal generator connected to each circuit block input. The dotted
lines indicate that it is not permanently wired to the circuit, so you must make the connections
yourself.
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Two-post connectors are used to change circuit configurations.

NEW TERMS AND WORDS

Attenuator - a circuit that reduces a signal's amplitude.

Attenuation - the reduction of a signal's amplitude.

decouple - to use capacitors to bypass (provide a low ac impedance path to circuit common) the
power supply lines of an amplifier.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Multimeter

Oscilloscope, dual trace

Signal generator

OPERATIONAL AMPLIFIER APPLICATIONS circuit board
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Exercise 1 — Component Location and Identification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to locate the major circuit blocks on the
OPERATIONAL AMPLIFIER APPLICATIONS circuit board. You will verify your results by
correctly identifying these circuits and their major components.

DISCUSSION

Each op amp is an 8-pin integrated circuit (IC) installed in a DIP socket.

The op amp IC has a small “dimple” in the upper left corner which identifies pin 1. The pin
numbers are counted consecutively in a counterclockwise (CCW) direction, starting at the
“dimple”.

Bypass capacitors are located below each op amp.

Decoupling provides a local low ac impedance path to ground. This improves the stability of
the amplifiers.

Additional electronic components are present to allow each circuit block to be configured for
specific applications.

Most op amp applications have output load resistors. The exception is the FULL-WAVE
BRIDGE DRIVER/CONVERSION circuit block.
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Exercise 2 — Circuit Block Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to connect the signal generator to
operate the various circuit blocks. You will determine circuit function by using the oscilloscope
to analyze input and output waveforms.

DISCUSSION

Three circuit blocks are filter circuits. They are the HIGH PASS FILTER, LOW PASS
FILTER, and BANDPASS FILTER.

Filters are used to pass input signals of specific frequencies and reject, (filter out or block)
input signals of other frequencies.

The configuration of the circuit resistors and capacitors determine the filter application.

The value of the resistors and capacitors determines the frequencies to be filtered or passed.
HIGH PASS FILTERS pass high frequency input signals and reject (attenuate) low
frequency input signals.

LOW PASS FILTERS pass low frequency input signals and reject (attenuate) high frequency
input signals.

BANDPASS FILTERS pass a range of frequencies. Input signals with frequencies which are
within that range are passed to the output. Frequencies above or below the filter’s range are
rejected.
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Operational Amplifier Applications Unit 2 — Integration and Differentiation

UNIT 2 — INTEGRATION AND DIFFERENTIATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the effects of an active integrator
and differentiator circuit on an input waveform. You will verify your results with an
oscilloscope.

UNIT FUNDAMENTALS

— o THTEGRARTORE —
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Integratorsand differentiatorsare signal conditioning circuits that change the shape of an input
waveform.

The modified output signals can then be used to perform different functions.

IMNTEGEATOR

! =l ciRculT

TIME

The output of an integrator is a voltage equal to the area under the input waveform over a
specified period of time.

= Ao A A
W W

This passive integrator network is called "passive" because it does not include any active
component that is capable of amplification, such as a transistor or an op amp.
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You can also think of a passive integrator as a voltage divider with the output taken across the
capacitor.

Increasing the frequency of an integrator's input signal causes the output amplitude to decrease.
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The top waveform in this group represents an input pulse to a passive integrator.

The remaining waveforms are the resulting output for different relationships of input pulse width
(PW) to the RC time constant.

For the first output, the RC time constant is larger than the pulse width. The input pulse ends
before the capacitor charges completely.

For the second output, the RC time constant approximately equals the pulse width. The slight
rounding at the top of the waveform is due to the exponential nature of the capacitor's charging

action.

For the third output, the RC time constant is much smaller than the pulse width. The capacitor
charges up relatively quickly and has finished charging long before the input pulse ends.

In practice, a common use of the integrator is to produce a linear ramp waveform from a square
wave.

10
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The integrating network is formed by the feedback capacitor (Cf) and the input resistor (R[N).

For low frequencies and dc, Cf can be ignored, and the circuit acts like a linear inverting
amplifier.

;

il

The output of a differentiator circuit is a voltage that is proportional to the change in slope of the
input waveform. The example shown is a ramp input waveform that differentiates into a square
wave output.

The rising portion of the input wave-form represents a constant slope. Since there is no change
in the slope, the corresponding portion of the differentiator output is a horizontal line.

When the input slope goes negative, the output transition is positive due to the inverting
amplifier configuration.

Conversely, when the input slope goes positive, the output transition is negative.

Increasing the differentiator's input frequency causes the output amplitude to increase.

11
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The top waveform in this group represents an input pulse to a passive differentiator. The
remaining waveforms show the resulting output for different relationships of input pulse width
(PW) to the RC time constant.

For the first output, RC is much smaller than the pulse width. This results in a relatively quick
charging of the capacitor and a relatively quick discharging through the resistor, as the narrow
pulse width indicates.

For the second output, RC approximately equals the pulse width. The output pulse widens as
the discharging time of the capacitor increases.

The third output shows the result of the time constant being larger than the input pulse width.
The output pulse width has increased to a point where the capacitor has not fully discharged by
the time the input pulse ends.

In practice, the most common use of a differentiator is to produce a short pulse from a relatively
long pulse.
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In this active differentiator circuit, the op amp is the active element. The differentiator network
consists of a feedback resistor (Rf) and an input capacitor (CN).

At very high input frequencies, the reactance of Cpy\ approaches zero. An input resistor (Rpy) is
placed in series to limit the closed loop voltage gain at high frequencies.

12
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NEW TERMS AND WORDS

integrators - circuits whose output voltage equals the area under the input waveform over a
specified period of time.

differentiators - circuits whose output voltage at any given instant equals the rate of change of
the input voltage up to that instant.

breakpoint - the frequency at which an integrating or differentiating network's resistance and
capacitive reactance are equal.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Signal generator
OPERATIONAL AMPLIFIER APPLICATIONS circuit board

NOTES
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Exercise 1 — The Integrator

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the effects of an active
integrator on an input waveform. You will verify your results with an oscilloscope.

DISCUSSION

This is an active integrator circuit. The op amp (U1) is the active component.

The integrating network is formed by R; and C;.

No feedback resistor is needed in an ideal active integrator. In practice the feedback resistor
(R3 in this circuit) establishes the dc and low frequency gain of the op amp. The feedback
resistor, also, prevents saturation due to input offset voltages.

The op amp acts like an inverting amplifier.

R, reduces the effects of input offset currents.

The load resistor is Ry.

The integrator has a low frequency phase shift of 180°. At higher frequencies the phase shift
decreases from 180° because of the reactance of the feedback capacitor.

This active integrator, within a certain range of frequencies, has the basic characteristics of a
low pass filter which are: Low frequencies are passed to the output with high gain and high
frequencies are attenuated.

The cutoff frequency (fc) is the frequency at which attenuation begins.

The breakpoint frequency is the frequency at which the feedback capacitor’s reactance equals
the feedback resistance (R = XcF).

Integration occurs above the breakpoint frequencies. Below the breakpoint frequencies, high
capacitive reactance causes the circuit to act like a simple inverting amplifier.

Breakpoint frequency (fc) is calculated using this equation:

fc=1/2nxR3xCl)

14
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Exercise 2 — The Differentiator

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the effects of an active
differentiator on an input waveform. You will verify your results with an oscilloscope.

DISCUSSION

This is an active differentiator circuit. The op amp (U1) is the active component.

The differentiating network is formed by R, and C;.

The op amp acts like an inverting amplifier.

R, limits the high frequency gain of the circuit.

The load resistor is Rj.

When square wave inputs are applied, the differentiated output is inverted with respect to the
input.

Triangle input waveforms are differentiated into square waves.

Low frequency sinusoidal input signals are differentiated into a 90° phase shifted sinusoidal
waveform.

The phase shift approaches 180° as the frequency increases to the breakpoint.

Output signal amplitude increases as frequency increases. Therefore, for sinusoidal input
signals, the active differentiator tends to pass high frequencies.

The breakpoint frequency is the frequency at which the feedback capacitor’s reactance equals
the resistance (R; = X¢).

The active differentiator has two distinct operating regions, which can be seen by viewing the
gain versus frequency curve.

Frequencies below the breakpoint, differentiation occurs and gain increases with increasing
frequency. At and above the breakpoint frequency, the signal is passed with maximum gain.
For practical differentiators, choose a relatively high breakpoint frequency to make use of the
widest possible differentiator region.

16
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UNIT 3 — LOow PASS FILTER

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the operating characteristics of low
pass filters by analyzing the performance of a single and double pole op amp filter circuit. You
will verify your results with an oscilloscope.

UNIT FUNDAMENTALS
"I'III'D
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A low pass filter is a circuit that passes input signals below a certain frequency and blocks
higher frequency signals.

The gain versus frequency characteristics of an ideal low pass filter are shown.

The point at which the filter stops passing and begins blocking input signals is the cutoff
frequency (fc).

The range of frequencies passed by the filter is the passband.

The range above the cutoff is the stopband.

19
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The characteristics of a practical low pass filter show a more gradual transition from passband to
stopband. You will see in a later discussion that it is possible to alter the circuit to make the
characteristics approach the ideal response.

The cutoff frequency is also called the corner frequency or break frequency and is the point at
which the output voltage equals 70.7% of the passband level. This corresponds to a -3 dB

attenuation and is also known as the 3 dB down point.

The rate at which gain decreases beyond f;; is the filter's rolloff.
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Low pass filters have a property called order. The order number corresponds to the number of
poles a filter has. The number of poles is also the number of lag networks.

As a filter's order (number of poles) increases, it experiences a sharper rolloff, and its response
curve approaches that of the ideal low pass filter.

Different types of low pass filters have different rolloff characteristics.

For example, the Butterworth filter responses shown exhibit an attenuation rate of n x (-20) dB
per decade, where n is the number of poles.
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These response curves show the attenuation rates for first, second, and third order Butterworth
low pass filters.

NEW TERMS AND WORDS

overshoot - the amount by which a signal exceeds its final value.

undershoot - the amount by which a signal exceeds its final value in a direction opposite to the
main transition.

ringing - a damped oscillation in a circuit's output signal resulting from a sudden change in the
input signal.

settle time - the time required for ringing to diminish to a specific level.

damping - reduction of amplitude in oscillations.

overdamped - damped beyond the critically damped level.

critically damped - condition of a filter in which the damping level provides this.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Oscilloscope, dual trace

Signal Generator
OPERATIONAL AMPLIFIER APPLICATIONS circuit board
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Exercise 1 — Low Pass Filter Frequency Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the frequency
characteristics of an active low pass filter by using an oscilloscope to analyze input and output
waveforms.

EXERCISE DISCUSSION

Active low pass filters can be designed for different types of frequency response. Circuit
component relationships define the type of frequency response.

Chebyshev, Butterworth, and Bessel are three common types of active low pass filters.

The Chebyshev filter has stopband characteristics that are close to those of an ideal low pass
filter.

Butterworth filters exhibit passband characteristics that are close to those of an ideal filter.
Plot filter response curves on semilogarithmic graph paper to clearly illustrate rolloff
characteristics of the filter. Output voltage (or dB gain) is assigned to the vertical (y) axis.
The horizontal (x) axis is scaled logarithmically.

A frequency decade is defined as a factor of 10, i.e.: 100, 1k, 10k.
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Exercise 2 — Low Pass Filter Phase/Transient Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the phase shift
characteristics and transient response of a low pass filter by analyzing circuit input and output
signals. You will verify your results with an oscilloscope.

DISCUSSION

Depending on the circuit design, low pass filters have varying phase shift characteristics.

The type of frequency response, number of poles, and the input frequency determine the
phase shift of the filter.

The transient response of a low pass filter is its ability to react to relatively fast changes of an
input signal.

Transient input signals can produce overshoot, undershoot, and ringing.

Oscillations above and below the ideal voltage level define ringing. Ringing decreases
progressively until the output voltage settles to an ideal level. The time required for the
ringing to die out is called the settle time.

Damping minimizes overshoot, undershoot, and ringing in low pass filters. Damping severely
delays the circuit response time to the input signal positive and negative transitions.

NOTES
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UNIT 4 — HIGH PASS FILTER

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the operating characteristics of high
pass filters by analyzing first order and second order op amp filter circuits. You will verify your
results with an oscilloscope.

UNIT FUNDAMENTALS
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A high pass filter is a circuit that allows frequencies above a specified limit to pass but
attenuates all frequencies below the limit.

For the ideal high pass filter characteristics shown, the point at which input signals begin to pass
to the output is called the corner frequency (f;).

The range of frequencies passed by the filter (above f;;) is the passband.

The range of frequencies blocked by the filter is the stopband.
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The response curve for a practical high pass filter shows a more gradual transition from stopband
to passband.

The corner frequency (f) s the point at which the output voltage is at 70.7% of the passband
level, which corresponds to a -3 dB attenuation. This point is also called the 3 dB down point.
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A practical high pass filter designed with an op amp also has a high frequency cutoff_due to the

op amp's bandwidth limitations.

The high frequency cutoff point depends on the specifications of the particular op amp.

High pass filters are classified by an order number, which corresponds to the number of lead

networks in the circuit.
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The attenuation in a high pass filter's stopband increases as the order number increases, as shown

in these Butterworth response curves.
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NEW TERMS AND WORDS

high pass filter - a circuit that passes frequencies above a certain limit and attenuates other
frequencies.

high frequency cutoff - filter upper point of operation defined by the bandwidth of the circuit
active element.

lead networks - RC networks that cause the output signal to lead the input signal.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter
Oscilloscope, dual trace

Generator, sine wave
OPERATIONAL AMPLIFIER APPLICATIONS circuit board

NOTES
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Exercise 1 — High Pass Filter Frequency Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the frequency
characteristics of a high pass filter by examining input and output waveforms. You will verify
your results with an oscilloscope.

DISCUSSION

Active high pass filters can be configured for different types of frequency response. The
relationship between circuit components defines the type of frequency response.

Three common high pass filters are Chebyshev, Butterworth, and Bessel.

The Chebyshev filter has stopband characteristics closest to the ideal response.

Bessel high pass filters have passband characteristics closest to the ideal response.

Op amp (U1) is configured as a unity gain amplifier. The gain is one in the passband.
R1 and C1 compose a lead network which makes the circuit a second order Butterworth
filter.

NOTES
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Exercise 2 — Phase and Transient Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to deter-mine the phase and transient
response characteristics of a high pass filter by analyzing input and output waveforms. You will
verify your results with an oscilloscope.

DISCUSSION

e High pass filters cause phase shifts between the input and output signals. The phase shift

characteristics depend on the type of response (Butterworth, Bessel, or Chebyshev, for

example).

Phase shift decreases as frequency increases.

Phase shift increases as the order number increases.

Transient response of a high pass filter is its ability to react to changes in the input signal.

Transient signals to a high pass filter can produce output distortion; examples are overshoot,

undershoot, and ringing.

Damping is used to reduce of eliminate overshoot, undershoot, and ringing.

e Large amounts of damping can result in an overdamped output, which can severely delay the
filter’s response to step input signals.
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Unit 5—- BAND PASS FILTER

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the operating characteristics of an
active bandpass filter by analyzing input and output signals.

UNIT FUNDAMENTALS

A band pass filteris a circuit that passes frequencies within a certain range, or band. Frequencies
above and below this band are attenuated.
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For the ideal frequency response shown, the range of frequencies passed by the filter is the
passband.

The two frequency ranges attenuated by the filter are the upper and lower stopbands.

The midpoint of the passband is the center frequency ( fo )

The corner frequency at the leading edge of the passband is the lower cutoff frequency ( f;).
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These are the response curves of ideal band pass, low pass, and high pass filters.

In practice, a band pass filter is sometimes designed using a low pass filter in combination with a
high pass filter.
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NEW TERMS AND WORDS

center frequency (fo) - the frequency at the midpoint of the passband.

lower cutoff frequency (f1) - the cutoff frequency at the beginning of the passband.
lower 3 dB down point - the 3 dB down point below f0.

upper cutoff frequency (f>) - the cutoff frequency at the end of the passband.
upper 3 dB down point - the 3 dB down point above f0.

narrow-band pass filters - band pass filters with a minimum Q of 10.

wide-band pass filters - band pass filters with a Q less than 10.

selectivity - a band pass filter's ability to pick out a specific range of frequency.
O-factor - a measure of a band pass filter's selectivity, defined by the range.

band pass filter - a filter that passes frequencies over a specific range, or band.

EQUIPMENT REQUIRED
F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace

Generator, sine wave
OPERATIONAL AMPLIFIER APPLICATIONS circuit board

NOTES
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Exercise 1 — Band Pass Filter Frequency Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the frequency response
characteristics of an active bandpass filter by analyzing input and output signals. You will verify
your results with an oscilloscope.

DISCUSSION

e The center frequency is at the midpoint of the passband.

e The lower cutoff frequency is the point below the center frequency at which the output is 3
dB below the maximum gain.

e The upper cutoff frequency is the point above the center frequency at which the output is 3
dB below the maximum gain.

e The passband is the frequency range between the lower cutoff frequency and the upper cutoff
frequency.

e The bandwidth of the passband is determined using this equation: BW = f, — f}

e Bandpass filters are classified as narrow-band or wide-band. If the bandwidth is less than or
equal to 10% of the center frequency, the filter is a narrow-band type. If the bandwidth is
greater than 10% of the center frequency, the filter is a wide-band type.

e Bandpass filters select a narrow range of frequencies from a relatively wide frequency
spectrum. This selectivity is expressed by the bandpass filter’s quality factor, or Q-factor.

e The Q-factor is defined by the equation: Q = fo)/BW

e A high-Q filter has a minimum Q of 10. Low-Q filters have a Q of below 10.
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Exercise 2 — Band Pass Filter Phase Response

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the phase response of an
op amp band pass filter circuit. You will verify you results with an oscilloscope.

DISCUSSION

The phase response of a bandpass filter is a combines the phase responses of the low pass
and high pass filters.

Phase shift is about —45° at the corner frequency of the high pass filter or at the lower cutoff
frequency of the bandpass filter. Phase shift increases toward —90° as frequency decreases.
Phase shift is about +45° at the corner frequency of the low pass filter or at the upper cutoff
frequency of the bandpass filter. Phase shift increases toward +90° as frequency increases.
At the center frequency the bandpass filter has a net phase shift of about 0°.

The bandpass filter used in this unit has a phase shift caused by the inverting op amp. The
additional phase shift is —180° and is created by the reactive components in the op amp
feedback and input circuit.

The overall phase shift of the bandpass filter circuit is a combination of the op amp inversion
and the individual capacitor phase shifts.
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UNIT 6 — FULL-WAVE BRIDGE DRIVER/CONVERSION

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the operating characteristics of an op
amp voltage-to-current converter by applying ac and dc input voltages. You will verify your
results by measuring circuit output current.

UNIT FUNDAMENTALS
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An op amp can be configured to convert an input voltage to a proportional output current. A
typical noninverting voltage-to-current converter circuit is shown.

The op amp is configured as a noninverting voltage follower. The op amp's output constantly
changes to maintain a zero voltage differential between the + and — inputs.

Since the meter is in the feedback loop, its voltage drop is compensated by the op amp.

You can determine the output current by dividing V5 by R2 (I, = V5/R2).
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By adding a full-wave bridge (FWB) rectifier as shown, this circuit is still a voltage-to-current
converter, but you can adjust R1 to calibrate the output current to the peak, rms, or average value
of a sinusoidal input voltage.

An ac input signal results in an ac output signal from the op amp. This signal is rectified by the
full-wave bridge before driving the milliammeter.

This circuit can also accept dc signals of either polarity.

The full-wave rectifier ensures that positive voltage always appears at the positive meter
terminal.

NEW TERMS AND WORDS

voltage-to-current converter - a circuit whose output is a current proportional to its input voltage
conversion factor - a number that establishes the relationship of output current

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Milliammeter
Multimeter
Oscilloscope, dual trace

Generator, sine wave
OPERATIONAL AMPLIFIER APPLICATIONS circuit board
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Exercise 1 — Op Amp Voltage-to-Current Conversion

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the operating
characteristics of an op amp voltage-to-current converter by applying a dc input voltage. You
will verify your results by measuring dc output current.

DISCUSSION
e Op amp (Ul) is configured as a noninverting amplifier, has a high gain, and a very high input
impedance.

e The op amp output voltage moves up or down to make the voltage drop across R1 (V1) equal
to the input voltage (Vi). Current is generated through the feedback path.

e The output current can be adjusted by varying R1 since the voltage drop V1 matches the
input voltage Vi.

e The four diodes form the full-wave bridge rectifier. CR2 and CR3 conduct when the input
voltage is negative. CR1 and CR4 conduct when the input voltage is positive.

e The full-wave bridge rectifier maintains a one way flow of current through the meter. This
allows ac input voltage and dc input voltage (of either polarity) to be converted.

e The calibration resistor (R1) can be used to adjust the circuit to any voltage-to-current factor
(within the circuit limitations). The conversion factor is found using this equation:
FC =1o/Vi

e The output current is found using this equation: lo = FC x Vi
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Exercise 2 — Full-Wave rms and Average Converter

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the operating
characteristics of an op amp voltage-to-current converter by applying a sinusoidal input voltage.
You will verify your results by measuring circuit output current.

DISCUSSION

A sinusoidal input signal is converted into a proportional dc current using a circuit that
consists of a full-wave bridge and an op amp.

The op amp is configured as a noninverting voltage follower. The op amp output is positive
for the positive half-cycle of the input.

The current through the meter always flows in the same direction because the full-wave
bridge rectifier produces a signal with a constant polarity.

R1 is used to establish the relationship of output current to input voltage. Adjusting R1
allows calibration of the meter to read peak-to-peak, average, or rms value of the input sine
wave.

Peak-to-peak voltage (Vpk-pk) Of a sine wave is measured between its positive and negative
peaks.

Peak value (Vi) 1s measured from OV to the peak of one half-cycle. The peak value is half
the peak-to-peak value.

The average value (Vayg) of a sine wave is 0V because the portions of the curve above and
below 0V are equal. The meter reads the value of the rectified waveform; therefore the
average value will not be OV.

The average value of a full-wave rectified sine wave is 63.6% of the peak value.

Vavg =.636 X Vi

The rms value of a full-wave rectified sine wave is 70.7% of the peak value.

Vims =.707 X Vi

Calibration of the meter is determined by adjusting the output current to 1 mA when the input
voltage is set for the appropriate 1V equivalent. For example: set the input voltage to 2.83
Vokpk (the equivalent of 1 Vi), adjust R1 for a 1 mA output and the meter is calibrated to
display Vims.
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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By using the software in this package, you are agreeing to
become bound by the terms of this License Agreement,
Limited Warranty, and Disclaimer.

This License Agreement constitutes the complete
agreement between you and Lab-Volt. If you do not agree
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Promptly return the F.A.C.E.T. Resources on Multimedia
(CD-ROM) compact discs and all other materials that are
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properly signed registration card is filed with Lab-Volt or an
authorized registration card recipient.

7. Miscellaneous. This agreement is governed by the laws of
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This CD-ROM software has been designed to assure correct
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than those specified in this Instructor's Guide or in
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.
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Digital Logic Fundamentals Unit 1 — Introduction to the Circuit Board

UNIT 1 — INTRODUCTION TO THE CIRCUIT BOARD

UNIT OBJECTIVE

At the completion of this unit, you will be able to locate, identify, and connect digital circuits,
and demonstrate digital logic states by using the DIGITAL LOGIC FUNDAMENTALS circuit

board.

UNIT FUNDAMENTALS

OR CATES H“MOR GATES
AND GATES MOR GATES
FLIF-FLOPS CMOS
SCHMITT UUC
BUFFERS
NAND GATES T
XOR GATES TRI-STATE

LOGIC GATES

The DIGITAL LOGIC FUNDAMENTALS circuit board is composed of ten circuit blocks that
demonstrate different types of logic gates; there are also three voltage and signal support circuit
blocks.
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Logic gate circuits consist of transistors that act like on/off switches. Most of the gates on the
circuit board are bipolar TTL (transistor to transistor logic) gates. A comparison of a bipolar
TTL gate and a CMOS gate is made on the TTL/CMOS COMPARISON circuit block.
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LOGIC STATES

The output logic state (level) of a gate depends on the logic state of the input(s). There are two
logic states: logic 1, or high, and logic 0, or low.

The output of some gates can also be in a high-Z (high impedance) state, which is neither a high
nor low logic state. The gate is disabled when the output is in a high-Z state; the inputs have no
effect on the output.

The input and output logic states change voltage levels stepwise or almost instantaneously.
Sequential (consecutive) change is the nature of digital signals.

The input and output logic states change voltage levels stepwise or almost instantaneously.
Sequential (consecutive) change is the nature of digital signals. Analog signals change in a
smooth continuous manner.

BOOLEAN ALGEBRA

The logic gates simulate equations of Boolean algebra. Boolean algebra equations are
expressions that relate the output logic state to the input logic state(s).

ITNFUT ‘ QUTPUT

A P
% _ A 1 ‘ 1
@ @

For example, the Boolean equation X = A means that the output X will have the same logic state
as the input A. This relationship is presented in a tabular form called a truth table. In a truth
table, a 1 means logic 1, or high, and a 0 means logic 0, or low.
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Another example of a Boolean equation is X = A. The truth table is shown above. The equation

X = A means that X is the complementary logic state (opposite or inverted state) of A: when A
is logic 1, X is logic 0 and vice versa.

NOT SYMBOL

The overbar (line over the letter A) is a NOT symbol that indicates a complementary condition.
The Boolean equation X = A means that if A is logic 0, X is logic 1.

TNFUT OUTPUT
DIGITAL CODE DIGITAL CODE
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COMPUTER
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STEF n 1111 AFAE —== — == 1811111

DIGITAL COMPUTER

A digital computer contains integrated circuits (ICs) that are com-posed of logic gates. The
outputs and inputs of the logic gates are connected to perform the function of the digital
computer.

Letters, numbers, and graphic symbols processed by a digital com-puter are represented by a
binary code that consists of logic 1s and logic Os.

The logic states of the gate inputs and outputs in a digital computer change state sequentially
(consecutively). The sequential logic functions occur millions of times per second.
Understanding the fundamentals of digital logic circuits is the first step in learning about the
operation of a digital computer.
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NEW TERMS AND WORDS

logic gates - devices that perform logic functions.

TTL - Transistor-Transistor-Logic; a logic gate composed of bipolar transistors.

CMOS - devices constructed from a Complementary Metal Oxide Semiconductor process.
Boolean algebra - a logical expression that relates the output logic state of a gate to its input
logic state(s).

truth table - a table that shows the relationship of output logic states to all combinations of input
logic states.

complementary logic state - the binary opposite logic state; logic 1 is the complementary logic
state of logic 0.

NOT symbol - an overbar symbol that indicates that the function is the complement.

integrated circuits (ICs) - devices that combine the actions of many transistors on one chip.
There are many types of IC devices.

binary code - a method of representing numbers by using the two digits 0 and 1.

LED - Light-Emitting Diode; a semiconductor diode that emits light when forward biased.
pulse train - a free-running and repetitive waveform; usually refers to a square waveform.
dual-in-line package (DIP) - a type of IC package that has the same pin count on both sides of
the device.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DIGITAL LOGIC FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace



Digital Logic Fundamentals Unit 1 — Introduction to the Circuit Board

NOTES




Digital Logic Fundamentals Unit 1 — Introduction to the Circuit Board

Exercise 1 — Circuit Block Familiarization

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to locate and identify the circuit blocks
and components on the DIGITAL LOGIC FUNDAMENTALS circuit board. You will verify
your results by identifying logic circuits and making logic level measurements with a voltmeter
and an oscilloscope.

EXERCISE DISCUSSION

There are thirteen circuit blocks on the DIGITAL LOGIC FUNDAMENTALS circuit board
connected to your base unit.
Three of the circuit blocks are support circuits that are located in the upper left corner of the
circuit board. The support circuit blocks include:

POWER SUPPLY REGULATOR (not labeled)

CLOCK

INPUT SIGNALS.

The ten circuit blocks that contain digital logic circuits are:
AND/NAND circuit block

OR/NOR circuit block

XOR/XNOR circuit block

OPEN COLLECTOR circuit block
SET/RESET FLIP-FLOP circuit block
D-TYPE FLIP-FLOP circuit block

JK FLIP-FLOP circuit block

TRI-STATE OUTPUT circuit block
TTL/CMOS COMPARISON circuit block
DATA BUS CONTROL circuit block.

The +5V LED indicates that 5 Vdc power is available to the circuit board.

The CLOCK circuit block provides a 50 kHz square wave clock signal.

The INPUT SIGNALS circuit block provides two outputs (A and B) for static high (logic 1)
and low (logic 0) signals.

The circuit board contains several ground terminals.

The logic circuits on the circuit board are contained in dual-in-line (DIP) integrated circuit
(IC) packages.
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Exercise 2 — Connecting the Digital Logic Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to connect digital logic circuits and
observe the inputs and outputs by using the DIGITAL LOGIC FUNDAMENTALS circuit board.
You will verify your results with a multimeter and an oscilloscope.

EXERCISE DISCUSSION

Test leads connect the terminals at the CLOCK and INPUT SIGNALS circuit blocks to the
input terminals at the logic gate circuit blocks.

A two-post connector has to be installed in the BLOCK SELECT terminals for the input and
output LEDs to function.

When an LED is on (lighted) the logic state is normally high (logic 1).

When an LED is off (not lit), the logic state is normally low (logic 0).

The logic states of circuit inputs and outputs can also be observed with a voltmeter or with an
oscilloscope.

NOTES




Digital Logic Fundamentals Unit 2 — Fundamental Logic Elements

UNIT 2 — FUNDAMENTAL LOGIC ELEMENTS

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the input/ output relationship of
AND, NAND, OR, and NOR logic gates by using the DIGITAL LOGIC FUNDAMENTALS
circuit board.

UNIT FUNDAMENTALS
In TTL digital circuits, there are two fundamental voltage levels, or logic states:

1. a high state, called a logic high (logic 1) and equal to about +5 Vdc.
2. alow state, called a logic low (logic 0) and equal to about OV.

For practical circuits, each state consists of a minimum and a maximum voltage level. Outside of
this range, the logic circuit cannot reliably determine which logic state to assign.

5 S
LOGIC HIGH
2h 2y
0
OH [
H.8W H.8% .
LOGIC LOW
iy iy

The figure illustrates the operating limits of typical TTL circuits. Logic high values, represented
by logic 1, range between 2 and 5 Vdc. Logic low values, represented by logic 0, range between
0 and 0.8 Vdc. Ones (1) and zeros (0) define the truth tables of standard logic gates and circuits.

5y 5V
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LOGIC LOW
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A voltage level between 0.8V and 2V represents an unknown logic state. Logic levels that are
near the threshold can generate intermittent results. Any noise that adds to or subtracts from the
signal can put a gate input in the unknown logic state.
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D NN
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The circuit illustrates a fundamental logic concept. Switches A and B connected in series
represent an AND function. Switches A and B must be closed to illuminate the lamp. If either
switch is opened, the lamp goes off.

sv — R +—>

This circuit illustrates a second fundamental logic concept. Switches A and B connected in
parallel represent an OR function. Either switch A or switch B can be closed to illuminate the
lamp. Both switches must be opened to turn the lamp off.

LOGIC
SWITCH STARTE
LEWVEL STATE
OFF Lol &
8]y HIGH 1

Switch positions can be related to logic levels. Logic levels are represented by highs (1) or lows

(0).
A =]
[=" o
IQ/ A and B = C
— ARD

Boolean equations define the input/output relationships of logic circuits. In place of ones and
zeros, Boolean equations take the form of A and B = C, notated as shown above.

The Boolean equation A and B = C defines the circuit operation. The expression states that
switches A and B must both be activated (on or high) to illuminate the lamp (C). If a lamp-on
condition is considered a logic high, then both A and B must be high to generate a high output.
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Basic logic functions can be complemented. The complement of a logic state is its opposite
state. Logic high (1) and logic low (0) levels are complements of each other. Zero (0) is the ones
complement of one (1), while 1 is the ones complement of 0.

The complexity of an IC package determines its classification. IC packages are classified as
follows:

SSI - small scale integration devices

MSI - medium scale integration devices
LSI - large scale integration devices

VLSI - very large scale integration devices
custom IC devices

YWLST
VLSI{ CUSTOM I
DEYICES
L5T < LSI
MSI < MSI
[=1=h 1 < S51
18 18E 1K 1 kK =
GATE COUNT

The relationship between gate count and classification is illustrated above. For example, a LSI
(large scale integration) device may contain from 101 to 1000 (1K) gates.

NEW TERMS AND WORDS

high state - a voltage level that is interpreted as a logic high.

low state - a voltage level that is interpreted as a logic low.

Ones (1) - represent logic high states; ones complement of 0.

zeros (0) - represent logic low states; ones complement of 1.

threshold - voltage values that define the low and high boundaries of their respective logic
levels.

OR - (A + B = C) a logic function which generates a high logic level when any single input is at
a high logic level.

AND - (A-B = C or AB = () a logic function which generates a high logic level when all inputs
are at a high logic level.

complement - opposite.

ones complement - the inverse of an initial logic state. Zero and one are ones complements of
each other. L

NAND - (A-B =C or AB = C) a logic function which generates a low logic level when inputs are
at a high logic state.

11
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pull-up - a resistor used to terminate an unused AND or NAND input at a high logic level (Vcc).
disables - locks out one or more inputs of an AND or a NAND gate.

enables - recognizes all inputs of an AND or a NAND gate.

NOR - (A + B =C) alogic function which generates a low logic level when any single input is at
a high logic level.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DIGITAL LOGIC FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

NOTES
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Exercise 1 — AND/NAND Logic Functions

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the operation of an AND
and a NAND logic gate. You will verify your results by generating truth tables for each function.

EXERCISE DISCUSSION

The output of an AND gate is high only when all inputs are high.
The output of a NAND gate is low only when all inputs are high.

A low input disables an AND or a NAND gate.

A high input (two-input gate) will enable an AND or a NAND gate.
The output of an enabled AND gate is in phase with its input.

The output of an enabled NAND gate is the complement of its input.

NOTES
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Exercise 2 — OR/NOR Logic Functions

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the operation of an OR
and a NOR logic gate, You will verify your results by generating truth tables for each function.

EXERCISE DISCUSSION

The output of an OR gate is high when any input is high.

The output of a NOR gate is low when any input is high.

A high input will disable an OR or a NOR gate.

A low input (two-input gate) will enable an OR or a NOR gate.
OR/NOR gate outputs complement each other.

NOTES
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Digital Logic Fundamentals Unit 3 — Exclusive-OR/NOR Gates

UNIT 3 — EXCLUSIVE-OR/NOR GATES

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the input/output relationship of
EXCLUSIVE-OR and EXCLUSIVE-NOR gates by using the XOR/XNOR circuit block on the
DIGITAL LOGIC FUNDAMENTALS circuit board.

UNIT FUNDAMENTALS

= > =

ExCLUSIVE-OR ExCLUSIVE-NOR

An exclusive type gate is used in arithmetic systems or where the input states are to be
compared. Exclusive gates take two forms: EXCLUSIVE-OR and EXCLUSIVE- NOR
(XNOR). The schematic symbols are shown above.

The double curved lines at the gate inputs differentiate the exclusive function from a
conventional OR or NOR function.

The output (C) of an XOR gate is logic 1 (high) when the inputs (A and B) are complementary
(not equal to one another).

I
(=
m
1]
1

AB + AB = C

The Boolean equation for an XOR gate is C = AB + AB, or simplified as C = A @ B. A plus
sign in a circle, @ , denotes an exclusive function in a Boolean equation.

15
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) e

The output (C) of an XNOR gate is logic 1 (high) when the gate inputs (A and B) are equal (both
high or both low).

An XNOR gate has a circle on the output in addition to the double curved lines at the input.

T e

A @ B

]
]

AE + AB

]
0

The Boolean equation for an XNOR gate is C = AB + AB, or simplified as C = A @ B.

INPUT INFUTS OUTPUTS
COMDITION A B ROR HNOR
EQUALITY 1 1 a L
INEQUALTITY 1 a L Z
INEQUALITY i} 1 L =
EQUALITY Ju) a a L

Above is the truth table for the XOR and XNOR functions. The XOR circuit detects conditions
of inequality at its input. The XNOR circuit detects conditions of equality at its input.

16
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NOTE: This is the actual ce

#MOR gate used on wour

circuit hoard. e U e

e
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As shown above, two XOR gates can be connected to generate both XOR and XNOR output
signals. The output of the second XOR gate (E) is the XNOR function of inputs A and B. The
second XOR gate performs an XNOR operation due to the action of the pull-up resistor
connected at D.

B A C [HOR) D E (HMCOR)
1 1 1) 1 1
1 B 1 1 B
) 1 1 1 H
& B 1 1

1)
?_ COMPLEMEMNT j!\

The table is the truth table for the circuit shown above.

NEW TERMS AND WORDS

EXCLUSIVE-OR (XOR) - a logic gate that generates a low output level for conditions of
equality or a high output for conditions of inequality.

EXCLUSIVE- NOR (XNOR) - a logic gate that generates a high output level for conditions of
equality or a low output for conditions of inequality.

inequality - a condition in which input logic states are not equal (complementary).

equality - a condition in which input logic states are equal (not complementary).

open collector - a type of gate output that generally requires a pull-up resistor connected to the
collector.

EQUIPMENT REQUIRED

F.A.C.E.T. DIGITAL LOGIC FUNDAMENTALS circuit board
Multimeter
Oscilloscope, dual trace
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NOTES
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Digital Logic Fundamentals Unit 3 — Exclusive-OR/NOR Gates

Exercise 1 — Exclusive OR/NOR Gate Functions

EXERCISE OBJECTIVE
When you have completed this exercise, you will be able to demonstrate the operation of an

EXCLUSIVE-OR and an EXCLUSIVE-NOR logic gate. You will verify your results by
generating truth tables for each function.

EXERCISE DISCUSSION

A 74LS136 IC package can be configured to provide both XOR and XNOR functions.

The output of an XOR circuit is high for input conditions of inequality.

The output of an XNOR circuit is high for input conditions of equality.

The inputs of an exclusive type IC cannot be locked out because all input logic states affect
the output state.

e The outputs of an XOR and XNOR gate are complementary for identical XOR and XNOR
input states.

NOTES
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Exercise 2 — Dynamic Response of XOR/XNOR Gates

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the output response of
XOR and XNOR gates to a square wave input. You will verify your results by observing circuit
waveforms with an oscilloscope.

EXERCISE DISCUSSION

e A two-input XOR or XNOR gate cannot be disabled by one input pulled high or low.

e The level present at one input of a two-input XOR/XNOR gate controls the input/output
phase relationship of the gate.

e A two-input XOR gate generates a complement if one of its inputs is is pulled high.

e A two-input XNOR gate generates a complement if one of its inputs is pulled low.

NOTES
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Digital Logic Fundamentals Unit 4 — Open Collector and Other TTL Gates

UNIT 4 — OPEN COLLECTOR AND OTHER TTL GATES

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operating characteristics of a
Schmitt-trigger LS inverter, a standard LS inverter, and an open collector buffer by using the
OPEN COLLECTOR circuit block.

UNIT FUNDAMENTALS

Standard input Low Power Schottky (LS) gates require input wave-forms with fast rise times
and fall times. Schmitt-trigger LS gates allow input signals with slow rise and fall times or
noise to drive TTL ICs without generating false output signals.

INFPUT
VOL TRCE
INFUT
HIGH LOGIC
Sy STATE Y IHIMING
1.5y UNCERTAIN
LOGIC 1.2y
STRTE %
1.8
.8 7
.5 IMNPUT IL (MAX?
LOW LOCIC
STATE

STRMNDARD LS GATE
For a standard LS gate, the input voltage levels at which the input signal is in a low, uncertain, or
high logic state are shown.

Vig (voltage in high) and Vi, (voltage in low) represent the specification input voltage levels
at which the output has a definite logic state (high or low).

At VI (2V) or greater, the output of a standard LS gate is high for a buffer and low for an

inverter. At Vir, (0.8V) or less, the output of a standard LS gate is low for a buffer and high for
an inverter.

The output logic state is un-certain between an input voltage of 0.8V and 2V.

Actually, the output changes state during a narrow, uncertain input voltage range that is between
0.8V and 2V.
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INPUT
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SCHMITT-TRIGZER LS GATE

For a Schmitt-trigger LS gate, the input voltage levels at which the input is in a low, locked out,
or high logic state are shown.

With a Schmitt-trigger gate, the output logic state will not change until the input voltage
increases to the upper trip point of 1.6V. This is the positive-going threshold voltage (V4).

When the input voltage decreases, the output will not change until the input voltage decreases to
the lower trip point of 0.8V.

This is the negative-going threshold voltage (V.).

Positive feedback (hysteresis) is used in the Schmitt-trigger gate circuit.

Input voltages between V1_ and V14 are locked out and will not cause false output states if the
inputs have slow rise and fall times or if the input signal contains noise.

A Schmitt-trigger device is identified by a hysteresis loop on the device symbol, as shown.
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Yoo

MEMD

oUTFUT

B Al Y = @ vdc

v

An open collector gate circuit has its output connected only to the collector of a transistor, as
shown.

The output terminal is not connected to any internal source of power; therefore, as shown above,
a voltmeter indicates 0 Vdc even if the transistor is off.

Ve
NAND PULL-LF
RESISTOR
OUTRUT
A AND
B

v

In general, an open collector device requires a pull-up resistor to Vo (5 Vdce). The voltmeter
reads 5 Vdc (V) when the transistor is off and less than 0.5 Vdc when the transistor is on.
This circuit performs a NAND operation because the AND output is complemented (inverted) by

the open collector transistor.
A 4| So——— A

The symbol for a NOT gate, or inverter, is shown. The circle at the gate output indicates a NOT
function. A logic gate that has an output complementary to the input is an inverter, or a NOT
gate.
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Shown are several combinations of logic gates and the effects of a NOT operation.

NEW TERMS AND WORDS

Low Power Schottky (LS) - a type of logic family that uses high speed/low voltage drop diodes
to improve gate performance.

rise times - the period of time required for a signal to move from its 10% point to its 90% point.
Also called the low to high transition time.
fall times. - the period of time required for a signal to move from its 90% point to its 10% point.
Also called the high to low transistion time.

Schmitt-trigger - a type of gate that uses hysteresis to determine threshold points.

Vim - minimum voltage for the input of a standard gate to be logic 1.

V1. - maximum voltage for the input of a standard gate to be logic 0.

buffer - alogic gate with one input and one output, and the output logic state equals the input
logic state.

inverter - a logic gate with one input and one output, and the output logic state is the
complement of the input.

Vr+ - the positive-going threshold voltage of a Schmitt gate.

V7. - the negative-going threshold voltage of a Schmitt gate.

hysteresis - a type of positive feedback used to improve the response time of a gate driven by
analog waveforms.

NOT - type of logic circuit used to generate a complement.

OR-TIE - a circuit function that allows more than one gate output to control one circuit point.
transfer characteristic - the relationship between the output and input voltage levels of a logic
gate.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DIGITAL LOGIC FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

NOTES
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Exercise 1 — DC Operation of a NOT and an OR-TIE

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operation of NOT
and OR-TIE functions. You will verify your results by measuring circuit logic states.

EXERCISE DISCUSSION

A NOT gate complements a logic state.

Open collector gates require a pull-up circuit.

In its low state, the output of a gate will sink current.

Two or more open collector gates with their outputs connected together perform an OR-TIE
operation.

e OR-TIE connections require the use of open collector gates.

NOTES
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Exercise 2 — Transfer Characteristics of Gates

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the effects of an input
signal voltage level on the output logic state of a Schmitt-trigger LS inverter and a standard LS
inverter by using the OPEN COLLECTOR circuit block. You will verify your results by
comparing the output waveforms of each type of inverter.

EXERCISE DISCUSSION

e The STANDARD inverter changes state over a narrow voltage range that is between the
specified Vi and V.

e The output of a Schmitt-trigger inverter changes state only at its specified V1 and Vr_; input
signals between Vr; and Vr. are locked out.

e A Schmitt-trigger gate transforms analog input waveforms into square digital output
waveforms.

NOTES
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Digital Logic Fundamentals Unit 5 — Flip-Flops

UNIT 5 — FLIP-FLOPS

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a set/reset (RS)
flip-flop and a D-type flip-flop on the DIGITAL LOGIC FUNDAMENTALS circuit board by
using measured logic levels of the input and output signals.

UNIT FUNDAMENTALS

Flip-flop circuits have an output state of logic 1 (high) or logic 0 (low). Flip-flops are bi-stable:
they remain in one logic state until switched to the complementary (opposite) state. Logic 1
(high) is the complement of logic 0 (low).

Flip-flops function as memory or storage elements, synchronizing circuits, dividers, and system

reset elements. Flip-flop circuits are configured with basic logic gates or with an integrated
circuit (IC) having many gates.

>—r|/— SET

ET 5 o et >——0 FF g
OUTPUTS CLOCK —————[>CLK OUTPUTS
RESET - 3
—F U CLR
>—£|b\— RESET
RS FLIP-FLOP D-TYPE FLIP-FLOP

There are several types of flip-flop configurations. This unit demonstrates the RS flip-flop
(set/reset) and D-type flip-flop. The schematic symbols are shown.

In general, flip-flop circuits have two outputs labeled Q and Q. The inputs include set (preset),
reset (clear), data, and clock signals.

HIGH [(LOGIC 1)

Q2
Lo | .
| |
HIGH ! !
q
Low  |[(LOGIC &)

= TIME

The Q and Q outputs are complementary: when Q is high (logic 1), Q is low (logic 0) and vice
versa.

29



Digital Logic Fundamentals Unit 5 — Flip-Flops

>—| :SET

HIGH
HIGH e >—— o PR g
oUTPUTS CLOCK o CLE oUTPUTS
o]
Loty oz Loty
>: - RESET
RS FLIP-FLOP D-TYPE FLIF-FLOP
When a flip-flop is set or preset, the Q output is put in a high (logic 1) state.
>— : SET
Lty
e ata >——Jo0 ¢
CUTPUTS CLOCK O »CLE OUTPUTS
1]
HIGH i HIGH
>: - RESET
RS FLIP-FLOP D-TYPE FLIF-FLOP

Reset or clear puts the Q output in a low (logic 0) state.

E— )

__|p _ |lpo
T ﬂﬁ -~ CLK F L oLk
_— - _—— =
POSITIVE NEGATIWE
TRANSITIOMN TRANSITION

— —

Some flip-flops have inputs for a clock signal. A specific logic level (level-triggered) or a
transition (edge-triggered) of the clock signal enables the flip-flop to respond to the logic level
of the data signal.

Two types of clock signals that activate flip-flops are shown. A symbol at the clock (CLK) input
identifies the clock signal.

The positive transition (edge) of the clock enables the flip-flop on the left to respond to the data
input. The CLK symbol is a triangle.

The negative transition (edge) of the clock enables the flip-flop on the right to respond to the
data input. A circle and a triangle represent the CLK symbol.
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NEW TERMS AND WORDS

Flip-flop - a circuit that can store a data bit (0 or 1).

bi-stable - outputs remain in one logic state until switched to the complementary state.

RS flip-flop - a filip-flop having two inputs S and R, that can be set or reset.

D-type flip-flop - a flip-flop circuit that requires a clock signal to make the output (Q) equal to
the input (D).

set - to preset

reset - to clear

transition - refers to the positive-or-negative-going portion of a clock signal as opposed to its
high or low steady state level.

cross-coupled - refers to paired gates configured with feedback from each output to an input of
the adjacent gate.

debounce - to remove false state changes produced by the mechanical bounce of switch contacts.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DIGITAL LOGIC FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

NOTES
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Exercise 1 — Set/Reset Flip-Flop

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the operating
characteristics of a set/reset (RS) flip-flop by using cross-coupled NAND gates. You will verify
your results with an oscilloscope.

EXERCISE DISCUSSION

A set/reset (RS) flip-flop has two inputs, S (SET) and R (RESET), and two complementary
outputs, Q and Q.

The circles at S and R indicate that a logic low is required.

This RS flip-flop does not require a clock signal; however, some RS flip-flops are configured
with a clock input.

A logic low at input S combined with a logic high at R sets the Q output to logic high and the
Q output to logic low.

When the inputs are changed to a high at S and a low at R, the flip-flop is reset: output Q
becomes low and Q becomes high.

An RS flip-flop is bi-stable because the outputs are latched, or stored, until switched to the
complement logic states.

The RS flip-flop consists of two NAND gates with cross-coupled outputs: one input connects
to the output of the adjacent gate.

The NAND gates in an RS flip-flop schematic are usually represented by the symbols for OR
gates with negated inputs.

An OR gate with negated inputs has the same output states as a NAND gate.

Because Q connects to input B1 of NAND gate B, the two high inputs to gate B cause a low
at Q.

Because Q connects to input A2 of NAND gate A, input A2 is low.

When the RS flip-flop is set, the Q output is high.

When the switch is open, the Q output remains high and the Q output remains low because
the gates are cross-coupled.

The feedback from gate B (Q) maintains input A2 low, and the feedback from gate A (Q)
maintains input B1 high.

NAND gate A has a low input that is required for a high output (Q), and NAND gate B has
two high inputs that are required for a low output (Q).

The RS flip-flop latches to the SET condition (high Q and low Q) until the switch is placed
in the RESET position.
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e Placing the switch to RESET (R) puts a low at input B2. A low at either input of NAND gate
B causes a high output (Q).

e Because Q connects to input A2 of NAND gate A, the two high inputs at gate A cause a low
output (Q).

e Because Q connects to input Bl of NAND gate B, input B1 is low.

e  When the RS flip-flop is reset, the Q output is low and the Q output is high.

e When the switch is open, output Q remains high and output Q remains low because of the
feedback.

e NAND gate B has a low input that is required for a high output (Q), and NAND gate A has
two high inputs that are required for a low output (Q).

e The RS flip-flop latches to the RESET condition (high Q and low Q) until the switch is
placed in the SET position.

e When the position of a switch changes, it bounces (makes and breaks contact) a few times
before making permanent contact.

e Because the Q and Q outputs of an RS flip-flop become latched to a fixed state at initial
switch contact to SET or RESET, switch bouncing does not affect the flip-flop output state.

e An RS flip-flop buffers a circuit from the effect of switch bouncing; the RS flip-flop can be
used to debounce a switch contact.

e Switch bouncing does not change the RS flip-flop output state because Q and Q become
latched on initial contact to SET or RESET, and the NAND gates are cross-coupled.

e A high at the SET and RESET inputs (1,1) after setting or resetting the flip-flop represents
placing the switch in the open position.

¢ Placing the switch in the open position after SET or RESET does not change the output state.

e This RS flip-flop circuit cannot have a low at the SET and RESET inputs simultaneously
because of the switch arrangement.

e However, if a low were put at both the SET and RESET inputs, Q and Q would be high. This
state is prohibited because complementary outputs are desired.

e Putting a high to the SET and RESET inputs following the prohibited output state (two
highs) causes a race condition between the Q and Q outputs to an indeterminate
complementary output condition.

e Putting a low at the SET and RESET inputs is prohibited in an RS flip-flop circuit because
complementary outputs (Q and Q) are desired.

33



Digital Logic Fundamentals Unit 5 — Flip-Flops

NOTES
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Exercise 2 — D-Type Flip-Flop

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the characteristics of a D-
type flip-flop by observing the logic states of the outputs in response to the input signals. You
will verify your results with an oscilloscope.

EXERCISE DISCUSSION

e The schematic symbol shows a typical D-type flip-flop. There is one data input (D) and a
clock input (CLK).

e A PR (preset) input sets the flip-flop and a CLR (clear) input resets the flip-flop.

e The two outputs, Q and Q, are complementary.

e A low (logic 0) at PR sets Q high (logic 1).

e A low at CLR resets Q low.

e [If either the PR or CLR inputs remain in a low state, the flip-flop is locked in its set or reset
state, respectively; data or clock signals have no effect on Q and Q.

e A low (logic 0) at PR sets Q high (logic 1).

e The small circle and triangle at the CLK input indicate that the negative edge of the clock
signal activates the data (D) input.

e The data input must be stable before and after the flip-flop is clocked.

e The logic state of the data is input to the D-type flip-flop only during the transition of the
clock signal from high to low.

e This is a timing diagram showing the relationship between the data input (D), the outputs (Q
and Q), and the clock signal (CLK).

e Q cquals the D input after the negative edge of the CLK. Q is the complement of D and Q.

e Once a D-type flip-flop is clocked, changes to the logic state of D do not affect Q and Q
until there is another negative edge of the CLK signal.

e The Q output is logic 1. If input D is logic 0 during the next negative edge of the clock
signal, the Q output changes to logic 0.

e For example, if PR is logic 1 and CLR is logic 0, the D-type flip-flop is reset: Q is logic 0
and Q is logic 1. The logic states of D and CLK do not affect the outputs.
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UNIT 6 — JK FLIP-FLOP

UNIT OBJECTIVE

When you have completed this unit, you will be able to demonstrate the operation and

configurations of a JK flip-flop by using the DIGITAL LOGIC FUNDAMENTALS circuit
board.

UNIT FUNDAMENTALS

INPUTS

PRESET 1

DATE et T - Q ——
CLOCK S o CLK OUTPUTS
DATA >—— o b1
CLEAR " T

The schematic symbol shows a JK flip-flop. There are two data inputs (J and K) and a clock
input. This JK flip-flop requires a negative clock edge signal; however, other JK flip-flops may
require a positive clock edge, a logic 1, or a logic 0 clock signal.

In addition, there usually are asynchronous preset and clear inputs to respectively set and reset
the JK flip-flop. Either negative (as shown) or positive logic levels may be required
at PR or CLR. The outputs, Q and Q, are complementary.

The JK flip-flop is the most commonly used flip-flop because it is versatile.

The JK flip-flop can be adapted to have the operating features of an RS flip-flop, a T flip-flop
(toggle flip-flop), a D-type flip-flop, or a master-slave JK flip-flop.

INPUTS
PRESET 4;

DATE T PR (R DATA
CLOCK o CLK OUTPUTS
DATA >——K o O b——= [s1paTa

CLEAR = L['

The basic JK flip-flop is essentially a clocked RS flip-flop; the J and K inputs are equivalent to
the R and S inputs, respectively.
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Unit 6 — JK Flip-Flop

INPUTS
PRESET ﬁ
Lz 1 PR
DATA, 1 o "
CLOCK LK OUTPUTS
Lon3IC 4 -
DATE |k  ———_
L

CLEAR

A T flip-flop is a JK flip-flop with J and K inputs set high (logic 1). The outputs of a T flip-flop

change state at every clock signal.

LOZIC 1

DATA (D

CLOCK,

LOGIC 1

4

PR
J
>>CLK
I
CLF

T

A D-type flip-flop is a JK flip-flop with complementary J and K inputs.

MASTER Jk FLIP-FLOP

SR i |

(=
— K

CLE

Q

2

SLAVE Jk FLIP-FLOF

)

—C:}-—

K

Q

A master-slave flip-flop is two JK flip-flops with the outputs of the master connected to the
inputs of the slave. A master-slave flip-flop is useful in certain applications to prevent

racing of the outputs.

NEW TERMS AND WORDS

JK flip-flop - a flip-flop with two data inputs (J and K) and one clock input.
master-slave JK flip-flop - a circuit that contains two flip-flops, a master and a slave. The
outputs of the master connect to the inputs of the slave.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DIGITAL LOGIC FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

NOTES
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Exercise 1 — Static JK Flip-Flop Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the truth table for a JK
flip-flop by measuring the output logic states for changes to the input logic states. You will
verify your results with an oscilloscope.

EXERCISE DISCUSSION

e The JK flip-flop used in this exercise is designated as an integrated circuit (IC) type 74LS76
flip-flop.

e The PR input presets (sets) the Q output to logic 1.

e The CLR input clears (resets) the Q output to logic 0.

e The data inputs are J and K.

e A negative clock edge is required for the outputs (Q and Q) to respond to the logic states of
the J and K data inputs.

e Alogic 0 (L) at PR (PRESET) sets the JK flip-flop: Q is logic 1 (H) and Q-not is logic 0 (L).

e Alogic 0 (L) at CLR (CLEAR) resets the JK flip-flop: Q is logic 0 (L) and Q is logic 1 (H).

e Alogic 0 (L) at PR or CLR will override the J, K, and CLK inputs.

e A logic 0 (L) at the PR and CLR inputs causes Q and Q to be logic 1 (H); this output
condition is invalid.

e  When PR and CLR are both logic 1 (H), the following three logic conditions at data inputs J
and K cause the following Q and Q output logic states after a negative edge of the clock
signal.

1. Alogic 0 (L) atJ and K results in no output change after the clock signal.

2. Alogic 1 (H) at J and a logic 0 (L) at K result in Q equal to logic 1 (H) and Q equal to
logic 0 (L) after the clock signal.

3. Alogic 0 (L) at J and a logic 1 (H) at K result in Q equal to logic 0 (L) and Q equal to
logic 1 (H) after the clock signal.

e When the J and K inputs have complementary logic states, the JK flip-flop functions
basically as a clocked RS flip-flop.

e PR and CLR are logic 1, and J and K have complementary logic states. After the next
negative edge of the clock signal, the Q output equals the J input logic state.

e Alogic 1 (H) atJ and K results in the outputs changing (toggling) after every negative edge
of the clock signal.

e With J and K held at logic 1, the JK flip-flop is configured as a T flip-flop (toggle flip-flop).

e When the clock is logic 1 (H) or logic 0 (L), there is no output change.

e Inputs PR, CLR, J, and K are logic 1. After the next negative edge of the clock signal, the Q

and Q outputs will change logic states.
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NOTES
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Exercise 2 — Dynamic Operation of a JK Flip-Flop

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to configure a JK flip-flop to operate as
a toggle flip-flop or a D-type flip-flop by using the DIGITAL LOGIC FUNDAMENTALS
circuit board. You will verify your results by comparing the input and output logic states.

EXERCISE DISCUSSION

The JK flip-flop is the most commonly used flip-flop because it can be configured to have
the operating features of an RS flip-flop, a T flip-flop, or a D-type flip-flop.

In the previous exercise, you observed that a JK flip-flop is essentially a clocked RS flip-
flop.

In this exercise procedure, you will configure the JK flip-flop as a T flip-flop and as a D-type
flip-flop; a 50 kHz clock signal is used.

When the J and K data inputs are each set at logic 1, the JK flip-flop functions as a T flip-
flop.

The Q and Q outputs of a T flip-flop change state (toggle) at every negative edge of the
clock signal.

However, if the PR or CLR inputs are logic 0, the toggle action of the outputs with the clock
signal is overridden, and the outputs are held in the set or reset state.

The J, K, PR, and CLR inputs of the JK flip-flop are logic 1. The Q and Q outputs will
change state at every negative edge of the clock signal because the JK flip-flop is configured
as a T flip-flop.

A timing diagram shows the relationship between the CLK signal and the Q and Q-not output
signals. Q and Q toggle (change state) at every negative edge of the clock signal.

Because Q and Q are complementary, Q is logic 1 when Q is logic 0 and vice versa.

The Q and Q signals have one cycle for every two clock cycles.

The Q and Q frequencies are each half of the CLK frequency because they change logic
states only on the negative edge of CLK.

During the positive edge of CLK, Q and Q do not change logic states.

If the frequency of the CLK signal is 50 kHz, the frequency of the Q and Q outputs is 25
kHz.

When the J input to the JK flip-flop is inverted and connected to the K input, the J and K
inputs are always complementary.

In Unit 5, you demonstrated that the Q output of a D-type flip-flop equals the logic state of
the D input (J input) after every clock signal (negative edge).

To configure a JK flip-flop as a D-type flip-flop, the J input is inverted and connected to the
K input.
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e When the JK flip-flop is configured as a D-type flip-flop, the Q output equals the logic state
of the J input after every negative edge of the clock signal, and the Q output equals the
complement of J.

e Ifthe logic state of the J input changes and then returns, between negative clock transitions,
to its original logic state, the outputs do not change.

e When the PR or CLR inputs are logic 0, the outputs are held in a set or reset condition.

NOTES
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UNIT 7 — TRI-STATE OUTPUT

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate the operation of a tri-state buffer
by using the TRI-STATE OUTPUT circuit block on the DIGITAL LOGIC FUNDAMENTALS
circuit board.

UNIT FUNDAMENTALS

LOGIC 1

HIGH-Z

LOGIC &

Tri-state logic devices have three distinct out-put states. In addition to the high (logic 1) and low
(logic 0) output states, tri-state devices have a third output state called the high-impedance state,
or high-Z state. The high-Z state is equivalent to an open circuit at the output of the device; the
output is in a floating condition.

DRTA IMNFPUT QUTPUT

EMABLE (EMJ
IMPUT

This is the schematic symbol for a tri-state buffer.

DATA INPUT SUTPUT

= INPUT
EMABLE CERD
IMPUT
LOGICA

A logic 1 at the EN INPUT permits the buffer to operate normally: the output is the same logic
state as the input.
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DATA IWNPUT QUTPUT

HIGH 2
EMABLE CEND

INPUT
LOGIC O

When the EN signal is logic 0, the buffer output is in the high impedance (high-Z) state: the data
input has no effect on the output.

DATA INPUT OUTPUT

EMRBELE (EN)
IMFLUT

Some tri-state devices are configured to be enabled by a logic 0. The circle on the enable input

indicates this condition, and the ENABLE (EN) INPUT has a not sign. The discussions and
procedures in this unit are based on a tri-state buffer that requires a logic 1 to be enabled.

BUS — LOGIC A&

LOGIC & = LOSIC &
HIGH-=
EM - LOGIC 1] o o
LOSTC 1 B HIGH-= EM — LOSIC &
ER - LOGIC & = (] LOGIC &

EM — LOGTC 1

Tri-state logic devices are very useful for the transfer of data on a data bus. Many tri-state

devices can connect to a data bus. Only the enabled tri-state device sends data to or receives data
from the bus.
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SOURCE CURRERT
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The output of a tri-state device can source or sink current. When the output is high, the tri-state
device is a source of current. When the output is low, the tri-state device is a sink for current.

Yoo
Voo
o]
LOAD
INPUT
OUTPUT
HIGH-Z
En
Ll N

MO CURREEMT FLOW

When the tri-state device is in the high-Z state, the output does not source or sink output current;
the output current is zero.

The following devices can have tri-state logic:

BUFFERS

INVERTERS

FLIP-FLOPS

REGISTERS

ALMOST ALL MICROPROCESSOR ICs.
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NEW TERMS AND WORDS

tri-state - a gate that has a high impedance (high-Z) output state in addition to logic 0 and logic 1
output states.

high-Z state - the output state of a tri-state device when it is disabled; the output state is neither
logic 1 or logic 0. High-Z means high impedance.

bus - conductors that are used as a path for the transfer of data between devices in a computer.
source - a device is a source of current when current flows from the device to a load.

sink - a device is a sink for current when current flows from a load through the device to ground.
totem pole - the configuration of two output transistors of a gate. The emitter of the top transistor
connects to the collector of the bottom transistor; the gate output is at the emitter/collector
connection point.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DIGITAL LOGIC FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

NOTES
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Exercise 1 — Tri-State Buffer Output Control

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate how the enable and data
inputs control the output state of a tri-state buffer. You will verify your results with an
oscilloscope.

EXERCISE DISCUSSION

The tri-state output circuit has two transistors connected in a totem pole configuration.
The tri-state buffer has a data enable (EN) input.

A tri-state buffer has three output states: high impedance (high-Z), high (logic 1), or low
(logic 0).

When EN is inactive (low) the buffer output is in the high-Z state.

When EN is active (high) the buffer output has the same state as the DATA INPUT.

NOTES
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Exercise 2 — Source and Sink Current

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate how a tri-state buffer
output can source and sink current by using the TRI-STATE OUTPUT circuit block. You will
verify your results with an oscilloscope and by observing the output LEDs.

EXERCISE DISCUSSION

The discussion uses conventional current flow.

Transistor-transistor logic (TTL) circuits function as current devices.

When enabled (not high-Z) the TTL tri-state buffer can source or sink current.

Current from a device is a source current: the device supplies current to an output load.
Current from an output load is a sink current: the device provides a current path from the
load to ground.

NOTES
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UNIT8 — TTL AND CMOS COMPARISON

UNIT OBJECTIVE

At the completion of this unit, you will be able to determine the differences between a TTL gate
and a CMOS gate by comparing static and dynamic transfer characteristics.

UNIT FUNDAMENTALS

- — Yoo

IMPUT .

% - OUTPUT
—+ 1 ? L GND

TTL INVERTER SCHEMATIC

TTL and CMOS DIFFERENCES

TTL is an abbreviation for Transistor-Transistor Logic. A TTL inverter schematic is shown. A
TTL logic gate is configured with bipolar transistors, which are current devices.

TETDD

IMPUT OUTPUT
o—a e

7

CMOS INYERTER SCHEMATIC

CMOS is an abbreviation for Complementary Metal-Oxide Semiconductor. A CMOS inverter
schematic is shown. A CMOS logic gate is configured with field-effect transistors (FETs), which
are voltage devices.
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Y488 SERIES q888 SFERIES
TTL GATES CHOS GATES
L&MW POHER

FASTER CONSUHMFTION

HORE COMPACT IC” =

GOOD FOR HIGH
CLOCK SPEEDS

BEETTER MOISE
IMMUNMITY

A comparison between a 7400 series TTL gate and a 4000 series CMOS gate is made above.

The input of a FET does not require current; consequently, a CMOS gate usually uses less power
than a TTL gate at moderate clock frequencies.

However, at very high clock frequencies (switching rates) the power consumption of a CMOS
gate increases to TTL consumption levels.

A TTL gate switches logic levels faster than a CMOS gate does. Therefore, you should weigh
power savings against switching speed when deciding between a CMOS or TTL gate.

Because low power consumption means low heat generation, a CMOS has a higher packing
density. Many more gates can be placed per unit of IC area.

Electrical noise can cause false output logic states. CMOS gates have a wider voltage range
between the input low voltage (V) and the input high voltage (V) and, as a result, have

better noise immunity than do TTL gates.

"'."ICC = & Ydo
"I'Illl "I'IIIO
GHD
TTL GATE

TTL gates have a nominal positive supply voltage (V) of 5 Vde (4.75 Vdc to 5.25 Vdc). The
negative supply is ground.

52



Digital Logic Fundamentals Unit 8 — TTL and CMOS Comparison

oD

Yog

CMOS GATE

CMOS gates have a nominal positive supply voltage (Vpp) of 5 Vdc, 10 Vdc, and 15 Vdc (3
Vdc to 18 Vdc). The negative supply voltage (V§§) is less than the input or output voltages.

Special types of CMOS gates, called high speed CMOS gates, combine the speed of TTL gates
with the low power requirements of CMOS gates.

CMOS devices are available in B series (buffered) or UB series (unbuffered) versions. UB
devices are generally faster than B series devices, but they possess less ideal noise immunity and

transfer characteristics.
STATIC
zﬁriiiiiiiiiiif’#f
III'III L)

oo

Yog

CHMOS GATE

HANDLING

TTL gates are not considered to be sensitive to static electricity. CMOS gates are very static
sensitive devices that can be damaged or destroyed by improper handling.
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NEW TERMS AND WORDS

Vop - the higher potential (with respect to Vss) power supply voltage of CMOS devices.

Vss - the lower (in potential) of two supply voltages required for a TTL IC.

high speed CMOS gates - a family of devices that combines the speed of TTL circuits with the
low power requirements for CMOS.

B series - CMOS gates that possess higher

UB series - CMOS gates that possess lower gain and less ideal transfer characteristics than
buffered CMOS devices do.

transition time - the time it takes the output to go between 10% and 90% of the maximum output
voltage; tryr and trry are the symbols for transition time.

propagation delay - the time between the 50% point of the input signal and the 50% point of the
output signal; tpur and tpLy are the symbols for propagation delay.

trhr - the symbol for high-to-low transition time.

trry - the symbol for low-to-high transition time.

tpyr - the symbol for high-to-low propagation delay.

tpry - the symbol for low-to-high propagation delay.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DIGITAL LOGIC FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace
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Exercise 1 — Trigger Levels of TTL and CMOS Gates

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate the input voltage at
which the output of a TTL gate or a CMOS gate changes logic states by using the TTL/CMOS
COMPARISON circuit block. You will verify your results with an oscilloscope and a
multimeter.

EXERCISE DISCUSSION

TTL uses 5 Vdc and ground as the supply voltage.

The CMOS supply voltage is 5,10, or 15 Vdec.

The CMOS input and output levels are between the supply voltages (Vpp and Vig).
At some voltage between Vi and Vi the gate output changes states.

TTL levels are: Vii= 0.8 Vdc and Vi = 2.0 Vdc.

CMOS levels are: Vi,= 1.0 Vdc and Vi =4.0 Vdc

CMOS has a better noise margin than TTL.

CMOS is low power at low frequencies.

CMOS power increases with frequency.

Open collector TTL gates can generate CMOS logic levels when a resistor is used to pull the
output to Vpp.
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Exercise 2 - TTL and CMOS Dynamic Characteristics

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine the transition times and
propagation delays of TTL and CMOS gates. You will verify your results by comparing input
and output gate waveforms with an oscilloscope.

EXERCISE DISCUSSION

e Transition time is the time required for a digital signal to move from 10% to 90%.
e Propagation time is the time between when the input crosses 50% and the output crosses
50%.

NOTES
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UNIT 9 — DATA BusS CONTROL

UNIT OBJECTIVE

At the completion of this unit, you will be able to demonstrate computer read and write data
transfer operations by using the DATA BUS CONTROL circuit block.

UNIT FUNDAMENTALS

RERD nDaTAa BLUS WREITE
ZPU =—"1 = MEMORY
OR T.-0
_ CDEVICE
.l

Via a bidirectional data bus, a computer transfers data between the CPU (central processing
unit) and the memory or input/output devices.

When the CPU is receiving data from a memory or input/output (I/O) device, it is in the read

operating mode. When the CPU is sending data to a memory or I/O device, it is in the write
operating mode.

A R/W (read/write) control signal is output by the CPU to control the direction of data transfer
on the data bus.

When the R/W (designated RD/WR on the circuit board) signal is high, the CPU reads data
from a memory or I/O device.

When the R/W signal is low, the CPU writes data to a memory or 1/O device.

The read and write operations are related, respectively, to the direction of data flow from and to
the CPU.

59



Digital Logic Fundamentals Unit 9 — Data Bus Control

ADDRESS BUS

ADDRESS
BUS
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The CPU outputs information on the address bus. A decoder interprets the address and sends a
chip select (CS) control signal to the device with which the CPU desires to communicate.

A high chip select (CS) control signal enables the device for a read or write operation from the

CPU. CS and R/W signals control the flow of data, on the bidirectional data bus, between the
CPU and the memory or I/O devices.
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AND gates, tri-state buffers, and an inverter (NOT gate) are used in the digital logic circuitry that
controls read and write operations.

In previous units, you demonstrated the operation of
1. an inverter,

2. an AND gate, and
3. a tri-state buffer.
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The output of an inverter is the complement of the input.
The output of an AND gate is high when both inputs are high.

When the enable input of a tri-state buffer is high, the output is the same as the input.

When the enable input is low, the output of a tri-state buffer is in a high impedance (high-Z)

state; the output is effectively disconnected from the output circuit and the input has no effect on

the output.
AND GATE
HIGH A = [, W
Iy TRI-STATE
BUF FER
f%IHVERTER 12
P D
{f:tj
HIGH B N R TRI-STATE
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AMD GATE

The operation of this circuit in controlling data transfer is discussed and demonstrated in the

following two exercises.
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NEW TERMS AND WORDS

bidirectional data bus - conductors that allow data to flow in either direction, one direction at a
time.

CPU (central processing unit) - the central processing unit of a computer where calculations are
performed.

read - the CPU taking information from the data bus.

write - the CPU placing information onto the data bus.

address bus - conductors that allow address data to flow from the CPU to other devices within a
computer.

chip select (CS) - a signal used to enable or disable a gate, circuit, or device in a computer.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

DIGITAL LOGIC FUNDAMENTALS circuit board
Multimeter

Oscilloscope, dual trace

NOTES
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Exercise 1 — Static Control of a Data Bus

EXERCISE OBJECTIVE
When you have completed this exercise, you will be able to demonstrate the function of the CS

signal and R/W signal in controlling data transfer by using the DATA BUS CONTROL circuit
block. You will verify your results by observing the logic states of control and data lines.

EXERCISE DISCUSSION

The CS and R/W control signals are initiated by the CPU.

The WRITE and READ signals are outputs to tri-state buffers that permit bidirectional data
transfer between an 1/0 device and CPU.

When the CS signal is low, the READ and WRITE gates are disabled.

A high CS allows the logic state of R/W to affect the output of the READ and WRITE gates.
The inverter between R/W and the WRITE gate ensures that the complement of the R/ W
signal is input to the WRITE gate.

The READ and WRITE tri-state buffers do not interact because only one buffer is enabled.

NOTES
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Exercise 2 — Dynamic Control of a Data Bus

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to demonstrate control of dynamic
bidirectional data transfer by using the DATA BUS CONTROL circuit block. You will verify
our results by observing the transfer of clocked data with an oscilloscope.

EXERCISE DISCUSSION

e Computer data transfers occur dynamically.

e A CS control signal is initiated by the CPU through an address decoder.
e The CPU selects the direction of the transfer using the R/ signal.

e Devices that are not selected remain in the high-Z state.

e The CPU waits for the data to become stable.

e The data transfer usually occurs on the falling edge of the CS signal.

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T.) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.
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Digital Circuit Fundamentals 1 Unit 1 — Circuit Board Introduction

UNIT 1 — CIRCUIT BOARD INTRODUCTION

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify and operate the circuit blocks on the
DIGITAL CIRCUIT FUNDAMENTALS 1 circuit board.

UNIT FUNDAMENTALS

I L
(REG)
CLOCK ﬂSYﬂgﬂﬁgﬂ?US SYNCHROMNOUS
PULSE COUMTER ST
SIGMALS
9| am |
A ADDER COMPARATOR

The DIGITAL CIRCUIT FUNDAMENTALS 1 circuit board consists of 5 training circuit
blocks.

A general purpose circuit block consists of a 5V regulator, a square wave CLOCK generator, a
PULSE GENERATOR circuit, and an INPUT SIGNALS generating set of toggle switches.

15 Wdo — = IMN REG OUT — =5 V%dc

v

A voltage regulator converts the system's 15 Vdc power supply to 5 Vdc, which is required by
the integrated circuits (ICs) on the circuit board.

Power supply voltages are hardwired to all ICs on the circuit board.
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5 Wdc
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The timer (555 type) CLOCK circuit generates a square wave clock waveform. The PULSE
GENERATOR toggle switch generates positive- and negative-going signal edges. The "at home"
position of this toggle switch is in its UP position.

The INPUT SIGNALS toggle switches, labeled A through D, generate high and low TTL digital
levels. The outputs of this section are hardwired to other points on the circuit board that are
labeled A through D.

BLOCK
SELECT —_—

5 Vdo c:j—@———@—t:: T0
CIRCUTT

The BLOCK SELECT control powers specified circuits. Two-post connectors and patch leads
(interconnecting leads) activate various circuit functions and interconnect circuit blocks.

NEW TERMS AND WORDS

voltage regulator - an IC that maintains a constant output voltage when input voltage or output
load changes.

integrated circuits (ICs) - devices that combine the actions of many transistors on one chip.
hardwired - refers to permanent connections made in copper as opposed to connections that must
be completed with a wire or test lead.

timer (555 type) - an IC used with external components to generate various waveforms, such as a
pulse train.

TTL - transistor-transistor logic.

LED - light-emitting diode; a semiconductor diode that emits light when forward biased.
decoupling capacitors - capacitors that reduce the impedance between the power supply bus and
the IC that the bus powers.
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pulse train - a free-running and repetitive waveform; usually refers to a square waveform.
gates - the lowest level or functional section of an IC package.
LS - low power Schottky; a logic family that has high speed but low power consumption.

dual-in-line packages (DIPs) - a type of IC package that has the same number of pins on both
sides of the device.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Multimeter

Oscilloscope, dual trace

DIGITAL CIRCUIT FUNDAMENTALS 1 circuit board

NOTES
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Exercise 1 — Component Location and Identification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to locate the major circuit blocks on the
circuit board. You will verify your results by correctly identifying circuits and their major
components.

DISCUSSION

The trainer provides circuits which count, add, compare, and shift digital signals. The trainer
is organized into five circuit block units. Each unit may use more than one of the ICs as
active circuit elements.

Monolithic ceramic decoupling capacitors prevent instability and are located near their
respective devices.

Circuit blocks are multifunctional. Two-post connectors are used to select and/or connect
circuit blocks.

Test points and LEDs are provided for voltage level verification.

Titles of each circuit block are indicative of their basic function. The symbols within the IC
denote signal function.

NOTES
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Exercise 2 — Operation of the General Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to use the general purpose circuits on
the circuit boards. You will verify your knowledge by taking voltage and waveform readings.

DISCUSSION

The four general purpose circuits are the power supply regulator, CLOCK GENERATOR,
PULSE GENERATOR, and INPUT SIGNALS.

The power supply regulator uses a 5V voltage regulator to convert 15 Vdc to 5 Vdc. This
supply powers all the ICs on the circuit board and the LED groups which have been activated
with the BLOCK SELECT function.

The CLOCK GENERATOR provides timing for several circuits on the circuit board. Using a
555 timer to generate a square wave and various timing components a clock signal of
approximately 50 KHz is produced. The 1N4446 signal diode generates a duty cycle
waveform of about 50%.

The PULSE GENERATOR produces complementary pulse output waveforms which are
used to ensure a “single-shot” edge (switch debounce) for each switch activation. The
PULSE GENERATOR circuits use two 74LS03 gates and a toggle switch.

INPUT SIGNALS circuit generates four separate TTL voltages labeled D through A. Each
signal has two levels: high or low.
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NOTES
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Exercise 3 — IC Package Fundamentals

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine IC pin locations for LS
devices. You will verify your results on the circuit board.

DISCUSSION

e Logic IC devices are available in plastic or ceramic dual in-line package (DIP) packages. The
logic devices on the DIGITAL FUNDAMENTALS I circuit board use plastic DIPs.

e The logic devices are not soldered directly to the printed circuit board but are inserted into
sockets.

¢ Pins are counted in a clockwise (CW) direction from a bottom view or counterclockwise
(CCW) from a top view (beginning at pin 1).

e Manufacturer’s provide specification sheets for their devices. Specific pin terminals and
circuit functions are examples of the type of information provided.

NOTES
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UNIT 2 — ASYNCHRONOUS RIPPLE COUNTER

UNIT OBJECTIVE

At the completion of this unit, you will have a working knowledge of an asynchronous ripple
counter configured from JK flip-flops.

UNIT FUNDAMENTALS

auT ouT ouT —=
CLOCK »— _|—(::= M _|—|:= M

A ripple counter consists of 2 or more flip-flops connected so that the output of each flip-flop is
wired to the input of the following flip-flop. The initial input is called CLOCK. The output of
flip-flop A is connected to the input of flip-flop B. The output of B is connected to the input of
C.

A ripple counter is also called an asynchronous counter because the circuit outputs do not
change simultaneously with a common clock. The asynchronous counter is also referred to as a
serial counter because each flip-flop is triggered one at a time.

1-2 74LS78

Voo =M ki Ql—r=
> CLK

Voo =Wy Q1=

A JK flip-flop used to construct a ripple counter is configured as a T, or toggle, flip-flop.
The J and K inputs are pulled to V. Q and Q are complements; therefore, ripple counters may
have complementary outputs. Ripple counters can be set or cleared.
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The maximum number of counts of a ripple counter may be controlled with feedback. This
action, or controlling of the count, is the modulus (sometimes abbreviated MOD) of the counter.

NEW TERMS AND WORDS

ripple counter - an asynchronous or serial counter in which the sections are triggered one at a
time, not simultaneously.

asynchronous - a related set of signals that do not change at the same period of time.

T, or toggle, flip-flop - a gate that alters its output state for each clock cycle.

modulus - the number of output states.

nibble - 4 bits of binary data.

word - § bits of binary data, or 2 nibbles.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Multimeter

Oscilloscope, dual trace

DIGITAL CIRCUIT FUNDAMENTALS 1 circuit board

10
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NOTES
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Exercise 1 — Control Functions

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to control the function of an
asynchronous ripple counter. You will verify your results by operating a 4-bit ripple counter.

DISCUSSION

This is a four bit asynchronous ripple counter. The bits are labeled BIT1 through BIT4.
BIT1 is the least significant bit (LSB). Each input CLOCK cycle produces a change of state,
high or low. It takes two CLOCK cycles to generate one output cycle of BIT1. BIT1 divides
the CLOCK input by 2.

BIT2 changes state when clocked by BIT1. It takes four CLOCK cycles to generate one
output cycle at BIT2. BIT2 divides the CLOCK input by 4.

BIT3 divides the CLOCK input by 8. BIT4, the most significant bit (MSB), divides the
CLOCK input by 16.

A nibble is four bits, or half an 8-bit binary word.

A 4-bit ripple counter generates an output range equivalent to the decimal values 0 through
15.

NOTES

12
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Exercise 2 — Waveforms

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to interpret output waveforms of the
ripple counter. You will verify your results by observing the waveforms on your oscilloscope.

DISCUSSION

e Two waveforms per stage are generated by the 4-bit ripple counter. There are a total of eight
waveforms generated.

e The waveforms generated by the ripple counter verify its asynchronous nature.

e FEach output waveform changes its state on the negative edge of the preceding waveform:
Individual stages are configured from negative edge triggered JK flip-flops.

e Sixteen clock cycles are required to increment the counter through its binary count of 0000
through 1111.

e Relationships between clock frequency, period, and clock division factors illustrate how the
ripple counter divides input signals.

e All LEDs appear to be on simultaneously at the 50 kHz clock frequency; therefore, the count
sequence will be indistinguishable.

NOTES

13
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UNIT 3 — SYNCHRONOUS COUNTER

UNIT OBJECTIVE

At the completion of this unit, you will have a working knowledge of an UP/DOWN
synchronous counter.

UNIT FUNDAMENTALS

The 74LS193 is a monolithic synchronous reversible (up/down) counter constructed on a single
IC substrate. The IC has a gate complexity of 55 equivalent gates, placing it in the MSI
(medium-scale integration) category.

MSE LB
CLK CLK CLK LK
T i i T
T
A
cLock
THPT

In the LS193 counter, synchronous operation is provided by simultaneous clocking of all flip-
flops. This mode of operation ensures that the counter outputs change at the same time. A
synchronous counter eliminates the output counting spikes normally associated with
asynchronous (ripple-clocked) counters.

i » - CLOCK
I—C T QD T—C}T QC LO T QB LO}T QA

=] LSE

CLR PR CLR PR CLR PR CLR PR

570 i Y i T

CLEAR

Each section of the LS193 counter is composed of a JK flip-flop configured as a T (toggle) flip-
flop. Each counter stage provides a single output (QA through QD). The CLOCK input is
common to each stage of the counter and updates all outputs simultaneously.

The LOAD input is common to each stage of the counter. LOAD, in conjunction with data
inputs A through D, presets each counter stage. CLEAR is a common input that sets all Q
outputs low.
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Yoo =T P Md=1—— up
M ==F—— DoWN Yoo =—1—AA—] DOuWN
DOWN UP
DIRECTION DIRECT ION

The LS193 counter can count up or down. If UP is pulled to Vcc and DOWN is pulsed, the
count direction is down (HEX B, A, 9, 8, etc.). If DOWN is pulled to V and UP is pulsed, the
count direction is up (HEX 8§, 9, A, B, etc.).

CARRY ACTIVE
Ll
BCRROW OUTPUTS

The LS193 counter detects overflow (a count of 15 + 1) and underflow (a count of 0 - 1).
Overflow detection generates an active CARRY output signal. Underflow detection generates an
active BORROW output signal.

1a

¢

Yoo
5 m—TI» P CARRY = 12
4 T DOWN BORRC Io—= 13
951 D o0 b—= 7
18 =1 C C = &
1= B B = Z
15> A oA = 3
14 >— CLEARR COAC p— 11

55

The pin-out structure of the 74L.S193 serial counter indicates a 16-pin device. Your circuit board
uses a DIP version.
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Digital Circuit Fundamentals 1 Unit 3 — Synchronous Counter

NEW TERMS AND WORDS

monolithic - a manufacturing process or concept whereby a complete system, like your counter,
is fabricated as a single micorcircuit.

synchronous - on your counter, it refers to simultaneous output state changes occurring with a
common CLOCK input.

overflow - on your UP counter, the condition generated when you increment the 1111 count
state.

underflow - on your DOWN counter, the condition generated when you decrement the 0000
counter state.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Multimeter

Oscilloscope, dual trace

DIGITAL CIRCUIT FUNDAMENTALS 1 circuit board

NOTES
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Digital Circuit Fundamentals 1 Unit 3 — Synchronous Counter

Exercise 1 — Control Functions

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to control the functions of a
synchronous counter. You will verify your results by operating a 4-bit counter.

DISCUSSION

The BLOCK SELECT supplies power to the LEDs. Each LED represents a state of the IC
output terminals. LED on = 1 (high state); LED off = 0 (low state)

The four output bits are labeled QD (MSB) through QA (LSB).

Inserting a two-post connector and momentarily pulling CLEAR low resets the counter
outputs.

Momentarily pulling LOAD low sets the counter outputs to the same level as the circuit
inputs A through D. A through D are controlled by toggle switches which are located on the
INPUT SIGNALS circuit.

A two-post connector must be used to enable the COUNT input function. The connector
allows the CLOCK input to be passed to the UP and DOWN inputs of the IC.

When COUNT and UP are selected the counter increments. When only COUNT is selected
the counter decrements.

Use the STEP input function to override the free-run counting mode and allow single-step
clocking. In this operating mode the CLOCK inputs are generated by the toggle switches
located in the PULSE GENERATOR circuit.

Activating the MOD option, with a two-post connector, uses a specific modulus to reset the
counter. The MOD circuit point is not an actual modulus feedback signal. It enables a gate to
pass the signal to the counter IC CLEAR input.

The LS193 counter is binary, the 4-bit output represents counts between 0000, ($0) and
1111, ($F), and generates a CARRY and a BORROW.
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NOTES
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Digital Circuit Fundamentals 1 Unit 3 — Synchronous Counter

Exercise 2 — Waveforms

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to describe the waveforms associated
with a synchronous counter. You will verify your results by observing the waveforms on your
oscilloscope.

DISCUSSION

The LS193 synchronous counter has two input signals (UP and DOWN) associated with
clocking and count direction.

All outputs are clocked simultaneously on a synchronous counter.

The counter has internal gates that allow it to generate CARRY and BORROW output
pulses.

Counter configurations set to increment its value generate a CARRY. Counter configurations
set to decrement its value generate a BORROW.

The pulse width of the CARRY and BORROW outputs equal the pulse width of the UP or
DOWN input.

NOTES
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UNIT 4 — 4-BIT SHIFT REGISTER

UNIT OBJECTIVE

At the completion of this unit, you will have a working knowledge of the 4-BIT SHIFT
REGISTER circuit block.

UNIT FUNDAMENTALS

The 74L.S194 is a monolithic, bidirectional shift register. The IC has a gate complexity of 46
equivalent gates, placing it in the MSI (medium scale integrity) category.

OPERAT IO FUMCTION

Preset outputs from inputs
Data moves from GA toward QD
Data moves from GD toward QA
Do nothing

Parallel load
Shift right
Shift left
Irhibit clock

OPERATIONAL MODES OF THE L5194

IC features include parallel inputs and outputs, shift right and shift left serial inputs, operating
mode control inputs, and a direct overriding CLEAR (reset) input.

BLOCK

SELECT [ | O F |
cLock | - L 1 L 1
COMTROL
— CLOCK QD[+« =
Vccm QC 2 = OUTPUT
—e%;— CLEAR QB = & CATA
RESET == e =
SSeis o =
SHIFT | 4 =T
DIRECTICN % R';@
COMTROL Wi
F 5 =1 G = IEI
SELECTS [| 18- € cle INEUT
MODE  OF =< Bl Bz
OFERATION | | #75- sa A= [A]
4-BIT SHIFT REGISTER

The BLOCK SELECT function, not a part of the IC, controls the application of power to the
circuit block LEDs.

The CLOCK input (positive edge triggered) synchronously shifts data right or left. CLEAR, a
reset for the shift register, places all outputs (QD through QA) in the LOW, or zero, state (LEDs
OFF).

Synchronous parallel loading sets (presets) the register, placing the 4 data bits on the input lines

(D through A) at the outputs (QD through QA). SR (serial right) and SL (serial left) input serial
data to the IC. SO and S1 are the register select inputs: 2 bits control 4 specific functions.
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LSE

QA QB QC QD
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CLOCK3 I I g L=
CLOCK4+ I I i g L ouT

Shift right is defined as a bit or data movement toward QD: a bit of data is shifted from a less
significant register toward a more significant register. 0 shifted into a flip-flop resets its output to

0. 1 shifted into a flip-flop sets its output to 1.

MSB
QA [s]=] ] QD
" i a 1
3 [ ] 1 LOAD
P P 1ty | & CLOCK 1
o 1. | & o CLOCK?
teg I @ o o CLOCKS
oUT | & i a 7 CLOCK4

Shift left is defined as a bit or data movement toward QA a bit of data is shifted from a more
significant register toward a less significant register. 0 shifted into a flip-flop resets its output to

0. 1 shifted into a flip-flop sets its output to 1.

NEW TERMS AND WORDS

Inhibit - to prevent an action such as data shift.

bidirectional - moving in either of two directions (for example, left or right).

shift right - movement of data from a less significant register to a more significant register.
shift left - movement of data from a more significant register to a less significant register.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace
DIGITAL CIRCUIT FUNDAMENTALS circuit board

22



Digital Circuit Fundamentals 1 Unit 4 — 4-Bit Shift Register

NOTES

23



Digital Circuit Fundamentals 1 Unit 4 — 4-Bit Shift Register

Exercise 1 — Basic Operating Modes

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to select various functions of the shift
register. You will verify your results by using the shift register to move data.

DISCUSSION

Two select lines (S1 and S0) control the operating mode of the shift register.

When both select lines are high, synchronous parallel loading occurs and the input lines D
through A contain data.

A momentary low on the CLEAR input line clears the shift register.

Output data refresh and serial data inputs are synchronous with positive transitions of the

CLOCK input.

New serial data enters into the LSB flip-flop when right-shifting data and enters the MSB
flip-flop when left-shifting data.

NOTES
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Digital Circuit Fundamentals 1 Unit 4 — 4-Bit Shift Register

Exercise 2 — Circuit Waveforms

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to relate the bit movements of a shift
register to circuit waveforms. You will verify your results by observing your circuit waveforms
on an oscilloscope.

DISCUSSION

e The LS194 is a synchronous shift register. Outputs are updated on the positive transition of
the CLOCK waveform.

e CLEAR does not require a CLOCK input; all other operations of the shift register require a
minimum of one CLOCK cycle.

NOTES
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UNIT 5-4-BIT ADDER

UNIT OBJECTIVE
At the completion of this unit, you will have a working knowledge of a 4-BIT ADDER.

UNIT FUNDAMENTALS

The 74L.S283 adder adds two 4-bit binary words. This IC falls into the medium scale integration
(MSI) category. The LS283, unlike the LS83 earlier version, has its Vc and Vgg pins at

diagonal corners of the IC, simplifying PCB interconnections.
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There are 8 input terminals, labeled A through D and QA through QD. A through D comprise
one 4-bit word. QA through QD comprise the second 4-bit word.

A and QA are the least significant bits (LSB) of the adder. D and QD are the most significant bits
(MSB) of the adder. The outputs are referred to as the sum of, which is indicated by the symbol
2 (Z1 is the sum of A and QA).

The signal identifiers enclosed within the IC borders are the identifiers assigned by the device
manufacturer. C4 (output of the MSB stage of the counter) indicates an overflow, or a carry. The
carry is generated when a binary 1 is added to a binary 1111. CO (input to the first, or LSB, stage
of the counter) adds 1 to the input side of the adder.
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The IC performs binary (or base 2) addition. The base 2 subscript, or radix indicates a binary
weighted number written as number) (10007). Each stage adds its three inputs, generates an

output, and internally sends carry information to the next stage in line.
The fundamental rules of binary addition are given below.

0+0=0
0+1=1
1+0=1
1+ 1=0withal carry or 10

EXAMPLE

0010
+ 0101
0111

EXAMPLE WITH A CARRY

0001
+ 0001
0010

NEW TERMS AND WORDS

the sum of - a term indicating that numbers are added to generate a sum.
§ - a symbol indicating the sum of T.

base 2 - a number expressed in binary form.

radix - a subscript that defines the base of a number.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace
DIGITAL CIRCUIT FUNDAMENTALS 1 circuit board

NOTES
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Exercise 1 — Fundamental Binary Addition

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to predict the output of a 4-bit adder.
You will verify your results by using a 4-bit adder to add two 4-bit words.

DISCUSSION

e The gates forming the 4-bit adder have additional logic circuit elements which ensure that
gates B and C respond to unequal inputs.

e (Carry detection is provided by gate A if inputs A and B are both 1.

e (ate B generates a 1 when A =0 and B = 1. Gate C generates a | when A =1 and B =0.

e Two cascaded stages have the elements of a two 2-bit word adder.

e The circuit provided with the trainer does not show the internal carry or overflow bits (C1,
C2, and C3) but they are included in the overall result.

e Stage A is the LSB stage of the adder. Stage D is the MSB stage of the adder.

e Outputs QD through QA of the SYNCHRONOUS COUNTER circuit block are hardwired as
inputs to the 4-BIT ADDER circuit block.

e Inputs D through A of the 4-BIT ADDER circuit block are hardwired to toggle switches D
through A of the INPUT SIGNALS circuit.

e Inputs to any one stage are paired: for example A and QA; and C and QC.

e A through D comprise one 4-bit word and QA through QD comprise the second 4-bit word.

e Addition occurs between words only. Addition does not occur within words.
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NOTES
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Exercise 2 — Binary Addition and Carry

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to use input CO of your adder. You will
verify your results by relating circuit waveforms to output binary sum values.

DISCUSSION

e A carry of 1 is activated when the CO input, to the adder, is pulled to Vcc. CO pulled high
adds 1 to the data being summed. CO pulled to Vgs (common or 0V) has no effect on the data
being summed.

e An oscilloscope can scan the output waveforms of the adder.

e The overflow output (C4) is active during the complete count 16 interval. This interval
equals the time during which the adder output is greater than 15: (C4)0000.

NOTES
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UNIT 6 — 4-BIT COMPARATOR

UNIT OBJECTIVE

At the completion of this unit, you will have a working knowledge of a 4-bit comparator.

UNIT FUNDAMENTALS

The 74LS85 IC used on your circuit board is a 4-bit magnitude comparator. The LSB inputs
correspond to the A0 and B0 inputs. The MSB inputs correspond to the A3 and B3 inputs. This
IC falls into the medium-scale integration (MSI) category.
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4-BIT COMPARATOR
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The LS85 comparator makes decisions about two 4-bit words with respect to word A. If A is
greater than B, then the A>B output is activated. If A is less than B, then the A<B output is
activated.

Two 4-bit words comprise the input of the comparator. On the circuit block, word A (A0 through
A3) is labeled A through D, and word B (B0 through B3) is labeled QA through QD.

Inputs A>B, A=B, and A<B program the comparator. Programming determines at which state
(high or low) the IC A=B output indicates equality. LEDs show the status of each output: on for
high and off for low.

Connections between any one comparator output and the MOD point allow feedback to the
SYNCHRONOUS COUNTER circuit block.
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Unit 6 — 4-BIT Comparator
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Each stage compares one bit of each word. The decision about each comparison is passed to the
decoding stage, where all results are combined and placed on the comparator output terminals.
Information between input comparison stages flows through an internal pipeline.

INFUTS <{: —

AxB
A=B
A<B

AxB
A=B
A<B

OUTRUTS

The LS85 comparator has a set of greater than (>), equal to (=), and less than (<) inputs and
outputs. The inputs are used to select how a decision is represented at the comparator output.

WORD B
WORD A

AxB
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A<B
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1111
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This table shows comparisons between various 4-bit words.

NEW TERMS AND WORDS

magnitude comparator - an IC or circuit used to compare two words and to decide which word

has a greater value.

pipeline - refers to a pathway over which data can flow.
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EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace
DIGITAL CIRCUIT FUNDAMENTALS 1 circuit board

NOTES
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Exercise 1 — Binary Comparisons

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to perform comparisons of two 4-bit
binary words. You will verify your comparisons on the 4-BIT COMPARATOR circuit block.

DISCUSSION

The four input lines (D through A) on the 4-BIT COMPARATOR circuit block are
controlled by toggle switches D through A on the INPUT SIGNALS circuit block.

Inputs QD through QA of the 4-BIT COMPARATOR circuit block are hardwired to the
SYNCHRONOUS COUNTER circuit block.

The comparator has three possible outputs (A>B, A<B, and A=B) when two 4-bit words are
compared.

The two basic operating modes of this comparator are: words A and B are equal and words A
and B are not equal. There are three input control lines which determine the output code for
each mode of the comparator.

Truth tables provide the operating states and control codes for equal inputs and for not equal
inputs.

NOTES
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Exercise 2 — Modulus Control

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to set the modulus of a counter with a
comparator. You will verify your results by using a comparator to drive the CLEAR input of a
synchronous counter.

DISCUSSION
e The LS85 comparator outputs generate time slots that reflect the relationship between two 4-
bit words.

e When a comparator output signal is wired to the CLEAR input of a counter, the signal can be
used to reset the counter once a predetermined binary value has been reached.

e Controlling the binary value of word A while word B cycles between binary values generates
comparator outputs which are active for a specific period of time. By selecting the
appropriate output the comparator can control the modulus of the counter.

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T. computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T. equipment and explain what behavior is expected of them in this laboratory. It is up
to the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T. Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.
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Introduction

This Student Workbook provides a unit-by-unit outline of the Fault Assisted Circuits for
Electronics Training (F.A.C.E.T) curriculum.

The following information is included together with space to take notes as you move through the
curriculum.

The unit objective

Unit fundamentals

A list of new terms and words for the unit
Equipment required for the unit

The exercise objectives

Exercise discussion

Exercise notes

® & & & O o o

The Appendix includes safety information.






Digital Circuit Fundamentals 2 Unit 1 — Circuit Board Familiarization

UNIT 1 — CIRCUIT BOARD FAMILIARIZATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify and operate the circuit blocks on the
DIGITAL CIRCUIT FUNDAMENTALS 2 circuit board.

UNIT FUNDAMENTALS
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The DIGITAL CIRCUIT FUNDAMENTALS 2 circuit board consists of 6 training circuit
blocks. A general purpose circuit block consists of a 5V regulator, a square wave clock

generator, a pulse generator, and a 4-bit counter.
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v

A voltage regulator converts the system's 15 Vdc power supply to 5 Vdc, required by the
integrated circuits (ICs) on the circuit board. Power supply voltages are hardwired to all

devices of the circuit board.
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The 555 timer CLOCK circuit generates a square waveform, useful as an input signal generator.

The PULSE GENERATOR circuit's toggle switch generates positive-and negative-going signal
edges. The "at home" position of this toggle switch is up.
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The COUNTER circuit generates a 4-bit output with a count value between 0 and 15 (1111 in
binary form).

If MOD is enabled, the counter modulus is 10 (output between 0 and 9). You can free-run or step
the counter outputs (QD, QC, QB, and QA).
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Placement of two-post connectors and interconnecting leads activates various circuit functions
and connects circuit blocks. Inserting a two-post connector in the BLOCK SELECT terminals,
for example, powers specific LED circuits.
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ICs are mounted in dual-in-line sockets and are of the TTLLS(74LSxx family) type. The
DACand ADCuse I2L (integrated injection logic) technology.

Decoupling capacitors, which bypass ICs, and pull-up resistors, which determine logic levels,
are incorporated into the design.

NEW TERMS AND WORDS

voltage regulator - an 1C that maintains a constant output voltage when input voltage and output
loads change.

integrated circuits (ICs) - devices that combine the actions of many transistors on one chip.
hardwired - refers to connections made in copper on a printed circuit board as opposed to
connections that must be completed with a wire or test load.

timer - 1C (555 type) used in conjunction with external components to generate various
waveforms, such as a pulse train.

MOD - the modulus of a counter; a circuit feedback used to set the maximum output value of a
counter.

TTL - transistor-transistor logic.

LS - low power Schottky; a logic family that has high speed but low power consumption.

DAC - digital to analog converter; an IC that converts digital inputs to an equivalent analog
output.

ADC - analog to digital converter; an IC that converts analog inputs to an equivalent digital
output.

decoupling capacitors - a capacitor that reduces the impedance between the power supply bus
and the IC that the bus powers.

pulse train - a free-running and repetitive waveform, usually refers to a square waveform.
dual-in-line packages (DIPs) - types of IC packages that have the same number of pins on both
sides of the devices.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace
DIGITAL CIRCUIT FUNDAMENTALS 2 circuit board
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NOTES
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Exercise 1 — Component Location and Identification

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to locate the major circuit blocks of the
circuit board. You will verify your results by correctly identifying circuits and their major
components.

DISCUSSION

e Discuss modifying circuit configurations with two-post connectors.
e  Observe that test points and/or LEDs are provided for voltage level verification.

NOTES
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Exercise 2 — Operation of the General Circuits

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to use the general purpose circuits of
the circuit board. You will verify your knowledge by taking voltage and waveform readings.

DISCUSSION

e Discuss the four general purpose circuits on the circuit board.

NOTES
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Exercise 3 — IC Package Fundamentals

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to determine IC pin locations for LS
devices. You will verify your results by using the circuit board.

DISCUSSION

e Discuss physical characteristics of the board mounted ICs.
e Discuss general electrical characteristics of board mounted ICs.

NOTES
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Digital Circuit Fundamentals 2 Unit 2 — Decoder and Priority Encoder

UNIT 2 — DECODER AND PRIORITY ENCODER

UNIT OBJECTIVE

At the completion of this unit, you will be able to locate, operate, and control a decoder and
encoder circuit combination.

UNIT FUNDAMENTALS
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A binary coded decimal (BCD) decoder detects and indicates unique 8-4-2-1 bit combinations
between 0 and 9 decimal, or base 10 (indicated by 91(). BCD information ranges between 0 and

9. Codes above 9 (10 through 15 for a 4-bit word) are invalid. These bit patterns are usually not
decoded but generate some form of "out of limit" indication.
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In the BCD decoder, only one output is active for a given input bit group. The active state can be
high or low depending on the type of IC selected. A 4-bit BCD input activates one of the outputs
(0101 activates 5, for example).
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Each decoder section detects a specific input bit code. In this example, section 0 detects a 0000
input. Section 5 detects a 0101 input. Section 9 detects a 1001 input.
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A binary-coded decimal encoder reverses the process of the BCD decoder. The encoder detects
inputs between 91 and 0 and generates unique 4-bit BCD codes. Because the encoder outputs

represent BCD equivalents, more than one output at a time may be active.
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REQUIRED [T BIT 2

:lzﬁE'}IT: T == BIT 2

—l DE*:FJI::;]:[. I——fz—' BIT &
== BT 9

4 @ &2
I T c
|
MZHA-rMT-T T=ST0|

e PO & WA N s
"

A BCD encoder has nine possible active inputs, 1 through 9. A 0 input is not required because
inactive inputs generate inactive outputs.
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Each bit section of an encoder is connected to a data pipeline, which distributes the input data.
Each section decides if its bit is required to represent part of the 4-bit BCD code. If a specific bit
is needed, that section activates its output. If a specific bit is not needed, that section deactivates
its output. For example, an input of 6 requires a BCD output of 0110; therefore, sections BIT2
and BIT1 are active, and sections BIT3 and BITO are inactive.

Each encoder input represents a unique BCD code; therefore, two or more active inputs should

cause an output error. If inputs 6 (0110) and 7 (0111) are both active, BITO cannot be inactive
(xxx0) and active (xxx1) simultaneously.
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Encoders use another operating section to determine input priority (called priority detection).
Detecting more that one input activates the INHIBIT section. This section ensures that only
output bits associated with the higher input value are encoded. Lower input values are locked

out.

NEW TERMS AND WORDS
binary coded decimal - (BCD) a form of 4-bit coding representing decimal number between 9

and 0.

decoder - a circuit that generates one unique output in response to a set of input bit patterns.
base - indicates the numbering system; base 10 indicates decimal, base 2 indicates binary, and
base 16 indicates hexadecimal.
disables - turns off, deactivates, inhibits, or makes nonresponsive.
enables - turns on, activates, or makes responsive.
encoder - a circuit that generates unique output bit patterns in response to a specific input.
data pipeline - a common data path used to distribute information throughout a circuit.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Multimeter

Oscilloscope, dual trace
DIGITAL CIRCUIT FUNDAMENTALS 2 circuit board
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NOTES
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Exercise 1 — BCD Decoder Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a BCD to decimal decoder.
You will verify your results by decoding 4-bit word inputs.

DISCUSSION
e Discuss the electronic functions of the 74L.S42 BCD to decimal decoder.

NOTES

13
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Exercise 2 — Priority Encoder Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a decimal input priority
encoder. You will verify your results by encoding decimal inputs.

DISCUSSION
e Discuss the electronic functions of the 74L.S147 BCD to decimal encoder.

NOTES
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UNIT 3 - ADC AND DAC OPERATION

UNIT OBJECTIVE

At the completion of this unit, you will be able to identify, operate, and control ADC and DAC
circuits.

UNIT FUNDAMENTALS
ANALOG -
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An analog to digital converter (ADC) generates a digital output code equivalent to the value of
an analog input voltage. The analog input voltage is converted into an 8-bit digital output.

Generally, the digital output codes range from $00 through $FF (binary
0000 0000 through 1111 1111). DB7 is the most significant bit (MSB) of the ADC output, and
DBO is the least significant bit (LSB).

Binary numbers, such as 1010 0101, are written with the MSB at the left side.
MSB LSB
1010 0101

For the ADC used on your circuit board, input voltage is either unipolar or bipolar. A unipolar
input voltage ranges from 0 through +10 Vdc and generates an output code from $00 to $SFF,
respectively. Mid-scale occurs at 5 Vdc. A bipolar input voltage ranges from -5 Vdc through +5
Vdc and also generates an output code from $00 to $FF, respectively. However, mid- scale
occurs at 0 Vdc.
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The AD673 ADC studied in this unit uses a successive approximation register (SAR) to
process an analog input voltage. An SAR essentially compares two currents and in the process of
making the currents identical, generates the ADC 8-bit output.

An SAR conversion circuit has a comparator, an 8-bit current output DAC, and the SAR register.
The comparator output stimulates the SAR to sequence the 8-bit current output DAC from MSB
to LSB. At each bit point, a current is fed back to the comparator. If the sum value is greater than
the input current, the respective bit is turned off; if the sum value is less, the respective bit is
turned on. This process continues until 8 output bits are generated.
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A digital to analog converter (DAC) generates an analog output voltage equivalent to the value
of a binary code input. The 8-bit digital input is converted into an analog output. Generally, the
digital input codes range from $00 through $FF (binary 0000 0000 through 1111 1111).

DB?7 is the MSB of the DAC, and DBO is the LSB.

Binary numbers, such as 1010 0101, are written with the MSB at the left side.
MSB LSB
1010 0101

VgN and Vg, select a full-scale output voltage of 10 Vdc or 2.5 Vdc. A 10V full-scale output

has a mid-scale value of about 5V. A 2.5V full-scale output has a mid-scale value of about
1.27V.
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The AD558 DAC studied in this unit uses 8 current sources (3 are shown) switched into an
R/2R ladder to process a digital binary input code. The current source and the R/2R ladder null
the reference (REF) voltage and generate an analog output voltage in the process.
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As current is switched into the R/2R ladder, a voltage drop is developed. The voltage drives the
control amplifier and the output voltage amplifier.

The control amplifier buffers the internal band-gap reference voltage and controls the amplitude
of current through the ladder. The input latches store the binary input codes.

NEW TERMS AND WORDS

analog to digital converter - an IC or process that generates a binary output code equivalent to
the value of an analog input voltage.

unipolar - possessing one polarity (+) or (-) with respect to circuit common (zero).

bipolar - possessing positive (+) or negative (-) polarity with respect to circuit common (zero).
successive approximation register - a circuit, used in conjunction with a current output DAC,
which generates a binary-coded output equivalent to the value of a current input.

digital to analog converter - an IC or process that generates an analog output voltage equivalent
to the value of a binary input code.

current sources - a circuit designed to provide a fixed and stable current output.

R/2R ladder - a resistive network in which each resistor has a 2:1 (larger or smaller) relationship
to the value of a binary input code.

band-gap - a very accurate and temperature-stable voltage reference source.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace
DIGITAL CIRCUIT FUNDAMENTALS 2 circuit board
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NOTES
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Exercise 1 — ADC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate and predict the performance
of an ADC. You will verify your knowledge by performing unipolar and bipolar conversions.

DISCUSSION

The AD673 is an 8-bit output device that converts an analog input voltage to an equivalent
8-bit straight binary output code.

The ADC has an LSB weight of about 39 mV.

The outputs generate TTL levels.

DE controls the tristate drivers.

Bipolar select (BPI) determines the range of the analog input voltage.

The AD673 ADC has a typical conversion interval of 20 psec.

NOTES
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Exercise 2 — DAC Operation

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate and predict the performance
of a DAC. You will verify your knowledge by performing digital to analog conversions.

DISCUSSION

e The AD558 DAC is an 8-bit input device that converts a binary input code into equivalent
analog output voltage.

e  Circuit inputs provide a straight 8-bit DAC binary code.

e The LSB weight of your DAC is about 39 mV (10V full-scale) or about 10 mV (2.56V full-
scale).

e The DAC output requires a typical settling time (output stable) of 0.8 psec in its 2.56V full-
scale configuration and 2 psec in its 10V full-scale configuration.

e The DAC has data input latches, which are controlled by inputs CS and CE. The latches are
transparent with CS and CE low.

e In the latched state, changes to the input data have no effect on the DAC output. The output
data reflects the input data previously “latched” into the DAC.

NOTES
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UNIT 4 — MULTIPLEXER AND DEMULTIPLEXER

UNIT OBJECTIVE

At the completion of this unit, you will be able to operate and control a multiplexer and
demultiplexer circuit.

UNIT FUNDAMENTALS
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The 74LS151 multiplexer on your circuit board is a 1-0f-8 data selector. It is an MSI device
with a gate complexity of 17 equivalent gates.
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DATA SOURCES

—= QUTFPUT
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Ll

>

A multiplexer allows the selection of one data source from a group. You can connect the output
to any of the input data sources (A through D) by positioning the multiplexer pointer.

In this multiplexer, input data source C is selected. This input passes through the multiplexer
pointer to the output. Data sources A, B, and D have no effect on the multiplexer output.
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On the 74LS151 multiplexer, pointer movement is provided electrically through a register select

process. Internal registers (REG) allow the selection of a specific data input. Each register is
enabled by a select (SEL) line.
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Part of the selection process deals with an output-enable control line called a strobe (STRB). On
the 74LS151, the strobe input disables or enables all data registers simultaneously.

DATA A and SELA have no effect on the output if the STRB input is high. STRB high

disables the output of REGISTER A. If STRB is low, the register is enabled, and DATA A can
be passed

to the output.
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This circuit illustrates two internal pathways of the 74LS151 multiplexer. Register A is enabled
when the register select inputs equal binary 111. REG B is disabled because A is high and A is
low.
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The 74LS155 on your circuit board is a dual 2-4 line decoder configured as a 1-line-to-8-line
data demultiplexer. It is an MSI device with a gate complexity of 15 equivalent gates.
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The demultiplexer allows one data source to selectively drive individual elements of a group. In
this demultiplexer, lines of data (data input) are multiplexed down to 1 line. In turn, the data on
this line is placed on 1 of 6 lines.

NEW TERMS AND WORDS

multiplexer - a circuit that selectively connects one data line of a group to one output line.
strobe (STRB) - the input data line of a multiplexer or demultiplexer.
demultiplexer - a circuit that selectively connects one data line to a specific output line of a

group.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit

Multimeter

Oscilloscope, dual trace

DIGITAL CIRCUIT FUNDAMENTALS 2 circuit board
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NOTES
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Exercise 1 — Data Selector and Multiplexer

EXERCISE OBJECTIVE

When you have completed this exercise, you will have a working knowledge of multiplexer
circuits by exercising a 1-of-8 multiplexer. You will gain this knowledge by exercising a 1-of-8
multiplexer.

DISCUSSION

The 74LS151 data selector/multiplexer is a monolithic intergrated circuit with full on-chip
binary decoding which allows the IC to select the desired data source.

The multiplexer has 8 data input lines.

Y and Y are complementary outputs.

The multiplexer outputs are enabled only when STRB is low.

Input data selection is controlled by the binary inputs applied to the data selects inputs
The pull-up resistors ensure a proper high TTL level when two-post connectors are not
inserted into a specific circuit.

NOTES
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Exercise 2 — 1-Line-to-8-Line Demultiplexer

EXERCISE OBJECTIVE

When you have completed this exercise, you will have a working knowledge of a demultiplexer.
You will gain this knowledge by exercising a 1-line-to-8-line demultiplexer.

DISCUSSION

e  The 74LS155 data demultiplexer is a monolithic IC with full on-chip binary decoding and
strobe inputs which allows the IC to route the input data to a selected output line.

e The demultiplexer has 8 output lines.

e The output select control lines select one output at a time.

e The select lines of the demultiplexer are hardwired to the output lines on the COUNTER
circuit.

NOTES
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UNIT 5 — 7-SEGMENT DRIVER/DISPLAY

UNIT OBJECTIVE

At the completion of this unit, you will be able to control a 7-segment LED display by using a
decoder/driver IC.

UNIT FUNDAMENTALS

BLACH ENCAPSULATION
HATERIAL

LEDR HATERIAL

A 7-segment LED display is constructed with 7 bars of semiconductor material capable of
emitting light when stimulated by a drive voltage. The individual LEDs are encapsulated in an
opaque material that serves as the device housing. In general, 7-segment displays are available in
red, high efficiency red, green, or yellow. Each color denotes a specific luminous intensity at a
given test current.

HOUNT ING
PIMNS
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FETTTT =

The number of pins varies with the specific IC selected. Typically, there are an equal number of
pins on both sides of the dual-in-line housing.

Package dimensions are about the same as those of a dual-in-line, 14-pin TTL IC. The 7-segment
display can be socket mounted or directly soldered to a PCB.

P
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This configuration is called a common cathode display because all the cathodes are connected
together.
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Unit 5 — 7-Segment Driver/Display

This configuration is called a common anode display because all the anodes are connected

together.

For both configurations, the total current of the display (sum of the segment currents) flows
through the common terminal of the package.

Each display segment is assigned an identifier (a through g). Groups of segments are driven to
produce specific figures or symbols. For example, segments e, f, a, b, ¢, and g (on) produce the

letter A.

R

DECODE
LOGIC

{ TALEZ247

Yoo
il
T
Rg oM é;
Ay A
o
SIMK
CURREMT
7-SEGHMENT

DISPLAY 3{

The 74L.S247 decoder/driver used in this unit drives a 7-segment (outputs a through g) display.
This type of IC, a BCD-to-7-segment decoder/driver provides internal logic that can select
(decode) the proper group of segments needed to display a given character.

The 741.S247 also provides output drivers (buffers) that supply the sink current for each

segment of the display.
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The 74L.S247 uses a 7-segment display to generate the symbols 0 through 9. Although the 7-
segment display can be configured to generate symbols from 0 through 9, A through F, and other
unique symbols, the 74L.S247 can decode only symbols 0 through 9.

You will use sensing resistors to determine display, or digit, current and segment current:

I =V/R. BCD inputs (hardwired to the COUNTER circuit) and control inputs condition the
74L.S247 decoder/driver. The 7-segment display indicates the equivalent BCD code applied to
the decoder/driver. A two-post connector at dp select controls the dp segment.

NEW TERMS AND WORDS

7-segment LED display - an 1C that can be configured to display numbers 0 through 9 and
hexadecimal values A through F.

luminous intensity - specifies the light energy generated by a segment for a given test current.
common cathode - a 7-segment display with all of the cathode elements connected together.
common anode - a 7-segment display with all of the anode elements connected together.
decoder/driver - an IC that can decode a BCD input code and provide the drive current required
for a 7-segment display.

BCD-to-7-segment decoder/driver - an 1C designed to control an individual segment display.
sink current - the current that flows into an output pin of a driver; usually considered with a low-
level TTL output.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace
DIGITAL CIRCUIT FUNDAMENTALS 2 circuit board
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NOTES
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Digital Circuit Fundamentals 2 Unit 5 — 7-Segment Driver/Display

Exercise 1 — LED Decoder/Driver

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to operate a 7-segment decoder/driver.
You will verify your results with a 7-segment display.

DISCUSSION

e The 74LS247 is a medium-scale integration (MSI) circuit that uses open collector
technology to drive common anode 7-segment displays.

e The 74L.S247 outputs are active low and can each sink 24mA of current.

e The BCD inputs are decoded to generate the active outputs necessary to form a proper
display.

e  More than one output at a time can be active.

NOTES
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Exercise 2 — 7-Segment LED Display

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to use BCD codes to produce decimal
equivalent displays. You will verify your results on a 7-segment display.

DISCUSSION

e A 7-segment display combines a group of LEDs into a network.

e Each driver output of the 74L.S247 decoder/driver is connected to one segment of the 7-
segment display through a current-limiting resistor.

e The 74LS247 BCD decoder/driver simultaneously turns on and off segments required to
produce specific characters.

NOTES
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UNIT 6 — PARITY GENERATOR/CHECKER

UNIT OBJECTIVE

At the completion of this unit, you will be able to establish the parity of an 8-bit word by using a
parity generator and checker.

UNIT FUNDAMENTALS

Parity refers to error detection. Computers use parity to ensure that the bit pattern of a word is
not corrupted during the data transfer process. Generally, a ninth bit, called the parity bit, is set
or reset to ensure that the correct parity of a system is maintained; therefore, an 8-bit system has
a 9-bit data bus. Parity is associated with the number of ones present in the data word.

PARITY BIT | 8-BIT DATA HORD | EYETEM PARITY
OFF «C(LOW) [B]1 1818 1818 EVEN
oM CHIGH> [11 1818 14488 EVEN
OM CHIGH> [11 1818 18918 oDD
OFF (LOM?> [al1 1818 1888 onD

Even parity systems require an even number of ones in the data word, which includes the parity
bit. Odd parity systems require an odd number of ones in the data word, which includes the
parity bit. Because the data word, $AA for example, determines the 8 bits of the word, the parity
bit is set high or low to ensure that the data word matches the system parity.

Eg; EVEM [—3=
DBT —
DATA Do

B3 —
HORD DEZ OUTPUTS
DB1 ——
pEA —

PARITY BIT :— oo
PARITY GENERATOR

In this parity generator and for an even parity system, the parity bit input is set or reset to ensure
that the even output is high (odd output low). For an odd parity system, the parity bit input is set
or reset to ensure that the odd output is high (even output low).

DB7? —]
DB6 EVEM [— 3=
DBS —
DE4 —
RECE IVED DEZ —

DATA DEZ? OUTFUTS
1] 1 [ —
DB —

PARITY BIT — opp
PARITY CHECKER

In this parity checker, the even output is high if an even number of ones is present in the received
data. The odd output is high if an odd number of ones is present in the received data.
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NEW TERMS AND WORDS

Parity - refers to an error-checking system that ensures the integrity of data.

parity bit - refers to the ninth bit in an 8-bit data bus system.

even parity - requires an even number of ones in the data path.

odd parity - requires an odd number of ones in the data path.

system parity - specifies the expected number of ones in received or transmitted data.

EQUIPMENT REQUIRED

F.A.C.E.T. base unit
Multimeter

Oscilloscope, dual trace
DIGITAL CIRCUIT FUNDAMENTALS 2 circuit board

NOTES
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Exercise 1 — Odd and Even Parity

EXERCISE OBJECTIVE

When you have completed this exercise, you will be able to generate and check the parity of 8-
bit data. You will verify your results with a parity generator/checker.

DISCUSSION

A parity generator provides an output signal that assigns an odd or even tag to a data word.
A parity checker determines if a data word has even or odd parity.

The parity IC has nine input lines and two active high output lines.

The MSB input controls the level at input I of the parity IC, simulating a ninth, or parity bit.
DATA controls the input to the shift register.

The summation determines whether the data word has even or odd parity.

NOTES
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APPENDIX A — SAFETY

Safety is everyone’s responsibility. All must cooperate to create the safest possible working
environment. Students must be reminded of the potential for harm, given common sense safety
rules, and instructed to follow the electrical safety rules.

Any environment can be hazardous when it is unfamiliar. The F.A.C.E.T computer-based
laboratory may be a new environment to some students. Instruct students in the proper use of the
F.A.C.E.T equipment and explain what behavior is expected of them in this laboratory. It is up to
the instructor to provide the necessary introduction to the learning environment and the
equipment. This task will prevent injury to both student and equipment.

The voltage and current used in the F.A.C.E.T Computer-Based Laboratory are, in themselves,
harmless to the normal, healthy person. However, an electrical shock coming as a surprise will
be uncomfortable and may cause a reaction that could create injury. The students should be made
aware of the following electrical safety rules.

1. Turn off the power before working on a circuit.

2. Always confirm that the circuit is wired correctly before turning on the power. If required,

have your instructor check your circuit wiring.

Perform the experiments as you are instructed: do not deviate from the documentation.

Never touch “live” wires with your bare hands or with tools.

Always hold test leads by their insulated areas.

Be aware that some components can become very hot during operation. (However, this is not

a normal condition for your F.A.C.E.T. course equipment.) Always allow time for the

components to cool before proceeding to touch or remove them from the circuit.

7. Do not work without supervision. Be sure someone is nearby to shut off the power and
provide first aid in case of an accident.

8. Remove power cords by the plug, not by pulling on the cord. Check for cracked or broken
insulation on the cord.

SRRl






	DC 
Fundamentals
	DC Network Theorems

	AC1 Fundamentals

	AC2 Fundamentals

	Magnetism & Electromagnetism 
	Semiconductor Fundamentals

	Transistor Amplifier Circuits

	Transistor Power Amplifiers


	Transistor Feedback Circuits

	Power Supply Regulators
	FET Fundamentals 

	Thyristor & Power Control Circuits 

	Operational Amplifier Fundamentals

	Op Amp Applications

	Digital Logic Fundamentals 
	Digital Circuit Fundamentals 1

	Digital Circuit Fundamentals 2

