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MILITAIU CURRICULUM MATERIALS

The military-developed curriculum materials in this course
package were selected by the National Center for Research in
Vocational Education Military Curriculum Project for dissem-
ination to the six regional Curriculum Coordination Centers and
other instructional materials agencies. The purpose of
disseminating these courses was to make curriculum materials
developed by the military more acceseble to vocational
educators in the civilian setting.

The oaurse-materials were acquired, evaluated by project
staff and practitioners in the field, and prepared for
dissemination. Materials which were specific to the Military
were deleted, copyrighted materials were either anitted or appro-
val for their use was obtained. These course packages contain
curriculum resource materials which can be adapted to support
vocational instruction and curriculum development:
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Military
Curriculum Materials
Dissemination Is . . .

.M

What Materials
Are Available?

L..............__..:_.Li LL,,,L:....=1
an activity to increase the accessibility of
militarydeveloped curriculum materials to
vocational and technical educators.

This project, funded by the U.S. Office of
Ectucation, includes the identification and
acquisition of curriculum materials in print
fora` from the Coast Guard, Air Force,
Army, Marine Corps and Navy.

Access to military curriculum materials is
provided through a " int Memorandum of
Understandihg" betw n the U.S. Office of
Education and the 0 partment of Defense.

The acquired materials are reviewed by staff
and subject matter specialists, and courses
deemed applicable .to vocational aria tech-
nical education are selectri for dissemination.

The National Center for Research in
Vocational Education is the U.S. Office of
Education's designated representative to
acquire the materials and conduct the project
activities. e-

Project Staff:

WeslestE. Budke, Ph.D., Director
National Center Clearinghouse

Shirley A. Chase, Ph.D.
Project Director

One hundred twenty courses on microfiche
(thirteen in paper form) and descriptions of
each have been provided to the vocational
Curriculum Coordination Centers and other
instructional materials agencies for dissemi

.nation.

Course materials include programmed
instruction, curriculum outlines, instructor
guides, student workbooks and technical
manuals.

The'120 courses represent the following
sixteen vocational subject areas:

Agriculture
Aviation
Building &
Construction
Trades

Clerical
Occupations

Communications
Drafting
Electronics ,..0
Engine Mechanics

Food Service
Health
Heating& Air
Conditioning

Machine Shop
. Management &

Supervision
Meteorology &

Navigation
Photography
Public Service

The number of courses and the subject areas
represented will expand as additional mate-
rials with application to vocational and
technical education are identified and selected
for dissemination.

.....661*.S"

How Can These
Materials Be Obtained? .

41L,L.Li

Contact the Curriculum Coordination Center
in your region for information on obtaining
materials (e.g., availability and cost). They
will respond to your request directly or refer
you to an instructional materials agency
closer to you.

CURRICULUM COORDINATION MITERS

EAST CENTRAL
Rebecca S. Douglass

Director
100 North First Street
Springfield, IL 62777
217/782-0759 .,

MIDWEST
Robert Patton
Director
1515 West Sixth Ave.
Stillwater, DK 74704
405/377.2000

0

NORTHEAST
Joseph F. Kelly, Ph.D.
Director
225 West State Street
Trenton, NJ 08625
609/292.6562

NORTHWEST
William Daniels
Director
Wilding 17
Airdustrial Park

' Olympia, WA 98504
206/753-0879

°

SOUTHEAST
James F. Shill, Ph.D.
Director
Mississippi State University

Drawer DX
Mississippi State. MS 39762
601/325.2510

WESTERN
Lawrence F. H. Zane, Ph.D.

Director
1776 University Ave.
Honolulu, HI 96822
808/948-7834
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The National Center
Mission Statement

The National Center for Research in
Vocational Education's mission is to increase
the ability of diverse agencies, institutions,
and organizations to solve educational prob-
lems relating to individual career planning,
preparation, and progression, The National
Center fulfills its mission by:

Generating knowledge through research

Developing educational programs and
pri..e.ucts

Evaluating individual program needs
and outcomes

Installing educational programs and
products

Operating information systemsand
services

Conducting leadership development and
training programs

FOR FURTHER INFORMATION ABOUT
Military Curriculum Materials

6 WRITE OR CALL
Program Information Office
The National Center for Research in Vocational

Education
The Ohio State University
1960 Kenny Road. Columbus. Ohio 43210
Telephone: 6141486.3655 or Toll Free 800/

848.4815 within the continental U.S.
(except Ohio)
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, OVERVIEW

MODULE ELEVEN

CAPACITANCE

In this module you will learn about another circuit quantity, capacitance,

and discover the effects of this component upon circuit current, Voltage,

and power. You will learn about the eircuri`torponent which makes use

of this quantity and how it functions.
.

For you to more easily learn the above, this module has been dionded

into the following seven lessons:

Lesson 1 The Capacitor

Lesson II Theory of Capacitance

Lesson III Total Capacitance

Lesson IV RC Time Constant

Lesion V Capacitive Reactance

Lesson VI Phase and Power Relationships .

...son VII Capacity Design Considerations

TURN TO THE FOLLOWING PAGE AND BEGIN LESSON I...

,

,
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MODULE ELEVEN
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The Capacitor
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Overview

OVERVIEW

LESSON 1

The Capacitor

Eieven-I
o

1.7

In this lesson you will study and learn 'about the following:

-electrostatic field

-what a capacitor e.,:p

-what a capacitor does

BEFORE YOU START JHIS LESSON, PREVIEW THELIST OF SYUDY RESOURCES

ON THE NEXT PAGE.



Study Resources Eleven-I

LIST OF STUDY RESOURCES

LESSON I

The Capacitor

To learn the material in this lesson, you have the option of choosing,

accoriiing to your experience and preferences, any or all of the

foi

STUDY BOOKLET:

Lesson Narrative

Programmed instruction

Leison Summary

ENRICHMENT MATERIAL:

NAVPERS 9100A-11) "Basic Electricity, Alternating Current."

Futeimentals Of Electronics. Bureau of Naval Personnel.

Washington, D. C.: U.S. Government Printing Office, 1965.

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTER ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.

Iv

1.
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Narrative

NARRATIVE
LESSON 1

the Capacitor:

Eleven-I

'Ililljpacitar .
.

. . .

. ..

*By low you are familiar with every component.inyour power supply

.
and the,rola each .plays in the circuit except for the two ca0a- .

citors. '.,, .
,

4 .. ..

An important concept' in the understanding ofcapacitance is the-
el,electrostatic,forcefteld and its representation by electrostatic
lines of force. ) .

The Electrostatic Field
A,

You already know.that bodies having like Charges repel each other
and that bodies having unlike charges attract each other. A body.
that is deficient in electrons is dosignated.a& having a positive
charge, while a body that has en excess of electrons is designated
as having a negative charge.

The phenomenon of charge attraction or repulsion leads to the
supposition that each charged body has around. it an electro-
static field made up of invisible lines of force similar to lines
of magnetic flux.

Electrostatic lines of force differ from magnetic lines of flux
in two respects:

1. Electrostatic lines do not form closed loops (observe the 4

illustration on the next page), whereas lines of magnetic
flux do form closed loops.

2. Electrostatic lines are polartzed from positive to negative,
whereas magnetic flux fines are directed from tha-N to the
S pole outside of the magnet.

..

t
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Eleven-I

The closer the charged bodies
are to each other, the stronger
is the force between them. The
farther apart they move, the weaker
the force becomes.

This illustration shows two
charged metal plates, one nega-

tive, the other positive, and
the electrostatic field between
them polarized in the direction

of the arrows.

If a free electron were placed in the center of the electrostatic
field, because like charges repel, it would tend to be repelled b.
the negative plate. On the other hand, because unlike charges attract,
it would be attracted to the positive plate; therefore, it would
move in a direction opposite to the electrostatic field. (The- .

direction of the field was defined more' than a century ago when it
was thought that positive charges were the current carriers.)

What a Capacitor Is

A capacitor consists of two conducting surfaces called plates which

are separated by a nonconductor called the dielectric.

41.



Narrative

LEAD

Schematic Symbol

Eleven-,

The dielectric between the two
plates may be vacuum, air,
wexed paper, ceramic, glass or
any othlr nonconducting material
through which electrons will not
easily pass.

The schematic symbol for a capacitor represents the leads connected
to the two plates and separated by space.

What a Capacitor Does

A capacitor stores energy between its plates when the plates are
charged. To show how this energy is stored, let's examine the action

in this circuit:

T T
1

J.

s
EA =10V

When the switch is first moved to position 2, the source will move
electrons around the circuit from the capacitor's lower plate to the
upper plate. Current cannot flow through the-dielectric so the
electrons pile up on the top plate and a difference 01 potential
builds up between the two plates. This voltage on the capacitor

will rise to equal the source voltage, and current flow will then

stop. An electrostatic (force) °field is established between the
plates by the difference of potential and energy Is stored in this

field.

Moving the switch to position 3 after the capacitor Is charged will
cause no change in the circuit conditions for the excess electrons
on the top plate of the capacitor still have no place they can go.
The capacitor will still have 10 volts difference of potential
between its plates.

If the switch is now placed in position 4, a path is created for
the electrons to travel from the top plate to the bottom, and the

' force of attraction and repulsion (electrostatic field) will make
them move until the force drops to 0. At this point, all the
stored energy has been returned to the circuit.



Narrative Eleven-1

You saw earlier how a free electron placed in an electrostatic
field Is attracted to the positively charged plate. Now let's see

what happens to the atoms of a dielectric material in a capacitor.

This illustration shows one atom of the non-conducting dielectric
between the plates of an uncharged capacitor. Remember that the
electrons of an insulator are not free to leave the atom, they are
tightly bound electrons. .7.-----

1 i 1

.M.O1PO. 4014 1pp,

...,

11 .

The illustration shows what happens....... --._..... .......-.1110.

I t I . 1
to an atom in the dielectric when the

b

__
capacitor is chart J. Because the

---10/4110 -- electrons tend to be attracted to the
--*IIIIII positive plate and repelled by the

-_....*
0).1 negative plate, but are not free

--- ----p. 7 1 1 )
111111 -- to leave the atom, the orbital shells

are stretched toward the attracting
plate, thus elongating their orbits and distorting the shape of the
atom. In this way some dielectric materials increase the capacitor's
ability to store a charge. The energy required to distort the electron
orbits Is transferred from the source to the electrons. Because energy
can never be created nor destroyed, as long as there is a charge on the
plates the electron orbits remain distorted.

You can think of the displaced electrons as being like a spring
which is stretched. As long as a spring is held in a state of
tension. it stores energy. Similarly, when the charges of the
plates neutralize in the capacitor, the electrors spring back to
their normal position; the energy which was stored returns to the
circuit.

A capacitor, then, is an electrical device consisting of two con-
ducting plates separated by a nonconducting material; it is a
device that stores electrical energy in its electrostatic field.

A capacitor's ability to stnre energy makes it dangerous to the re-
pairman, for the charge may be retained even after the circuit is
de-energized. The only way you can be certain a capacitor does
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not have a charge is to discharge it, preferably not through your
1)10 Review the safety precautions in Module Zero before you put 110

r hands in any circuit containing capacitors.

Eictrons do not flow through the nonconducting dielectric in a
capacitor. However, electrons can be forced to move through a non-
conctictor if enough force is applied. It is conceivable, then, that
if you apply a great enough voltage, you can force the bound
electrons of the dielectric to break loose and move through a

_ capacitor. If the voltage rating of a capacitor is exceeded, it
destroys the capacitor's ability to store energy, thus destroying
its purpose.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY
OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND
ANSWER ALL OF rHE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT,

STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE
QUESTIONS CORRECTLY.

C

()
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PROGRAMMED INSTRUCTION

LESSON I

The Capacitor

TEST FRAMES ARE 8 AND 27. AS BEFORE, GO FIRST TO TEST FRAME 8 AND
SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE DIRECTIONS
GIVEN AFTER THE TEST FRAME.

1. Recall that.like charges and unlike charges
repel attract

repel attract

(re el;'attract)

2. This principle is put to use by the components in your power sup-'
ply called capacitors. These components are cylindrical in shape,
and larger than the resistors.

The capacitors are located between what terminals in your power
supply?

a. T1 - T2
----b. T2 - T7

c. T2 T3
----d. T3 - T7

(b. T2 - TL, d. T3 - T7)

3. An electrical charge at rest is known as static electricity. From
this you might infer that a'capecitor works on the principle of:

a. electromagnetic lines of force.
b. electrostatic lines of force.

WININ11/...

41...
ti

(b. electrostatic lines of force)

33.
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The forces of attraction and repulsion are caused by electro-
static lines of force that surround every charged body.

Which of the following bodies has an electrostatic field?

0
b ®
c. G

(1); c)

19
12



P.I. Eleven-i

5. For simplicity, and by agreement, the electrostatic field is
represented schematically by lines which are said to leave a
positive charge and enter a negative charge.

Complete each item below by showing the sign of each charge or
the direction of the field.

A. B.

A. B. C.

1320
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6. Electrostatic lines of force diff-,r from magnetic lines of flux
in that they do not form closed loops.

Check the correct statement(s).

a. Electrostatic lines are continuous loops between negative
and positive.

b. Electrostatic lines do not leave the negative body and
enter the positive body.

c. Electrostatic lines of force travel from negative to
positive by charged bodies in an infinite direction.

(b) Electrostatic lines do not leave the negative body and enter
the positive body.

7. Electrostatic lines of force are basically different from magnetic
lines of flux in another respect in that they do not have north
and south poles.

t

Electrostatic lines of force:

a. can be.cons;dered north and south.
b. leave a north pole and enter a south pole.
c. leave a south pole and enter a north pole.
d. are not considered north and south.01.11=1.

(d) are not considered north and south.

8. Electrostatic lines of force:

a. are invisible.
b. form closed loops.
c. are directed from negative to positive.
d. movejrom N to S.
e. are directed from positive to negative.

(THIS ISA TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXTPAGE.)

21
114
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P.I. Eleven-I

ANSWERS - TEST FRAME 8

a. are invisible.

e. are directed from positive to negative.

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU :AY GO TO TEST'
FRAME 27. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED
SEQUENCE BEFORE TAKING TEST FRAME 8 AGAIN. ..

9. An electrostatic field can be formed between two pieces of con-.
ducting materiti: separated by a nonconductor. Show with wows
the direction of the electrostatic lines in this sketch.

+
AEI

l

V

15
22



P.I. Eleven-I

10. Energy may be stored in an electrostatic field like that of
frame 9, for the excess electrons on the right-hand piece of
metal (plate) will try to move to the left-hand plate because
of the attraction between positive and negative. If a conducting
path is placed between the plates, the energy will be returned
to the circuit.

Electrons will move from
closed. A to B/8 to A

when the switch is

(B to A)

11. The ability of this device to store energy may be increased by
Placing a nonconducting sot,d between the plates in place of
air or a vacuum. You will see why this is so in following
frames.

Which of these units will be able to store more energy in the
electrostatic field?

a.
Maw

COPPER

(a)

4

23

16



P.I. Eleven-I

12. If an atom of a nonconducting material is placed in the center
of an electrostatic field, its electrons will not leave the atom
as readily as those of an atom of a conducting material; however,
they will be affected by the force of the field.

mir

II 1111
I I 11

I

Ills IIIill III I )

III
I I_

:PM

LOCATION OF ATOM
With the two bodies charged as shown In the preceding Illustra-
tion, the orbital electrons are:

a. attracted toward the positive body.
b. not affected at all.
c. attracted toward the negative body.

(J attracted toward the positive body

13. When a nonconducting solid is placed between two bodies with
opposite charges, the electrostatic field stretches the orbits
of its bound electrons, but normally does not dislodge the
electrons from their orbits.

Which of the following illustrations shows an atom of a non-
conducting material between two charged bodies?

a. b.

" 24

gfr
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14. We can re3ate this concept to the stretching of a spring. As
long as you exert a force, the spi-ing remains stretched; as soon

as you'let go, the spring snaps back:.,

If we were to neutralize the charges in the diagram, the electrons
would:

a. dislodge from
the atom.

b. stay where they
are. t

c. go back to cir-
cular orbits.

(c) go back to circular orbits

15. The device used to store energy by virtue of an e'ectrostatic
field is,called a capacitor.

A capacitor stores electrical energy in a/an:

a. magnetic field.
b. electrostatic field.
c. static'field.

----(b). electrostatic field

l6. A capacitor consists of two conducting surfaces called plates
that have wires connected to them. The plates are separated .

by a nonconductor called the dielectric.

A capacitor physically consists of:

a. plates, leads, conductors.
b. leads,, plates, iron.
c. dielectric, elates, conductors.
d. conductors, 1...ads, dielectric.

c c)c171-ic,j3ates conductors.

18 25
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17. The dielectric between the two plates may be vacuum, a.ir,

. paper, glass, or any other nonconducting material through which
electrons do not easily pass.

The best dielectric material is:

a. iron.

b.. ceramic.
c. copper.
d. silver.

(b) ceramic

18. This illustration shows a simple capacitor and its schematic symbol

=NEIL
EZZZE3
emir.

Label the diagrams below.

=11r =e

Ti.....

LF.A0' KONCIXTOR)
PLATE

DIELECTRIC

PLATE

LEAD CONCUCTOR)

-0-411661C
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19.

9

A

If the two plates'of the capacitor have
$W1 is closed, electrons are;

a.

c.
d.

pulled off Plate A.
pulled off Plate B.
forced onto Plate A.
forced onto Plate B.

Eleven -I,

r

SW 1

no charge on them and
OS

(b. pulled off Plate B; c. forced onto Plate A.)

20: Plate A now assumes a negative charge and Plate B assumes a
positive charge.

O

t-4

Check the correct statement(s).

a. A difference of potentili exists
b. Electrostatic tines of .force are

to Plate B.

c. Electrostatic lines of force are
to Plate A.

.M111.

between the two plates.
directed from Plate A

directed from Plate B

a. A differen of potential exists the two plates; .c. Electro-
static lines of force are directed from"Piate B to Plate .A4)

27
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21.,Becall that the dielectric material of a capacitor is a noncon-
ductor.

Check the correct statement(s).

IIM.

a. There is normal current flow through a capacitor.
b. The bound electrons in the dielectric stretch their orbits

like a spring when the capacitor is charged.
c. No current is supposed to flow through a capacitor.

b. the electrons in the dielectric stretch their orbits like
a spring when the capacitor is charged; c. No current is supposed
to flow through a capacitor.)

22. Because energy Cannot be destroyed, a capacitor stores the energy
required of the charge in its electrostatic field.

As long as there is a difference in potential between the plates
of a capacitor, it keeps the energy in its:

a. dielectric.
b. plates.

c. electrostatic fie'd.
d. leads.

(c) electrostatic field

23. A capacitor is capable of storing and retalfilng an electrical
charge, because of this it represents' a potential clanger even
after the circuit is de-energized. 4

After a capacitive circuit has been de-energized there.may still
be an excess of electrons on the plate and a deficiency
of electrons on the prate of the capacitor.

(negative, sitive

.

O

21

28



P.1. Eleven -I

24. Before attempting any repairsor measunements In a de-energized
capacitive circuit all residual charge should be removed from
the capacitor. To do this a conducting path Is placed across the
plates of the capacitor allowing movement electrons between
the plates and thus neutralizing any remaining charge.

(Go to next frame.)

2$. If the charge across the plates is allowed to neutralize, the
energy.which was stored is released and returned to the circuit.

If SW1 was closed across this charged capacitor:

Al LB

I

--I I+ .

4:11k:Vi

I.1. a. 'the excess electrons on Plate A would move to Plate 8
through the capacitor.

b. the excess electrons on Plate rwould move to Plate A
through the capacitor.

c. the excess electrons on Plate A would move to Plate B
through the external circuit.

d. the excess electrons on Plate B would move to Plate A
through the external circuit.

(c) the excess electrons on Plate A would move to Plate B through the
external circuit.

26. If enough force is applied to a capacitor, you can force the bound
electrons of the dielectric'to break loose and move through a capacitor.

If too high a voltage is applied to a capacitor, it:

.1111.11.11111..

a. allows current flow through it.
b. is not able to store a charge.
c. stores a greater charge.

allows current roow ugh It; b. is not able to store a charge)

22 29
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27. Check the statement(s) about a charged capacitor that is (are)
true.

a. forces electrons through the dielectric from its nega-
tive plate to its positive pate.

b. has a difference of potential across its plates.

c. Mores energy on the plates.

d. stores energy in electrostatic field.

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)

=11M110
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MINERS - TEST FRAME 27

b. Has a difference of potential across its plates.

Stores energy in electrostatic field.

IF ANY OF YOUR ANSWERS IS INCORRECT, GO BACK TO FRAME 9 AND TAKE THE
PROGRAMMED SEQUENCE.

IF YOUR ANSWERS ARE CORRECT, YOU MAY TAKE THE
MAY STUDY,Ap OF THE OTHER RESOURCES LISTED.
CHECK AND ANSWER ALL THE QUESTIONS CORRECTLY,
NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH
THE QUESTIONS CORRECTLY.

31

PROGRESS CHECK, OR YOU
IF YOU TAKE THE PROGRESS
GO TO THE NEXT LESSON. IF

UNTIL YOU CAN ANSWER ALL



Summary Eleven-I

SUMMARY
.LESSON

The Capacitor

Basically, capacitors store electrical energy. Imagine that you have
a body with an excess of positive charges and you gradually move a
negatively charged body toward it. At some distance separating the
two bodies, you will notice an attractive force between the two un-
like charges and that this attraction increases as you bring them
closer together. On the other hand, if you were to bring a second
positively charged body near the first positive charge, at some dis-
tance separating the two like charges, you would notice a repelling
force that increases as the separation decreases.

An isolated charged body, such as the fixed positive charge in the
example, has surrounding it a force field which interacts with any
other charge biought within its field.' The strength of this force
.field at any point depends on the magnitude of the body's charge
and the distance from the body. This field can be represented by
invisible lines of force and Is called the electrostatic field of a,
charged body. By definition, neutral have no a fields.

The direction of the field, and therefore, the direction. of the lines
of force, is defined as leaving a positive charge and entering a nega-
tive charge as indicated in the illustration on the next page. The
direction of the field was defined more than a century ago when it was
thought that positive charges were the current carriers. Hence a
positive charge experiences a force in the direction of the lines of
force.

A free electron placed in the field of a charged body, therefore,
moves in a direction against the electrostatic field. When two or
more charged bodies are placed sufficiently close to one another that
their electrostatic fields overlap, the direction and magnitude of the
resulting lines of force are changed. The following examples illustrate
like- and unlike-charged spheres and opposite-charged parallel plates.
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U

ELECTROSTATIC FIELD

ELECTEON PACE

An illustrative exercise is to imagine you have a free electron and
you "drop" it at different locations in each of the three fields
illustrated. Remembering that electrons move against lines of force,
find the place that the electron would come to rest.

A capacitor consists of two conducting plates separated by an insulator
called the dhlectric. Air is a common dielectric since dry air is a

non-conductor. Mica, ceramic, and glass are other common dielectric
materials.

.

A capacitor stores electrical energy in the electrostatic field re-
sulting from opposite charges on its plates. A capacitor placed in a
circuit with a voltage source has charges opposite polarities on
its two plates as a result of electron flow. .When the magnitude of the
charge on the capacitor equals the voltage source, current flow ceases.
The charged capacitor, and resulting electrostatic field, is storing
the electrical energy developed by the voltage source. Capacitors in
a circuit must be treated carefully, for you can never be sae a
capacitor is not charged unless you short its plates together%
Review safety precautions in Module Zero before working on any circuit
containing capacitors. By shorting the capacitor plateh with a con-
ductor, current flows, the plate charge goes to zero, and the
electric field goes to zero. Hence, the stored electrical energy is
released and returned to the circuit.

33
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Since the insulating dielectric is matter composed of atoms and mole-
cules, the tightly-bound charged particles in an atom, namely electrons
and protons, are displaced from their equilibrium positions. Therefore,

you have a distortion of the atomic configuration under the Influence
of the electrostatic force field:

:: iii'l!

i

111 191-44-47

if 1
1

11 I +

11\1111

1 / 11 1 +
40/ .F

11111

+

In case of material dielectrics, additional energy is stored by dis-
torting the atomic orbits from normal.

The positively charged nucleus is attracted to the negative plate,.
while the orbital electrons are attracted toward the positive plate.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY STUDY
THE LESSDN NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH. IF YOU TAKE

THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE
NEXT LESSON. IF NOT, STUDY ANOTHER MITHOD OF INSTRUCTION UNTIL YOU CAN

ANSWER ALL THE QUESTIONS CORRECTLY.
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Overview Eleven -II

OVERVIEW

LESSON II

'Theory of Capacitance

In this lesson you will study and learn about the following:

-definition of capaiitanoe

-measuring capacitance

-charging the capacitor

-discharging the capacitor

-factors affecting capacitance

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

I
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Study Resources Eleven-II

LIST OF STUDY RESOURCES

LESSON II

Theory of Capacitance

To learn the material in this lesson, you have the option of,choosing,

according to your experience and preferences: any or all of the

following:

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENR1Cki1ENT MATERIAL:

NAVPERS 99400A-la "Basic Electricity, Direct Current."

Fundamentals of Electronics. Bureau of Naval Persclonnel.

Washington, D.C.: U.S. Government Printing Office, 1965.

.NAVPERS 93400A-lb "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, ).C.: U.S. Government Printing Office, 1965.

AUDIO-VISUAL:

Slide/Sound Presentation - "Factors Affecting Capacitance."

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.

38
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NARRATIVE
LESSON II

. Theory Of Capacitance

Definitidn of Capacitance

Capacitance is usually defined as the measure of the ability of
two conducting surfaces separated by some form of nonconductor
to store.= electric charge. :Is other words, if we measure the
ability of a capacitor to store electrical energy, we speak of
the capacitance (9,,) of the component.

Meisuring Capacitance

Capacitance is measured in units called farads, named after
faraday (of Faraday's Law fame). A farad is abbreviated as f.

Capacitance .is equal to 1 faradwhen a voltage changing at
the rate of 1 volt per second'causes a charging current of
1 amp io flow.

Like resistance and'inductance, capacitance is a physical property
and cannot be changed by voltage, current, or frequency.

The basic defihitidn of the farad is as follows: A capacitor has
a cepacitapce of 1 f If it,...q.)res 1 coulomb (g) of charge when

connected across a potential of 1 volt, or

6.6

C

If we Increase th&voltage, what happens to capacitance?

Nothing1 Remember, capacitance is a physical property and cannot
be changed by changing voltage. When voltage Is changed, the
number of electrons (charge or CO on the plates of a capacitor
must change.

39
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What is the C of a capacitOr if .001 Q of charge
is stored when a potential of 200 v is applied
to C?

C =

c 0.001
200 V

C = 5 pf

Noemafly, capacitance s measurel2iat(i/ rt microfarads.(pf) or picofarads
(pf). Pico is equiv 25.1t to 10 .

.
.

If a,capaditor is rated at 3200.pf, what is its rating
in mirrofarads?

3200 pf is the same as 0.0032pf.

'Charging the Capacitor

V*11

UNCHARVED

CHARGING

We will again use an idealized situation,
a purely capacitive circuit, to explain
capacitor action. In this de-energized
circuit, the plates of the capacitor are
not charged, no electrostatic field has
been created, and no energy is stored in
the capacitor.

Now if we move the switch to position 2,
there is a surge of electron flow. This
causes:

33 40
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1. electrons to pile up on the top plate.
2. the top,plate to become negative.
3. electrons to be pulled off the bottom plate.
4. the bottom plate to become positive,
5., an electrostatic field between the plates.
6. a difference of potential to exist,between the plates.
7. energy to be stored in the electrostatic field.

1
As soon as the difference of
potential across the capacit*
(Ee) is 'equal to the applied

voltage (TO volts in this purely
capacitive circuit), the two
voltages in the circuit balance
and the flow of electrons stops.
The capacitor is now charged.

Moving the switch to position 3 after the capacitor is charged
leaves the electrons on the plates with no path to return to a
neutral condition, and in theory, the capacitor can hold this
charge forever. in actuality, a good capacitor can hold a charge
for weeks at a time, and a capacitor can shock you severely if you
touch both terminals of a charged one. Again, be sure t5follow
safety precautions when you work on a circuit containing capacitors.

Discharging the Capacitor

Now, if we move the switch to
position 4, we provide a conducting
path between the two plates of Lne
capacitor. There is an excess of
electrons or the negative plate which
can now flow to the positive plate
which lacks electrons. With the
capacitor acting as the source, cur-
rent flows briefly and the capacitor

releases its charge. As the capacitor discharges, it becomes '

neutralized, and the stored energy is returned to the circuit.

It is important to understand that a capaCitor does not consume
power. The energy that the capacitor draws from the source Is
recovered when the capacitor discharges.

Remember that at no time does electron current flow through the
capacitor. The current that appears to flow in a capacitive
circuit is called displacement current. As one electron returns

34 41
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to the positive plate, a different electron leaves the negative
plate; no electrons actually flow through the dielectric.

Factors Affecting Capacitance

Three factors affect capacitance - the area of the plate surface,
the amount of space between plates, and the dielectric constant.

A,

Plate Area - The greater the surface area of the plates, the greater
the cal-Alliance.

-

Observe the difference in the area
of the plates in figures A and D.
Notice also that fewer electrons
pile up on the plates of the,smaller
capacitor (A). On the smaller plate,
electrons are closer together and
repel each other more. Due to the
repelling effect, the , urce can-
not force as many elect ,s onto
the smaller plate as on we larger
one. Because electrons spread out
more on a larger plate, the
repelling effect is less for a
"Oven numter of o.lectrons.

c4".

Capacitance is directly proportional to pl,aisarea. There-
fore; if we double the plate area, we double the capacitance.

Plate Spacing - Capacitance is also determined by the distance
between the plates. Notice in the illustration that the plates

in figures A and B are identical
except for the spacing between
them.

zr. Errc A

By Coulomb's Law we know that the
closer together the plates are,
the stronger the electrostatic
field and a stronger field means
a greater capacitance.

Therefore% we can say that capacitance is inversely proportional
to plate spacing. The greater the distance between the plates,
the smaller the capacitance.
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Dielectric Constant - The amount of capacitance of a pair of
p ates is iTGETato a great degree by the type of dielectric
material used between the plates.

Experimentation-has proved that, when the area between the
.platet is a vacuum, the capacitor has a minimum capacitance.
To compare the ability of dielectric materials to increase -

capacitance, numbers designated as dielectric constants have
been assigned to each dielectric material.

The dielectric constant for vacuum is 1 and air Is very nearly
the :Same, so it is usually considered to be 1. Some"Other common
dielectric constants are:

Waxed papdr 3.5
Glass 5-10
Wood 2.5-8
Pure Water 81

The dielectric constant tells how many times thi: material increases
the capacitance when used instead of a vacuum for the dielectric.
If the vacuum d:electric of a capacitor is replaced with pure water,
the capacitance will be 81 times greater.

We can say that capacitance is directly proportional to the
dielectric constant and the plate area, end inversely 21:2:.
portional to the distance between the plates.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY
OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND
ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF

NOT, STUDY ANY METHOD OF INSTRUCTION YOU WI H UNTIL YOU CAN ANSWER
ALL THE QUESTIONS CORRECTLY.
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PROGRAMMED INSTRUCTION
LESSON II

Theory of Capacitance

TEST FRAMES ARE 10, 18, AND 27. -AS BEFORE, FIRST GO TO TEST FRAME 10
AND SEE IF YOU CAN ANSWER ALL THE' QUESTIONS THERE. FOLLOW THE DIRECTIONS
GIVEN AFTER THE TEST FRAME.

1. Recall that inductance is associated with the ability of an in-
ductor or circuit to oppose a change in:

a. Inductive reactance.
b. henrys.
c. current.

d. CEMF.

(cc) current

t,.

2. In contrast, capacitance is associated with the ability of a
capacitor of circuit to oppose a change in voltage.

Two plates separated by a dielectric and connected in a circuit:

a. have inductive reactance.
b. oppose any variation, of the circuit potential difference.
c. have the ability to pass a current.

(b) oppose any variation of the circuit potential difference

3. Capacitance may be defined as the ability of two conducting
surfaces separated by a nonconductor to. store electrical
energy.

A capacitor is a component which may:

a. store electrical energy.
b. oppose a change in voltage.
c. normally pass current.
d. store current via its associated magnetic field.

Ta. store electrical energy; b. oppose a change in voltage)

37
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4. The- symbol used to

The letter that is
energy and opposes

a.

b.

c.

R.

L.

C.

V.

designate a

used to ind
a change in

capacitor is j.

icate a device that stores electrical
voltage Is:

5. Capacitance Is. measured In units called farads, abbreviated f.

The capacitor shown has a capacitance of

.04f

ry

(401,000-ufd)

6. Capacitors with capacitance values in the farad range may be
as large as the building you are 126 More practical units of
measurement are the microfarad (10 farad) abbileviated of
and the picofarad (10 farad) abbreviated 21'..

Which value of capacitance is the greatest?

a. 10 uf
b, 5 uf
c. 15 pf

(a) 10 uf

45
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7 Sometimes it will be necessary for you to convert from pf to pf
and vice versa.

Example: 3200 pf is the same as 0.0032 0.

We can arrive at the equivalent for the prefix 1112first sub-
stituting the power of ten; 3200 Ff = 3200 x 10 f. Then all

we have to do is move our decimaleoint six places to the
left to change to microfarad (10 f). So we can say that
0.0C:pf is equal to 3200 pf.

Now let's work a few problems.

a. 5 pf equal; pf
b. 0.025 pf equa s pf

c. 500 pf equals
d.4 0.0085 f equals

(a. 5,000,000; b. 25.000; c. 0.0005; d. 8500)
.400.14.4%

8. Like resistance and Inductance, capacitance is determined by the
component design and does not vary with changes in voltage, current,
or frequency.

The C of a capacitor:

a. goes up when 1, E, or frequency is increased.
b. goes down when 1, E, or frequency is decreased.
c. is strictly a physical property.
d. -does not Increase or decrease with changes In I, E, or

frequency.

1(c. is strictly a.physical property; d. does.not increase or decrease
with changes in 1, E, or frequency)
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9. A capacitor is said to have a capacitance of 1 farad if it stores
1 coulomb (Q) of charge when connected across a potential of 1

volt. Stated as an equation, C = E.

Example: What is the C of a capacitor if 0.001 Q of charge is
stored when a potential of 200 v is Applied across it?

C =
E

C =
0.001 Q
200v

CR5uf

P.

What ts the value of a capacitor that stores 0.015 coulombs
of charge when a potential difference of 300 volts is connected
across its plates?

a. 5 of
b. 90

c. 0.5 pf
d. 5 Pr

Cli) 50 of

10. Match the correct term to each description.

Alift
a change in voltage..

2. ability of a circuit to oppose

I. ability of a circuit to oppose

a change in current.
3. ability of two conducting surfaces

separated by a nonconductor to
store an electric charge.

a. inductance

b. capacitance

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS - TEST FRAME 10

1 b

2 -a

3 - b

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST
FRAME 18. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED
SEQUENCE BEFDRE TAKING TEST FRAME 10 AGAIN.

11. We will, now analyze a purely capacitive circuit and see what 4

happens when we charge the capacitor.

24%

T
In the circuit shown:

a. an electrostatic field exists between the capacitors 6

plates.
b. no potential difference exists across the capacitor:
c. current flow is maximum.

energy is being stored in the capacitor's electrostatic
field.

(b) no potential difference exists across the capacitor

la 48
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12. 11 w now move the switch to position 2, electrons move in the
direction indicated by the arrow.

in the circuit above:

a. plate A is becoming negative.
b. electrons are moving through every part of the circuit.
c. plate 6 is becoming positive.
d. a capacitor voltage is developing.
e. the plates are storing energy via inductance.
f. an electrostatic field is developing.

(a. plate A is becoming negat ve; c. plate B is becoming positive;
d. a capacitor voltage is developing; f. an electrostatic field
is develo in

4,

.13. As the capacitor is being charged, electrons are flowing through
every part of the circuit except the dielectric of the capacitor.

The current that seems to flow in a capacitive circuit is a re-
sult of the displacement of electrons; it can be called:

a. circuit current.
b. 4apayitor current.
ev--d+splacement current.

(c displacement current

49
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When you close the switch in this circuit, displacement current
appears to flow through the capacitor.

While the capacitor is charging, the lamp light.

(will

15. After a brief period of time, the capacitor is charged and the
capacitor voltage (Ec) equals the source 'voltage and opposes
more current flow in the circuit.

Label the polarity of the capacitor voltage and write in its value.
(Capacitor has charged fully.)

.1

3*
44

10V EC=
C

T

2,1

kg.
ec
10V

....
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When the capacitor voltage equals the source voltage you really
have two sources connected together that oppose one another.

After the capacitor is fully charged, the displacement, current
stop and the lamp light.

1-17vC7innriT vAdmillTrrmir

(will; will not)

17. If the switch is moved to position 1, there is a current path
betwein the two plates of the capacitor and the charge can
neutralize.

As the capacitor discharges:

a. Ec increases.
----b. Er decreases.

c. esplacement current
flows.

d. stored energy is returned
to the circuit.

e. electron current flows through the capacitor.

1.

(b. E decreases; c. displacement current flows; d. stored
enemy is returned to the circuit)

A _
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18. Match the correct term to each description.

I. exists only when capacitor
charges and discharges.

2. polarity opposes Ea

3. developed as capacitor charges.

4. decreases as capacitor charges.

a. displacement
current

b. capacitor

voltage

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS TEST FRAME 18

1 - a

1 b

3 - b

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST
FRAME 27. OTHERWISE, GO BACK TO FRAME 11 AND TAKE THE PROGRAMMED
SEQUENCE BEFORE TAKING TEST FRAME 18 AGAIN.

19. Plow we learn about the factors which affect the capacitance
of capacitor. First is the plate area. Capacitance is
dilectly proportional to the plate area.

To,decrease the capacitance of a capacitor you can

4,1* Jntrease plate area.
b. increase applied voltage.
c. decrease the plate area..1111..11,

(c) decrease the late area

.53
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20. A capacitor with large plates can store more charge with the
same amount of voltage applied than one with smaller plates.,

The capacitor storing the most charge is capacitor

SWING

6 V

(B)

21. Capacitance varies inversely with the distance between the plates.

Capacitance increases If you:

a.

b.

c.

d.

move the plates closer together.
move the plates farther apart.
Increase plate area.
decrease plate area.

la. move the plates closer together; c. increase plate area)

la 54
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21. The electrostatic field intensity also varies Inversely with the
, distance between the plates.

3

INIl0. IN sc
10il

The capacitor in circuit
field. . (A) (B)

r

,

has the strongest electrostatic

IA)

23. As the strength of the electrostatic field increases, a greater
charge is stored.

As the electrostatic field gets stronger:

electrons leave the dielectric. 1

more energy is stored in the electrostatic field.
more electrons are stored in the dielectric. .

----(Flremlergyisstored in the electrostatic field

s es

p

55
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24. The dielectric constant is a number that compares the capacitance
of a capacitor with this dielectric material to the same capacitor
with a vacuum dielectric. A vacuum is given the dielectric constant
of one (1).

Here are some examples of dielectric constants:

Material Dielectric Constant

waxed paper 3.5
glass 5-10
wood 2.54
pure water 81

Pure water will capacitance 81 times compared to a
vacuum. raise lower

(raise)

25. The capacitance can be raised if a better nonconducting material
Is used between the plates.

Of the materials listed, the capacitance of o capacitor Is greatest
if we use a dielectric.

a. silver
b. copper

c. mica
d. gold

(c) mica

4956
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.26. Experimentation 114s proved that when the dielectric between the
plates is vacuum or air the capacitor's ability to store a
charge is at a minimum.

Assume the plate spacing and plate area Are the same in each of
the capacitors illustrated. Capacitor has the greatest
capacitance. TAFTIW

PAPER, MICA OR
CERAMIC DIELECTRICAIR DIELECTRIC

A

(8)

27. Chock the items that increase capacitance.

a. increasing frequency.
----b. increasing voltage.

c. larger plates.
r---"d. using mica as a dielectric instead of air.

e. ysing vacuum as dielectric instead of waxed paper.
f. moving plates closer together.
g. 'increasing current.

(THIS IS A TEST FkAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)-
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ANSWERS - TEST FRAME 27

c. larger plates.

d. using mica as a dielectric instead of air.

f. moving plates closer together.

IF ANY OF YOUR ANSWERS IS INCORRECT, GO BACK TO FRAME 19 AND TAKE
THE PROGRAMMED SEQUENCE.

IF YOUR ANSWERS ARE CORRECT, YOU MAY TAKE THE PROGRESS CHECK, OR
YOU MAY STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE

PROGRESS CHECK AND ANSWER ALL iNE QUESTIONS CORRECTLY, GO TO THE
NEXT LESSON. IF NOT, STUDY ANY METHOD OF INSTRUCTION YOU WISH
UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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SUMMARY
LESSON 11

Theory of Capacitance

Definition of Capacitance,

Capacitance is usually defined as the ability of a
electrical energy. Therefore, the capacitance (C)
in an electrical circuit is a measgre of this abni
electrical energy.

Capacitance is measured
will store 1 coulomb of
across the terminals.

.

in units called farads. A
charge when a potential of

C (farads) 0, 2
coulombs)
volts)

Eleven -II

circuit to store
of a'capacitor
ty to store

1-farad capacitor
1 volt is applied

Normally capacitance is measured in microfaradi (pf) or picofarids (pf).
One farad is equal to;

10
6
pf =,10

12
pf

Capacitance is physical property of the component and does not
depend on the circuit parameters of voltage, current, and resistance.
A capacitor will have the same value of capacitance (farads) in one
circuit as in any other circuit in which it is placed.

Factors Affecting Capacitance

The p "ysical properties of a capacitor that affect its value of capa-
citance include: (1) area of the plate surfaces; (2) spacing between
the plates; (3) dielectric constant of the insulator.

Plate Area - The greater the surface area of the plates, the greater
the Remember capacitance is the ability to store charge
so a greater plate area means more storage area for charges. Capaci-

tance is directlx proportional to plate area. Therefore, if we double
the plate are:" we double the capacitance.

Plate Se aration The capacitance is inversel proportional to
Theseara between the plates. That is, if we double the
separation be en two plates, keeping all other factors the same,
the capacitan is one-half its original value. Since capacitance

is the abilit to store energy in the, electrostatic field, increasing
the separation between plates decreases the field strength, thus de-
creasing the capacitance.

59
52



/
/
/

/

/
/

/
/ I

4.

I

--

Summary Eleven-11

V' ...

Dialectric'Constent - The dielectric constant is a measure of the ability
of a non OniZZI;riO store electrical energy in the distortion of its

material

atomic onflguration. Hence, a material with a large dielectric con-
sten can store more energy in the distortion of its atomic orbits
09 material with a low constant. "Dielectric constants are relative
numbers based on 1.0 for a vacuum. Dielectric constants for other

/imithon materials are:

Vacuum 1.0
Waxed Paper 3.5
Glass 5-10
Pure Water 81

Dis lacement Current - Remember that at no time does current flow
t rugh the capacitor. The current that appears to flow in a
capacitive circuit is a displacement current. When one electron
arrives at the positive Tate -of the 7/FiliiWsource, another electron
leaves the negative plats, giving the appearance of a continuous
current.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY
STUDY THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS COR-
RECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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Is Overview

OVERVIEW
LESSON III

Total Capacitance

Eleven-III

In this lesson you will study and learn about the following:

series capacitors_

-parallel capacitors

- series - parallel capacitors

O

BEFORE YOU SYOT THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.
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LIST OF STUDY RESOURCES
LESSON III

Total Capacitance .4.

To learn the material in this lesson, you have the option of choosing,

according to your experience and preferences, any (mall of the

following:

1.

STUDY. BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 93400A-lb "Basic Electricity, Alternating Current."

. Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, 0.C.: U.S. Government Printing Office, 1965.

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.

.

' 57 64



Narrative Eleven -ill

NARRATIVE
LESSON ill

Total Capacitance

Capacitors can be placed in circuits either in series or parallel,

just as inductors and other components can. Then, to determine
the total capacitance in a circuit, we must be familiar with.the
rules for calculating capacitance in the various configurations
of circuits.

Series

If we wire two capacitors in series as shown, in effect, we
increase ti'e distance between

bi 124

two plates, A and O. You
know that increasing the
space between platei decreases
capacitance. Therefore, when
capacitors are wired in series,
total capacitance decreases.

Of C2 Total capacitance (CT) then

the smallest capacitor.
is than the amount of

Recall that inductance and resistance in series are additive;
capacitance Is not. To find CT in series we apply the rules
for determining resistances in parallel. For example, we can
find total capacitance by using the sum of the reciprocals
method,

CT for series combinations,

CI C2 C3

or the product over the sum method 1 only two capacitors are
in series,

*
Cl x C2.

C1 Cl + C2

Observe that these are methods for solving for total resistance
in parallel, but now we have substituted C for R to solve for
C
T

in series.
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Find C
T

in both circuits.

C
T

(2) H H CT

1. Ci. C3.

10,000pf .11102pf

Total capacitance in problem (1) is 5 of, and in problem (2)
is 909pf ar, rounded off. 910pf. ProbleM (1) could have been
solved simply by dividing the equal value of the two capacitors
(100) by the number of capacitors. 10 t 2 * Sof Problem (2)
can be solved by the sum of tie reciprocals method.

Parallel

When capacitors are wired in parallel as shown, you can assume
that, in effect, the cross-
sectional area of the plates

C1 CI has been increased. As the
500--- plate area increases, capaci-

tance increases; therefore,
in parallel connections, the

values of individual capacitors can be added to determine total
capacitance.

C
T

* CI + C2 + C3 + + Cn

S
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Capacitance In parallel Is figured in the salve way that resistance

is compUted in series.

Find CT.

C2I
SOW 100

this parallel circuit is 60 uf.

SeriesParallel

Now that you know the rules for finding total capacitance in
both series and parallel circuits, you can combine these rules
to solve for C

T
in series-parallel circuits.

Recall that when solving resistive circuits the first step
was to determine the equivalent resistance of the parallel net-

work.

See if you can find C in this circuit; remember that the rules
are exactly opposite to those you used for RT.

C
T

10.01

C2.
Kopf

C3. 64.

Ty'

_ By parallel rules, C3 and_C4 in the parallel network can be
added for a total of-TO uf. Then, in effect, we.have a circuit

67
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with three 10uf capacitors in series. If we divide 10uf by 3,

we arrive at a figure of 3.3uf which is C in this series-parallel
circuit.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY
OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND
ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOTE

STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE
QUESTIONS CORRECTLY.
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PROGRAMMED INSTRUCTION
LESSON III

Total Canacitance

TEST FRAMES ARE 4, 8 AND 13. A.; BEFORE FIRST GO TO TEST FRAME 4 AND
SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE DIRECTIONS
GIVEN AFTER THE UST FRAME.

0

r---
I- -j

I

I
I

I

1

I
+I
ci C2

Ebb

Notice that when we connect capacitors in series we have
in effect increased the distance between the plates.

From this we can conclude that when capacitors are wired in
series, total capacitance (CT).

a. increases.
b. decreaGes.

c. stays the same.10.

(b) decreases (N011: Capacitance is inversely proportional to
dj a_n_ce between the plates.)

ti
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2. To find total capacitance (CT) when capacitors are connectei
In series, use the same formula you would use to find total
resistance or total inductance when they are connected in
parallel.

Which rormula(s) can be used to determine C
T

of series con-
nected capacitors?

a. C
T
= CI + C2 + + Cn

b.

c.

CT =

Cl C2 C3
r Cl x C2
"T CI + C2

(b.)
CT " ' "

r

T Cl + C2
Cl C2 C3

70
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3. Example: Find the total capacitance of this circuit.

100 x 1C_776._
CT 2

...._

20 x 10
lOpf

CT 1. 5°

In this partic.ular ciriuit, what other method might have been
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. Find the total capacitance of these circuits (state all answers
In uf).

a.

b.

c.

C1 C2H I-I F-IC31
300 NW 3001

.

I.....---1 I I [
CI CZ C3

).7 1iiif Iatbo
T

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH CORRECT
ANSWERS GIVEN AT THE TOP nr THE NEXT PAGE.)
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5.

ANSWERS - TEST FRAME 4

a. 10Pf

b. 60

c. lOpf

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, GO TO TEST FRAME S.
OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED SEQUENCE BEFORE
TAKING TEST FRAME 4 AGAIN.

1
Ct

Tc2

Notice that when we connect capacitors in parallel, we effectively
increase the plate area.

From this we can conclude that when capacitors are connected in
parallel CT:

a. increases.
b. decreases.
c. stays the same.

la) `increases

73
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6. To find C when capacitors are connected in parallel, use the same
formula you would use to find total resistance or total inductance
in'series.

Which formula can be used to determine C
T

of parallel connected
Capacitors?

CI x C2
a. C

T CI + C2

1.111,I b. C
T
= CI + C2 + C3 + + Cri

c. C =
1 1+ I +...+

CI C2 C3 iCn

1

(b. CT = CI + C2 + C3 + + Cn)

7. Find C
T

of this circuit.

CI 2

500f 100

C3 CT
20,uf

(C
T

= CI + C2 + C3

C
T

= 50pf + lOpf 20pf

C
T

= 80pf)
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8. Find the total capacitance of these circuits.

a.

T5

-I.C3

.002uf 10,000pf 002.of .001,ut

C4 100

Ci -1-c2 -1-c3
I I

--200 SOO

(THIS iS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS.- TEST FRAME 8

a. 17.5uf

b. 15,000pf or 0.015uf

,c. 88ufd
u

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, GO TO TEST FRAME 13.
OTHERWISE, GO BACK TO FRAME 5 AND TAKE THE PROGRAMMED SEQUENCE BEFORE
TAKING TEST FRAME 8 AGAIN.

9. Capacitance in series is computed the same way as resistance
in Capacitance in parallel is computed

(series/paral

the same way as resistance In
serit:s /paral le

(parallel; series)
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10.

C3

To find the C
T

for the serifs-parallel network shown, we
can:

a. add Cl, C2, and C3 directly.
b. use the reciprocal method to find C of C2 and C3

and add this sum directly to Cl. eq

c. add C2 and C3 directly and use the reciprocal method
to find the equivalent capacitance of this sum and Cl.

(c) add C2 and C3 directly and use the reciprocal method to find
the equivalent capacitance of this sum and Cl.)

11. To solve the below series-parallel capacitive circuit for CT,
the first step is to determine the equivalent capacitance
(C
eq
) of the parallel network.

Find the equivalent capacitance of the parallel network.

1200f

j..C2 1C3
tOof IOpf

a. 5pf

b. 200
c. 100

(b) 20pf

7?
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IP

12.
(11

1200

equivalent capacitance

\ (Coq) = 200

Our next step is to combine the equivalent capacitance (C )

with Cl. . eq

C1 for this circuit is:

a. 20uf
b. 25uf

c. lOuf

d. 40uf

(c) lOpf
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13. Solve each circuit for CT.

a.

b.

C.

I
20Af

CI

CZ

20uI

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS - TEST FRAME 13

a. lOuf

b. 350

c. 3.75uf

IF ANY OF YOUR ANSWERS IS INCORRECT, GO BACK TO FRAME 9 AND TAKE
THE PROGRAMMED SEQUENCE.

IF OUR ANSWERS ARE CORRECT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY
STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK
AND ANSWER ALL THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT,

STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE
QUESTIONS CORRECTLY.



Summary

SUMMARY

LESSON III

tieven-ill

Total Capacitance

in many complex ':Ircuits, capacitors occur in several configurations
of series, parallel, and series- parallel connections. To determine
the total capacitance of a circuit, we must be familiar with the
rules for calculating capacitance for the Caet. common circuit
configurations.

Series

For two or more capacitors wired in series as shown, the total capaci-
tance is smallerothan any of the individual capacitances. The total

capacitance of the circuit below can be thought of as one capacitor
with an increased plate separation equivalent to the plate separa-
tions of each individual capacitor.

C2 C3
The total capacitance can be calculated witi, the formula for series
configurations.

1

CT =C1ri 'EY C3

Parallel

For capacitort wired in parallel, total capacitance for the circuit
below increases since the effective cross-sectional area of the
plates has been increased. C

111
D

The total capacitance for the parallel configuration can be calcu-
lated with the formula,

C
T
= CI + C2 + C3

81
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Series-Parallel

In e.omplex circuits, total capacitance can be calculated by reducing
the series-parallei network to a simple series or parallel circuit
and then solving the resulting eqdlvalent circuit. This is the same
procedure that was used in solving complex resistive circuits.

Perform the following exercise by solving the circuit
for total capacitance.

HI
30,0

C
T

Out 7

C
T = 3.75 of

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY STUDY
THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR MTh. IF YOU
TAKE THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO
TO THE NEXT LESSON. IF NOT, STUDY MOTHER METHOD OF INSTRUCTION UNTIL
YOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.

As a
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Overview Eleven-IV

OVERIVEW

LESSON IV

RC Time Constant

In this lesson you will study and learn about the following:

-analyzing an RC circuit cn.charge

-analyzing an RC circuit on discharge
-computing RC time constants

-Universal Time Constant Chart

-effect of variation of time constant

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

85
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LIST OF STUDY RESOURCES

LESSON IV

RC Time Constant

To learn the material in,,this lesson, you have the option of

choosing, according to your experience and preferences, any or

all of,the following:

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Experiment
Lesson Summary

0
ENRICHMENT MATERIAL:

NAVPERS 93400A-11) "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.
41770ternment Printing Office, 1965.

AUDIO-VISUAL:

Sound/Slide Preserhation - "Capacitance: Time constants."

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOOE. YOU

MAY TAKE THE PROGRESS CHECK AT ANY TIME,
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NARRATIVE
LESSON 1V

RC Time Constant

You know that, theoretically, in a purely capacitive circuit
the capacitor charges instantly when the circuit is energized,
as there is nothing in the circuit to limit current flow to the
capacitor.

You know that there cannot be a practical, purely capacitive
circuit because every circuit contains conductor resistance and
internal reIlstance in the source. There is always some resistance
in a clrnult; therefore, it is necessary to analyze what happens
in a resistive-capacitive circuit (RC circuit) as the capacitor
charges.

AnalyzIngan RC Circui' on Charge

In the circuit lilestrated, the 20-
ohm resistor represents all circuit
resistance lumped into one value.

Ea Before SW1 was closed to position 1,
'100V the cirall was open, and there was

no current flow, no voltage drop
across RI. nor any capacitor voltage.

The instant SWI is closed to position
1, current flow is maximum in the

circuit. By Ohm's Law, if E Is 100 volts and R is 20 ohms,
maximum current is 5 amps. therefore, at the instant the circuit
is energized, there is 5 amps of current In the circuit.

Recall that in an LR circuit, at the Instant the circuit is
energized current Is minimum. Again, in comparing, we see that
inductance and capacitance act in opposite manners.

Now at time zero when the circuit Is energized, current is maximum,
and the voltcge drop across the resistance is maximum at 100 volts..
Voltage across the capacitor (EC) is zero.

87
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Swi

-lb
10 0 V

MICRON

2

R

20 A

ROW

As the capacitor charges, it starts
to build up a difference of potential,
Er, which is in direct opposition
t8 the applied voltage. Therefore,

current decreases, the voltage drop
across the resistor decreases, and
EC increases.

I4.

E
R

4

E

This trend continues until current is ze:o, ER is zeros and
Er is maximum at 100 volts. Roth, that the sum of the voltage
aops across the resistor and the capacitor equals the applied
voltage.

Notice also that the presence,of resistance in the circuit limits
the charging current, and the capacitor always takes some period
of time to reach its fully charged state. Then the circuit
becomes tatic (/ * 0; E

R
* 0; E * max.) until something Is

done to ;hange it.

Discharge

NOW if SW1 Is moved to position 2,
we provide a path for the piled up
electrons at the negative plate
to flow to the positive plate. E

of 100 volts becomes a source. The
energy stored.by the capacitor is
discharged.

Therefore, upon beginning discharge,
current is again maximum at 5 amps.

The capacitor voltage has become the source voltage, and
therefore, the voltage drop across the resistance equals the
capacitor voltage. When EC is 100 volts, then E0 is 100 volts.
As the capacitor voltage begins to decrease, ER decrease; pro-
portionately.

When E is /0 volts, E. Is 70 volts. As voltage decreases,
current decreases. This trend continues until the capacitor is
fully discharged. Then: E is zero

EC is zeri.

1" isis zero

83.
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Computing RC Time Constants

The length of time that a capacitor taker to reach 63.2% of its
maximum voltage or to decrease to 36.8% of Its maximum voltage
is called one TC. It takes five time constants to fully charge
the,capacitor tnrough a resistance, and five time constants to
fully discharge the capacitor through the resistance.

The formula for determining one TC in an RC circuit is:

- TC (in seconds) = R (in ohms) x C (in farads)

In this circuit, what is the IC?

TC =ftxC

TC = (20 ohms) x (15 x 10-6 f)

IC 300 x 16
-6

seconds or 300 microseconds or

0.! milliseconds

Therefore, in this circuit it takes 0.3 milliseconds for E,
to increase to 63.2% of its maximum (100 v), or 63.2 volts1
or it takes 0.3 milliseconds for the E

R
to decrease to 36.8%

from full charge (36.8 volts).

82



Let's look again at our old friend,
the Universal Time Constant Chart,
which never changes.

The percentages that are valid
for inductance are also valid for
capacitance.

From analysis of the RC cir-
cuit, can you determine what
quantities are plotted on Curve A?

2T BT 47 51 What is plotted on Curve B?

RC t RC SRC 4 RC SRC

In a capacitive-resistive circuit, I and E are maximum at
Time 0, and capacitor voltage is on the rige;.therefore, Curve
A indicates E on the rise, or on charge. Curve B represents I

on charge andCEt, on charge, as they decrease. It also represents
all quantikle,- Bri discharge, EC, I, and ER.

Recall that you can solve for quantities at particular time
constants by using the percentages on the cl-art and multiplying
maximums by the percentage for a given time,constant.
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By using the values in the above circuit and the
$rcentages of the Universal TC Chart, which you

Note memorized, find:

I max. =
TC =
E QT3=
E
R
f T2 =

EC f X40 microseconds

By Ohm's Law, you determine that) = 4 amps. The time constant
formula TC =RxC tells us that TC = 60 microseconds.

E f Tiie 3 5% x 106 volts or 5 olts
ER @ Time 2 = 86.5% x 100 volts r 86.5 volts
E
c

@ 240 microseconds - E
c
at time 4 * 98% x 100 volts * 98 volts

4'

Practice Problems

VVVVv-

1.

I:30 0

50V C:5Aif

FIND: TC

E
C

T2 =
Ea T2 =

I @ 450 psec =

91
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2. FIND: Ep @ 1 TC =
I e 20J psec = .VVvYV'

c: 25 *f

3. In problem 2, kf the value of R is increased after
5 TC bate passed, what will happen to EC?

4

Answers

I. TC = 150 sec

EC e T2 = 43.25 v

Ea e T2 = 6.75 v

I e 450 psee = 83.5 ma

2. E
R
e 1 TC = 36.8 v

I e 200 psec = 3.375 amps

3. Nothing

Effects of Variations in TC

The time constant of a given c.rcu!t is equal to R x C. There-
fore, if resistance or capacitance is increased, the T.
increases. If either R or C is decreased, the TC decreases.

The only way TC can be changed is to vary R or C. The only other
indppendent variable in the circuit is the 3pplied voltage. Let's
see what happens in this circuit if-the El is changed f-om 10 volts

%mow, to 20 volts. 'The time constant does not

00 change; it takes 20 microseconds
for the capacitor voltage to reach
63.2% of its maximum. Howeee, the

1DV 24 maximum will have doublee from 10
volts to 20 volts; there;ore, the
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capacitor must charge to twice the voltage in the same amount
of time.

Therefore, if E increases, the rate of charge also increases.
The capacitor haa s to charge faster. If E

a
decreases, the rite

of charge decreases.

AT THIS POINT, YOU MAY PERFORM THE EXPERIMENT WHICH STARTS ON PAGE 110
PRIOR TO TAKING TI'E PROGRESS CHECK, OR YOUNAY STUDY ANY GF THE
RESOURCES LISTED. IF YOU DO THE EXPERIMENT, TAKE THE PROGRESS CHECK,
AND ANSWEA ALL OF THE QUESTIONS CCRRECTLY, GO TO ThE N:XT LESSON. IF

NOT, TUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL
THE QUESTIONS CORRECTLY.

93
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PROGRAMMED INSTRUCTION
LESSON IV '

RC Time Constant

TEST FRAMES ARE 12, 17, 33 AND 37. AS BEFORE, GO FIRST TO TES7 FRAME
12 AND SEE PF YOU 'AN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE
DIRECTIONS GIVEN AFTER THE TEST FRAIE.

1. A capacitor charges to the source pctential instantly if there'
is no resistance in the circuit.

In the circuit shown, the capacitor charges to the appll d
,voltage:

a. the moment switch is'closed.

b. in a definite amount of time.
E.

(b) in a definite amount of time ,

2. The amount of time required to charge a capacitor to63.2% (or
decrease ti 36.8%) of the applied voltage in a DC resistive?
capacitive (RC) circuit is known 'as the time constant (TC).

A time constant is:

a. the time required to fully charge the capacitor.
b. the time require:Pfor the source voltage to decrease

to 36.8% of E.
c.

the
time rnclare61°I.E.Ctobe 63.2% of Ea.

4

(c) the time required for EC to be 63.2% of Ea.
a

87'94
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3. To determine the TC of a DC series RC
TC (in seconds) = R (in ohms) x C (in

Determine the time it takes for E in

of Ea.

a. 50 msec

b. 2 usec

c. 50 usec

Eleven-IV

circuit we use the formula
'farads) .

this circuit to reach 63.2%

..,
(c) 50 usec

4. The formula TC =RxCsays that the time it takes the capacitor
to charge to 63.2%. of applied voltage is directly proportional
to the product of Rand C.

If the value.of R or C is increased in an RC circuit, the time to
charge the capacitor:

a. increases.
b. decreases.

c. stays the same.

4

(a) increases.

5. Recall from DC LR circuits that it takes about 5 time constants
to reach steady values.

Label the time constants below.

A

I/



We will now analyze a DC RC circuit while charging the capititor.
At the instant the switch is'closed displacement zur7ent is at its
greatest Ohm's Law vaTue because the capacitor has not built

up an oppo*Ing voltage. )-

At the instant the switch is closed:
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7.

Ohm's i.aw can be used to determine the amount of current flow
in the ;ircuit which, for the first instant, is controlled only
by the resistance.

The moment the switch is closed, the maximum current is:

a.

b.

c.

d.

6.6 a.
5 a.

0.2a.

6.6ua.

(b) 5a.

8. Because current flow through the resistor is maximum the
instant the switch is closed,

11

is also maximum.
4

In the schematic below, when the circuit is first energized,
the voltage drop across the resistor is:

a. 5 v.

100 v.

6.6 v.

equal to Ea.

71-fb
20b.

c. 100y

d.
SAE

b. 100 v; d. equal to Ea

U

979
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9. As the capacitor continues to charge, the circuit current starts
to decrease because E is opposing E

a
.

_ As the potential difference across the capacitor increases:

a. current flow increases.

b. current flow decreases.

c. E
a

decreases. Lb
R :2o

2

MOW

C:15.4 f

ICTNON EL

(b) current flow decreases

10. As the current flow'in the circuit is decreasing, the voltage drop
across the resistor must also be decreasing.

Which
RC circuit?

a.

b.

c.

d.

the below statement(s) is true concerning

E
R
varies inverselV with charge time

E varies directly with charge time.

a DC series

2
si

4

R:2011

Ic:100V

R
.4.7.:-Elb

E varies inversely with charge time. WNW
C

E
C
varies directly with charge time.

Cl5i,tf

(a. E
R

varies inversely with charge time; d. E varies directly
with charge time.)
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II. When E is equal to E
a
all electron flow stops.

Refer to the diagramJn frame 10. When EC is equal to 100
volts the current in the circuit is and E

R
is

maximum/zero
maximum/zero

(zero; zero)

12. Check the correct statements concerning a DC RC circuit when the
capacitor is fully charged.

a. 1
C
maximum

b. -E zero

c. I maximum

d. I zero

e. E
R
maximum

f. E
R
zero

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)

99
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13.

ANSWERS - TEST FRAME 12

a. E
C
maximum

4. I zero

f. 1
R
taro

.I

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO ON TO
TEST FRAME 17. OTHERWISE, CO BACK TO FRAME 1 AND TAKE THE PROGRAMMED
SEQUENCE BEFORE TAKING TEST FRAME 12 AGAIN.

I

.

Now if the switch Is moved to position 2, the capacitor
discharges.

During discharge, the capacitor acts as a:

0011=1.10

a. load.

b. source.

c. resistance.
v

(b) source
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14.

The instant that the switch is moved to position 2 electron flow
In the circuit is at its maximum Ohm's Law value again.

The instant the switch in the above circuit is thrown to position
2, current flow is amps.

As the capacitor continues to discharge, its potential decreases,

and current flow in the circuit
increases eases

(decreases
I
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16.

I

_ -

Recall that in any circuit the voltage rise is equal to the
voltage drop.

As the capacitor discharges:

-- a. E
R
and E

C
decrease together.

b. E
R

increases.-

c. as E
C

decreases, E
R

increases. -.

raTER nd Ec decrease together

95
2

0
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17.

10011

le

2

cisuf

Check the conditions that exist in the above circuit when the
capacitor is fully discharged.

a. -E maximum.
b. E

R
zero.

c. I

R
maximum.

411=1

d. I zero.

e. E maximum.

F. EC zero.

J

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITh THE CORRECT

'ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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1eN+

ANSWERS - TEST FRAME 17

b. E
R

zero.

d. I zero.

f. EC zero.

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAYG0 ON TO
TEST FRAME 33. OTHERWISE, ko BACK TO FRAME 13 AND TAKE THE
PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 17 AGAIN.

4

18. Use the graphs below to answer frames 19 to 22. These graphs
show capacitor voltage, circuit current, and the voltage drop
across the resistor in tha series RC circuit firing growth.

IR 0

(Circuit is energized at time zero.)

I I I I 1 I 1 1

Trr
I i I I II ill!

.

....._11.ECTRON ROW

mo

ON CHARM

111111111111111111111[11
T1 12 13 I TS T6 T7 Tit

(Go to next. frame.
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19. At TO, EC is at !'s value.

maximum/minimum

(minimum)

20. Circuit current at TO is at its value.

maximum/minimum

(maximum)

21. The curve for E
R
and circuit current are similar because they

both reach their and values at the same
time.

---Cmirlimum; maximum) Ceither order)
.4 9

22. The greatest rate of change in current occurs between:

a.

b.

c.

d.

Ti - T2.
T2 - T3.
T4 - T5.
TO Ti.

(d) TO - Tl

105
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23. Use the graphs below to answer frames 24
show Er, circuit current,and ER during d
capacitor 'in the RC circuit shown below.
energized at time zero.)

IR
0

100V

1 0

1111
1

IN

1

I

1

1

1

I

1

t

1 I

I I

I

I

I

I

4

1

1

I I
It

I

I-$ I

I
$ 1

1
1 1

I I oo

I

I

t
a i

!

i

i

r

I '

I

I I

I

1

I

I I

1

I

1,1
T T2 T3 If Ts, IS TY li

to 27. These graphs
ischarge of the
(Circuit is de-

DECAY CURVES

(Go to next frame)

A

24. The greatet voltage drop across the resistor is at time:

a.. TO.
b. Tl.

c: T3.

d. T5.

(a) TO
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. . i5. 'The capacitor' is co pletely dischargeS at

-.........

.

.

a. Ti.
b. 1.4.

c. 76.

d. 72.

9f> ,*;*,,.

Eleven-1V

eh

(c) 76

26..The greatest rate'of change in current is between:

a. Tl - 72.
b. 72 - 73.
c. 74 - 75.
d. 70 - 71.

....--...

----Tar-to - Ti

27. When the electrostatic field of the capacitor is depleted
what are the values of:.

Current?
E?
ER ,

(all zero)

e

207

100

+111wilmIll
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28. Let's look again at our old friend the Universal Time Constant
Chart which never changes.

98% 100%

w.7

.5

4

43

t .1

SOT IT ZT 3T 4T 5T

RC 2RC 3RC 4 RC SRC

From this chart, you can determine the values of E
'

E and 1

during the and of an RC circuCit.
R

632%

- ai36.a%

growth or charge; decay or discharge)

101
-1 08
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29. Recall that you can solve for quantities at particular time
constants by using the percentages on the chart and multiplying
maximum values by the percentage for the time constants.

Example:

I

c 4%

th. 'OT I T21. 31 4 T 51

RC 2RC 3RC 4 RC MC

In the circuit shown, find:

1. the time constant.
2. E

R
(2 IC after switch'is closed) .

3. E (180 psec after switch.11-tlosea7t,__
4. 1'(5 IC after switch is crosed.)

SW I
0,00-

Answers on next nave.)

109

102



Assume the capacitor in the above circuit is being charged.
What is the vo)tage drop across the capacitor after 60 psec?



44
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31 114

Eleven-IV

Assume the capacitor in the above Circuit is being discharged.
What is I at T17

a. 4 a
b. 2.52 a

----c. 1.47 a

fc) 1.V7a

32.

RiaDO

8060V

COM

Assume the capacitor is being charged. Solve for the quantities

Indicated.

a. 1 maximum
b. TC
c. E

R
at 72

d. E at T3
e. tat T4

(a. 2a. b. 60 sec. c. 8.1v. d. 57v. e. 0.04a

- . -.On J....

104

4
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33

c.30

2 gf

Eleven-IV

The capacitor started discharging at TO. Solve for:

a. I at TI
b. E 7-------
c. E

R
at T3

d. I at T5
e. E at T5

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)

105 11.1?

.1111
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ANSWERS - TEST FRAME 33

a. 1.10 amps

b. 33.12 v

c. 4.5 v

d. 0 amps

e. 0 volts

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO ON TO
TEST FRAME 37. OTHERWISE, GO BACK TO FRAME 18 AND TAKE THE PRO-
GRAMMED SEQUENCE BEFORE TAKING TEST FRAME 33 AGAIN.

34. Recall that the time constant Is directly proportional to the
product of R and C.

If It or C is decreased In a DC RC circuit, it takes:

a. less time to charge the.dapacitor.
b. more time to charge the capacitor.
c. the same time to charge the capacitor.

N. IN I= 11.

a less time tP_charge-the-capaortb-

113
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35

Eleven-1V

w f.:10V Itil"

t. CPA. T.

In a DC RC circuit, if E. is increased or decreased, the time
constant will not change

If the applied voltage in the above circuit is varied, the
capacitor charges to 63.2% of E

a
In

a. fusee.
b. lOpsec.
c. 20usec-

(c) 20 usec

&so
36.

te:20V tw

el:no

Notice that in the above circuit we have increased Ea but left the
values of R and C the same. Now the capacitor must charge to
a higher voltage in the same period of time. -"

In a DC RC circuit, if is increased then the rate of charge is:

a. increased.
b. decreased.
c. stays the same.

(a) increased

L.A. .4

1.07 11 4
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37. In a DC RC circuit, if:

R is increased.

E is decreased.
C is"decreased.
E
a

is Increased.

Eleven-IV

a. rate of charge increases
b. rate of charge decreases
c. TC decreases

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)

El 108

215
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ANSWERS - TEST FRAME 37

1. b.

2. b.

3. a and c.

4. a.

4IF ANY OF YOUR ANSWERS IS INCORRECT, GO BACK TO FRAME 34 AND TAKE
THE PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 37 AGAIN.

NOW TAKE THE EXPERIMENT WHICH BEGINS ON THE NEXT PAGE, IF Y31.1 HAVE NOT

ALREADY DONE SO.

'"



Experiment Eleven-1V

EXPERIMENT
RC Time Constant.

This experiment illustrates one possible application of RC circuits
making use of RC time constants.

1. Draw Practice Board #I1-4, a 90 -volt battery, a ;0 Ma resistor,
a 1 Ma resistor, and an oscilloscope from the resource center.

2. This is the circuit you will be working with.

Rooms/

First an explanation of a new'device the neon lamp. This

type of lamp is designed to fire (light) at a particular voltage
(65-70 v for this lamp).' Until this voltage is Impressed across
it, the lamp acts as an open circuit and no current flows

through it. When the proper voltage Is applied, the lamp fires

and acts as a short circuit, conducting current until the
voltage drops below Its extinguishing voltage (approx 35-40 v

for this lamp).

At the instant the switch is closed will the lamp light?

WOG

ANSWERS ARE LOCATED ON PAGE 114.

t

N

-117
110.

,
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3. SM

Fat9OV *IN
NEON
LAMPC.

At the instant the switch is closed,' current flows as shown,
charging the capacitor through the )0 Ma resistor. No rent
flows through .the neon lamp because the firing voltage has
not yet been reached.

Disreg6;ding the neon lamp, how long does it take to charge
the capacitor to source voltage?

4. Because no current is flowing through the lamp, the circuit at
this time appears as a 10 MO resistor in series with a 0.1 pfd
capacitor as shown:

SIN TC wRxC 4
-6,41 (10 x on. (.1 x 10

h 9 0 V
Ea 1

Rp1OMO

c041f
TC = 1 sec

'Charge time = 5 IC

5(s) = 5 sec .

The neon lamp is in parallel with the capacitor. Will
the capacitor eer charge to 90 v?

Yew
5. Since voltage Is common across a parallel network, the voltage

developed across the capacitor as it charges IS impressed across
the neon lamp. once the capacitor has charged to a value equal
to the lamp's firing voltage (65-70 v), the lamp fires, conduct-

ing current and discharging the capacitor.



Experiment Eleven-IV

The neon lamp has a cut-off voltage of 35-40 volts. Will the
capacitor discharge completely when the lamp fires?

Yes/No

.6. To determine the time required for the capacitor to charge
enoug to fire the lamp the first time, two values must be
considered, the firing.voltage (65-70 v) and the time constant
(1 sec).

Source voltage is 90 v; so after 1 sec the capacitor charges
to volts, after 2 sec it could charge to
volts.

7. The firing voltage for the lamp 1T's between these two
values. So tha initial flash time must be somewhere between
1 and 2 sec. By using the Universal Time Constant Chart, the
time can be pin-pointed with a little more accuracy as
to seconds.

SA

5.6

A

z 20

.0
0 iT 2T 31 41 51

Jac 2RC 3RC 4RC 512-C
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8. Connect the 90 v battery between terminals Ti and T8. Now

measure the time it takes for the lamp to flash for the first

time. Close the switch and time the first flash. De-energize

the circuit and short the capacitor. Repeat this procedure

several times to find an average time. REMEMBER THE CAPACITOR
MUST BE SHORTED EACH TIME THE CIRCUIT IS DE-ENERGIZED.

Time

9. if you left the circuit energized after the initial flash,
you may have noticed that the subsequent flashes occurred in
less time (about 0.5 sec apart). The increased firing rate
occurs, because the lamp does not conduct long enough to
completely discharge the capacitor. This graph shows the
voltage variations in the circuit after the switch is closed
(Time 0)..

361/
(1(

1.5Sec

( ( (
0 05 1.0 1.5 20 2.5 30 as 40 45 SECONDS

TIME

Notice that on the initial charge, the capacitor must charge
from 0 to approximately 65 volts while on each succeeding
charge it only has to go from 35 to 65 volts.

10. The flash rate may be varied by changing the value of resistance
in series with the capacitor.. To prove this replace the 10 MO
resistor with the 1 MO resistor. This decrease in resistance

causes the flash rate to . To prove your
increase/decrease

answer energize the circuit and observe the flash rate.
De-energize the circuit and short the capacitor.

11. The charge and discharge cycle of.the capacitor may be viewed
by placing an oscilloscope across the capacitor.

a. Set the oscilloscope up according to the instructions given
in The Oscilloscope Job Program 9-6-1."

Da 120
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b. Connect the ground lead to the negative side of the capacitor. 0

c. Connect the probe to 'the positive side.

d. Energize the circuit and adjust the scope to obtain a
clear trace.

e. Sketch the trace:.

f. De-energize the circuit and short the capacitor.

g. Turn off and disconnect the scope.

h. Replace thd 1 Mn resistor with the 10 MO resistor.'

i. Return materials to the resource.center.

Answers:

2, No

3. 5 sec

4. No

5, No

6. 56.89 v; 77.8 v

7. approximately 1.25 - 1.5 sec

8. between 1.2 and 1,5 sec

10. incrgase

40

121
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11. e. The sketch should be similar to:

6SY

35v

o, s s

(

0 2$ 3.0 iS 40 1S SECONDS

YOU MAY NOW TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE OIMER
RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK ANO ANSWER AlL TOE
'QUESTIONS CORRECTLY, GO TO.THE NEXT LESSON. IF NOT, STUDY ANY.

METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE QUESTIONS

CORRECTLY.
r

. '

1;5 122
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SUMMARY
LESSON IV

RC Time Constant

In a purely capacitive circuit, the capacitor charges instantly
when the voltage is applied, and similarly, discharges instantly
when shorted. Practically, ever clicult has conductor resist-
'enc. (wire), internal resistance (source) and other resistive

' components. The resistance in the below illustration represents
all circuit resistance lumped into one valve. In thilesson we
will discuss the phenomenon of resistive-capacitive circuits in
the transition state. That is, we want to describe voltage and
current characteristics of an RC circuit during the time of
charging or discharging the capacitive elements.

A typical resistive-capacitive circuit Is Illustrated below. It

contains a voltage source, resistive and capacitive components,
and a switch which can be positioned for: (1 and 3) open circuit;
(2) capacitor charging; and (4) capacitor discharging.

0

In position 1, there is no current flow, no.voltage drop across
'R, and no charge on the capacitor.

At the instant the switch is closed to position 2, the full voltage,
E
a
, appears across points A to B and. current flows. .

,

Ay'Ohm's Law, the ins tantaneous-mal0Orcutrnt flow is I la rt
At this Initial time (Time 0), current Is maximum, voltage drop
across R is eq101 tol. and the voltage and charge across C Is
zero As the capacitdcharges, a voltage develops across C opposing
E. and, hence, decreased current flow. When the Charge of the capac-
itor reaches maximum, the voltage drop across C IL equal and
opposite to E prevehting any more current floW. Therefore, the
larger R is, the longer the time required to reach equilibrium.

123
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When the switch is moved to position 4, the capacitor-resistor
elements are shorted, and the voltage across C poduces a current,

Er

= Ix, moving in the opposite direction to.the charging current.

it is important to note that:

E
a

(max) = E (max)

and I charging (inax) = ir discharging (max)

since R is constant. As discharge current flows, i and EC approach
zero.

Computing RC Time Constants

By definition, the time it takes a capacitor to charge"and reach
63.2% of its maximum voltage, Ea, is one time constant, TC.

T.0 R x C

Likewise, the tane.constant for discharging a capacitive-resistive
circuit from maximum is that time EC takes to fall to 36.8% of its
maximum value. This is thesame TC calculated from the formula
for the same RC circuit.

Universal Time Constant Chart

The Universal Time Constant graph that was valid for inductance
also applies to capacitive phenomenon in the transition state.

kt

H.6

'3
P- 2

u.. .0
OT- iT ZT

RC zRC

31 4T 5T

3RC 4 RC RC

With the swItct at position 2 at
Time 0, I and E are maximum.
Capacitor voltage, EC, is zero.
As current flows and charging of
C occurs, Curve A represents the
increasing capacitor voltage.
Curve B represents the decreas-
ing current and voltage drop
across R.

124
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You tan calculate maximum values of E and I at Time 0 from Ohm's
Law. The RC time constant of the circuit is icalculated from

TC R x From the graph, you can then calculate Ec, ER, and I
at any time by multiplying the maximum values by the percentage for
that time.

The time constant of any RC circuit depends only on the values of
R and C and does not depend on Ea.

AT THIS POINT, YOU MAY PERFORM THE EXPERIMENT WHICH STARTS ON PAGE 110
PRIOR TO TAKING THE LESSON PROGRESS CHECK, OR YOU MAY STUDY THE LESSON
NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH. IF YOU DO THE
EXPERIMENT, TAKE THE PROGRESS CHECK, AND ANSWER ALL bF THE QUESTIONS
CORRECTLY, GO TO THE NEXT LESSON. IF NOT,.STUDY ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN ANSWER ALL THE QattIONS CORRECT.

1 25
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Overview Eleven-V

OVERVIEW

LESSON V

Capacitive Reactance

In this lesson you will study and learn about the following:

- how q capacitor works

-comparing Inductors and capacitors

-capacitance in AC circuits

- how frequency-affects XC

- how capacitance affects XC

-mathematical formula for XC

-how XC affects current

BEFORE YOU START THISLESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

.127
32,3



To learn the material in this lesson, you have the option of choosing,
according to your experience and preferences, any or all of the

1°.
following:

__STUDY BOOKUT:

Les' m Narrative.

Progiammed instruction

-
Lesson Summary

ENRIC4MENT MATERIAL:

NAVPERS 93400A-lb "Basic EleOricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Study Resources

LIST OF STUDY RESOURCES

LESSON V

Capacitive Reactance

Eleven-V

Washington, D.C.: U.S. Government Printing Office, 1965.

AUDIO-VISUAL:

'Super - "Capacitive Reactance"

.

YOUMAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU

MAY TAKE THE PROGRESS CHECK AT ANY TIME.

121
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Narrative

NARRATIVE
LESSON V

Capacitive Reactance

Now a Capacitor Works

Eleven -V

Let's look at a circuit with a capacitor in it. At the instant
that the switch is closed, there is
no voltage developed across
the capacitor, so the source sees no
opposition In the circuit. Circuit
current is maximum at this_first instant
and electrons will pile up on one plate

I

,

of the'capacitor and pull away from
the other plate until a difference of
rotential equal to source voltage builds

up across the capacitor. At that time, Ea and EC are equal and opposite,
and the displacement current ceases.

Now, with the capacitor in a fully-charged state, If the source
were changed from.10 vclts to 20 volts, the capacitor would
Again react to a voltage change by charging until-a capacitor
voltage of 20 volts was reached.

You recall that capacitance is associated with the ability of
a tircuit to oppose a change in voltage. Therefore, any change
in the applied voltage -- not only an increase, but also a decrease
-- causes the capacitor to react. For example, if the applied
voltage to our capacitive circuit were decreased now from 20 volts
to 10 volts, the capacitor would discharge until EC was again
equal to Ea.

The capacitor opposes changes in the source voltage through the
charge and discharge currents. The delay in, the change of capacitor

voltage in an RC circuit (RC time constants) is a6§ood illustration
of this.

0 Comparing Inductors and Capacitors

To point out that a capacitor reacts to the rate of change in
voltage, not to the rate of change in current, it may help to
analyze the etwo circuits at the top of the next page:

129
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A

NOTE: Assume both circuits
have been on for more
than five time constants.

How would the inductor and the capacitor react in the
circuits above if the variableresistorwere changed
from IOU to 5D?

Note that in circuit B, if resistance were decreased, current would
increase, and the inductor would react to the change in current
by producing more CEMF to choke the increase in current flow.

However, In circuit A, as the capacitor is fully charged, dis-
placement current becomes zero, and changing the resistance does
not affect a change in current, nor does the capacitor react. A
capacitor only reac., to oppose a change in the voltage across it.

Capacitance in AC Circuits

Up to this time, we have observed capacitors in only DC circuits.
Now, you can see that if we were to take the battery out of the
circuit and quickly reconnect it with the terminals reversed,
the electron flow would be opposite to the original direction
through the circuit. If we continued to repeat this process very
quickly (changing the Lottery connections back and forth from one
polarity to another), we would have the same effect as if we
had an AC source, which constantly changes polarity.

To react to the changing voltage, the polarity across the plates
of the capacitor must change constantly.

123130
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If the capacitor has time (a short
enough time constant) to charge to this
maximum value, at the moment the voltage
reverses, the capacitor reacts by
discharging to again equalize the capa-
citor voltage and the applied voltage.
Remember, the amount of resistance and
capacitance determines how much time
is required'to fully charge the capaci-
tor; so it is possible (in fact
probable) that the capacitor does not

7' charge to its maximum.value when the
- applied voltage reverses; therefore,

the-capacitor is-continuously-charging
or discharging.

,Capacitive Reactance (X C)

We noted above that with an AC voltage, it is possible that the
Cfpacitor might never have a chance to fully develop the voltage
*ass its plates. We said this depends upon the amount of
resistance and capacitance. The higher the frequency, the less
time it takes the applied voltage to go from zero to maximum,
and consequently, the less time the capacitor has to charge.
One other factor affecting thliprocess, then, Is the frequency
of the applied voltage. The higher the frequency, the less time
the capacitor has to react.. The less time,the capacitor has to
react, *:z higher the.current'or the less capacitive reactance
there is. increased f decreased X. Therefore, we can say
that XC is inversely proportional to f. "

Capacitance Affects Xc

Similarly, if you inCreas4 the capacitance, Xi. decreases. For
example, by increasing capacitance we increase the amount of
charge required to develop a given potential difference across

the capacitor. (C = i; therefore, E =

13j
124
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If capacitance is increased, it takes the capacitor longer to
charge to-the applied voltage, and a greater current will flow
during the charging process. Thus capacitive reactance Is less.

Increased C 4 decreases X.t.. Just as X Is inversely proportional
hIto frequency, it is r o nversely propbrtional to capacitance.

Formula

The formula for finding XC reflects the inverse relationship of
f and C:

1
X

2.ortC

Note that although resistance affects the amount of time required
to charge or discharge the capacitor, it does not affect the
amount of opposition the capacitor offers to the AC current.
X Is independent of circuit resistance.

Here, as in the formula for X,, the 2I is a constant (6.28).
One divided by 2v is equal to"0.159;-Therefore, you may simplify
the XC formula to:

X = 0.159
fC

Find XC in this circuit.

f:liCliz C:21.(f

XC=-

Answer: 79.5 ohms.
4,\

3.2.5 132
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Effects of.X on Current

Let's see what happens to other circuit
quantities when Xe. is changed in a
purely capaciti...ecircuit.

Mhat'happens to total current if we increase frequency? You
know that if you increase f: f

X
C

4

I

T
t

and if opposition decreases:

What happens to total current if you decrease capacitance?

C

Xc +

I

T

'Substituting X, in Ohm's Law Formula

61,

As X is opposition, it can be substituted for R in the Ohm's
Law formulas.

Find 1

IT

n a circuit where E
a

100v and XC

3
126



Narrative Eleven -V:

Total current is 2 amps.
E

I =
T X

100 v

IT °Falir

I

T
= 2 a

this circuit find:

Xc.

I
T'

Answers: X
C
= 100 A

I

T
= 1 a

Find X.

E
a

Answer: X =
C I

T

100 vx
C 2ma

Xc = 50 Jul

4 1. .

127 -134
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In Lesson III you learned that parallel capacitance is additive
and that series cape stance must be computed by the product
over the sum or reciprocal method. This is true only for
capacitance. Capacitive reactance is an opposition to current
and is measured in ohms. Because of this, total capacitive re-
actance (X

CT
) is computed in the same manner as total resistance.

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY
OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND
ANSWER ALL OF THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT,

STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE
QUESTIONS CORRECTLY.

35
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PROGRAnMED INSTRUCTION
LESSON V

Capacitive Reaetance

ElevenV

TEST FRAMES ARE 16, 29 AND 31. AS BEFORE, GO FIRST TO TEST FRAME 16
AND SEE IF YOU CAN ANSWER ALL THE QUESTIONS THERE. FOLLOW THE DIREC-
TIONS GIVEN AFTER THE TEST FRAME.

1. Recall that one of the characteristics of .capacitance
ability to oppose a change in circuit

voltage/current
---

o

(voltagel

o 4

2. We can most easily observe how this happens by recalling our
knowledge of internal resistance.

1 1

ini:10
low

When the switch is closed, current flow is:

a. I amp. - .

b. 10 amps..
c. 0.1 amps. 0.

1 0 anrn

0 329 136
to.
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3.

How much voltage Is dropped across the internal resistance.?

a. 5 volts
b. 1.'volt

c. 10 volts

4.

Theoretically, the entire amount of applied voltage would be
dropped across the internal resistance.

Internal resistance:

a.

b.

c.

decreases the terminal voltage of the source.
Increases the terminal voltage of the source.
has no effect on the terminal voltage of the source.

(a) decreases the terminal voltage of the source
p

137
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5. Let's look at this same circuit with a capacitor in it. At the .

instant the switch is closed, the capacitor Has not had a chance,
to charge,and develop an opposing voltage. V

1 , :1-wary
1 10 AMPS

The instant the switch is closed, the capacitor in the above
circuit acts like a/an circuit.

open-/"/:

short

EC:Ov

-I 10 AMPS

The instant the switch is closed in the above circuit, only
the is limiting current flow.

capacitor/internal resistance

(internal resistance)

st

131 138
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<.s

".

't . ' .

SC.:5;/

S AMPS

As the capacitor charges;

a. E decreases.
b. terminal voltage decreases.
c. terminal voltage. increases.

-----d. E
RI

increases.

.,,

Eleven-V

(a. E
R1

decreases; c. terminal voltage increas s.)

r--
8.

to:

Ri I.

1

4

EC:10V

The terminal voltage of the source in the above circuit dims not
reach its, all value until the capacitor is fully

charged)

139
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9. f

ilmIROMM

ea
i

fC:NYV
40, $

i. ..4

------T

PIM

if we now suddenly change Ea to 20 v, the capacitor has to
react to this change by

charging7dischargong

(charging)

10. Any change in the applied voltage causes the capacitor to react
to that change.

If E
a

in a capacitive circuit decreases, the capacitor has
to 7.:MiiprAnCharge

-(d isc4arse

140
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Due to the property of capacitance, any change in E. causes
the capacitor to react so as to limit the change in'capacitor
voltage until the capacitor is fully charged or discharged.

Check the correct statement(s).

a. While the capacitor is charging or discharging, a voltage
is developed across RI.

b. While the capacitor Is charging or discharging, the
capacitor voltage does-not equal E.

c. While the capacitor is charging oradischarging,discharging, the
terminal voltage does not change.

(a. While the capacitdr is charging or discharging, a voltage Ts
developed. across Ri; b. While the capacitor is charging or dis-
charging, the capacitor voltage does not`equal Ea.

SID
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12. Let's see what tiiivens when we use an alternating source voltage
in a capacitive circuit.

You can reverse the charge across a capacitor by reversing the
battery as shown below. 0 each_circuit, draw the polarity signs

- in the boxes next to plates A and B.

13. An AC generator alternately reverses polarity; therefore, if we
connectan alternator across the circuit, the capacitor reverses
its charge with each of AC voltage.

-Cal ternatiorT
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14. In figure A, the positive alternation charges the capacitor as
shown. Draw the polarity signs In figure B to show how the
capacitor charges during the negative alternation.

0
C

15. If you connect ammeters into the circuits blow, the ammeter
will show a continuous reading in circuit

(B)

143
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16. A capacitor:

a. blocks AC.

b. blocks'a steady flow of DC.

= a c. acts as an open in a DC circuit when it is fully charged.

. d. acts as a short in a DC circuit when fully charged. '

(THIS IS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT. PAGE.)

yam`

i

I

via

l3? .144

4%.



T

P.I. Eleven-V

ANSWERS TEST FRAME 16

b. blocks a steady flow of DC.

c. acts as sn open in a DC circuit when it is
fully charged.

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST
FRAME 29. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED
SEQUENCE BEFORE TAKING TEST FRAME 16 AGAIN.

17. Whenrthere is an AC source, the capacitor is constantly reacting
to the change and developing a voltage that opposes any change in
E.

The effect of these two opposing voltages current.

(limit)

, s,

18. The opposition which a capacitor offers to alternating current
is called capacitive reactance and is designated Xc.

Capacitive reactance:

a. 'limits current flow in a capacitive AC circuit.
b, is an ability to oppose a change in voltage.
c. it an ability to oppose -a change in AC current.

(a) limits current flow in a capacitive AC circuit

145
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19. The opposition a capacitor offers to AC Is measured in the same \\
units as the opposition an inductor or ,*sistor offers.

XC is measured in:

a. henrys.
b. farads.
c. ohms.

c ohms

. .

20. When the sourcet s- constantly changing polarity, as in AC, It
is possible that the .capacitor might never have the time to de-

velop an opposing voltage equal to the source voltage.

The faster an AC voltage changes, the the capacitor

will react. o7e71eWin

Ess

21. We can say then that capacitive reactance is inversely pro-
portional to frequency.

If frequency is decreased:

a. XC goes up.
----b XC C goes down.

v. X stays the same.
d. CCgoes up.

() XC goes up
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22. Since a greater amount of capacitance must accumulate more - charge

to reach a given voltage, you can see that if C Is increased, it
takes longer for.the capacitor to charge and it reacts less
quickly.

If capacitance is increased:

a. X goes up.
----b. XC goes -down.

----c. Xc stays the same.

(b) Xc goes down

23. We can say that Xc is proportional to f and C.

CinverselyT--------7

O

147
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V
4' 24. The formula for finding Xtreflects the inverse relationships
:,. C.of f and C ,

W'
... ...

* =
1Xe weWhere: X

C
= capacitive reactance in ohms

$.*

z.

110

2w is a constant (6.28)

f frequency in Hertz

C capacitance in farads

Example: What isthe X
C
of the circuit illustrated below?

Solution: )c 2,4"

X ='' (6.28)(4 x 103) (25 x 10-6)

1

Note: Any time you have 31ryou can simplify the equation and

:substitute- 0.159 for the numeral 1 ahovesthe line. (X =
0.159%

C fC '

0.159
So: x

c
(4x10) (25x10-63

Ac
100 x

X- i.59Q

Go to next rarne

.
4

0/48
4
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25. What Is the capacitive reactance of the circuit illustrated
below?

a. 53 Ma
b. 8 PM

S. 53 SI

d.' 1 k0

(o) 53n

I

26 Xf cannot be measured with an ohmmeter, but the.value of Ea
acid I can Abe determined and Ohm's Law applied.

. .

The Ohm's Law formuli to find Xt can'be written as:
a .

Z
4 1 ' ...4.

a. X..--.... -C .I. r... )
.,.....

. "

fib. Xe =Ex I
..

E...,-. c. Xe a T. ( ,,
--

(c. Xc a t

27. What would your ohnliniter readingebe if you attempted to meauure
X
C

across a capmcitori

A. 0 ohms
Is. infinity
c. depends on the resistance of the capacitor

(br infinityTrad in inity because the capacitor will
simply charge to the value of the internal batteries of the
ohmmeter, and thin all' Current will stop.}
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28. Calculate X in the circuit illustrated-below.

a. 8
b. 32
c. 1.25

(a) 11 fi

29. Solve for the quantities listed in the cirzults illustrated
below:

A.

B.

XC

IT

XC

m*
.11=1

R
.......

(THIVIS A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
"ANSWERS GIVEN AT THE TOP OF 1111E NEXT PAGE.)

"
.
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ANSty RS - TEST FRAME 29

A. 100 0, 1 amp

B. 50,000 0

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, YOU MAY GO TO TEST
FRAME 31. OTHERWISE, GO BACK TO FRAME 17 AND TAKE THE PROGRAMMED
SEQUENCE BEFORE TAKING TEST FRAME 29 AGAIN.

'7' 's
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30. Since X depends on the frequency of the applied voltage and
the amo0nt of capacitance, let's see what happens to other
quantities when these values are changed in a purely capacitive
circuit.

Example:

c2pv

If frequencyerequency Is increased in the above circuit, then Xc decreases;
If X decreases, then I

T
must increase.

f f

X

ii f

if C is 415feased in the above circuit, then:

a. - X decreases.

b. X
C

increases.

c. I

T
decreases.

d. I
T

increases.

(b. X increases; c. I

T
Decreases)

1 52
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31. Indicate by arrows what will happen to and IT in an AC

capacitive circuit If f is decreased; if C is increased.

04

(THIS IS A TEST FRAME. COHPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP OF THE NEXT PAGE.)
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ANSWERS TEST FRAME 31

IF ANY OF YOUR ANSWERS IS INCORRECT, GO BACK TO FRAME-30 AND TAKE
THE PROGRAMMED SEQUENCE.

e,

32. Total capacitive reactance (X T) L cc.mputeo in the same way
as total resistance, product Sver sum of reciprocal method
for parallel circuits, additimi for series circuits.

Find X
CT

.

1Xci:60$11X42:40nil n Xc2:40S1

----Ii. I6.2n; b. 150$14

YOU MAY NOW TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE OTHER
RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL THE
QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANY METHOD
OF INSTRUCTIOR YOU WISH UNTIL YOU CAN ANSWER THE QUESTIONS CORRECTLY.
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SUMMARY

LESSON V

Capacitive Reactance

You will recall that a capacitor reacts to the rate of change of
voltage applied to it. At the instant
the switch is closed in the circuit
544-mn, maximm current flows and a
difference of potential starts to
build up between the capacitor plates.

AA voltage across the resistor, thereby

This difference in potential opposes
tne source voltage and reduces the

A& ro

reducing circuit current. When the
capacitor voltage equals the applied voltage, current flow stops. If

we then decrease E, the capacitor voltage becomes greater than E ,
Iand current flows n the opposite direction. This reverse current

continues until the capacitor voltage again equals Ea.

If we replace the DC source with an AC source, the capacitor
voltage continuously varies es it tries to stay equal and
opposite to the applied voltage. Because the capacitor voltage
'Apposes applied voltage, It limits current from the source.
This opposition to alternattig current flow is called cam.W.y.t.
reactance. Its symbol is XC and it is measured in ohms.

Factors Affecting X

Frequency of the AC source voltage affects the megnitude-of X. With
an AC source, the voltage is constantly changing polarity and
it is possible the; the capacitor may never.have a chance to fully
charge (develop full potential) before the applied voltage changes
polarity. The higher the frequency of changing, polarity, the
less time the capacitor has to react. The resulting capacitor
voltage; oPposingthe source voltage, never reaches maximum by the
time the reverse charging - disgorging part of the cycle begins. There-
fore, the higher the frequency, the less time the capacitor has
to react, the lower the capacitive voltage opposing the source
voltage, and the less capacitive reactance- An increase in f pro-
duces a decrease in XC. X

C
is inversely proportional to frequency.

Ce acitance affects the magnitude of XC. From the formula for the
t me constant of an RC circuit, TC R"x C, the time constant increases
when capacitance increases. If capacitance increases, it takes longer
for the capacitor to charge. The capacitor's reaction takes more
current and XC decreases. XC is also inversely proportional to C.
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Summary

The formuli for colcUlating X is:

Eleven -V

1
xe
C 217re

where 2w is a constant equal to 6.28.

Since X is a measure of oppositior! to alternating current flow

calculated in 0104 increasin Xe by decreasing f or C produces
a'decrease in L. She ar y, ',chasing ke by inrreasThg f or C
produces a.coicesponding increase In 1, '

tm'

AT THIS POINT, YOU MAY TAKE THE: LESSOR PROGRESS CHECk, OR YOU MAY

STUDY THE LESSON NARRATIVE OR THE pawl/AK° INSTRUCTION OR 11011.
IF YOU TAKE THE PROGRESS CHECK AND ANSWER_ ALL OF THE QUESTIONS COR-
RECTLY, GO TO THE NEXT LESSON, *IIF Mt, STUDY ANOTHER METHOD OF
INSTRUCTION UNTIL YOU CAN ANSWER ALI. THE QUESTIONS CORRECTLY.
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Overview.

OVERVIEW

LESSON VI

Phase and Power Relationships

Eleven-VI

In this lesson you will study and learn about the following:

-phase relations in a purely capacitive

circuit

-vector representations of phase

-relationships
-angle theta, e

-power factor

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE..

159



Study Resources . Eleven-VI

LIST OF STUDY RESOURCES

LESSON VI

Phase and Power Relationships

To learn the material in this lesson, you have the option of choosing,

according to your experience and preferences, any or all of the follow-

ing:,

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Experiment

Lesson.SumMary

ENRICHMENT MATERIAL:

NAVPERS 93400A-lb "Basic Electricity, Alternating Current." '

Fundamentals of:Electronics. Buriau of Naval Personnel.

Washington, D.t.: U.S. Government Printing Office, 1965.

AUDIO-VISUAL:

Slide/Sound Presentation - "Capacitance: Phase Relations."

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE. YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.
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it

NARRATIVE
LESSON VI

Phase and Power Relationships

Phase Relations in a Purely Capacitive Circuit

Eleven-VI

The chart on the left represents, -
the waveforms of both current
and voltage in a purely capaci-
tive, idealized circuit. Notice
that current and voltage are 90°
apart or out of phase.

At 0 degrees on the graph, the
90' j Vj 36C rate of change of applied voltage

is greatest, and maximum current
flows to charge-the capacitor to
the source voltage value.

As the rate of change of appi!ed voltage decreases (0° to 90°
on the graph), the charging current gradually decreases until, at
9U °, the capacitor voltage and the applied volts -e are not chang-
ing and current is O. An instant later, the applied voltage
starts decreasing and a discharge current flows to reduce the
capacitor voltage. This discharge current is opposite in direc-

tion to the Initial charging current, so it is shown on the graph
as negative.

At 180°, the rate of change of the capacitor voltage and applied
voltage are again maximum, and peek current must flow to keep

the two voltages equal. From 180° to 270°, the applied and .

capacitor:voltages increase.to their peak negative value while
the charging current'gradually decreases to 0 at 270°, After 270°,
the circuit voltage decreases and the capacitor commences to
discharge causing current to flow IA the positive direction again.
Conditions at 360° are"the same as those at 0°, and the cycle re-
peats as long as the AC voltage is applied to the'circuit.

VectorRepresentation of Phase Relationships

I
DIRECTION OF

40:90. El VECTOR ROTATION

Ilm. .

This vector representation shows
current leading voltage by 90°.
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Narrative Eleven-VI

You can remember the phase relationships in either an inductive or
a.capaCitive circuit by the phrase:

ti

E I I the ,ICEman

VOTTZirleads Orrent Current leads Voltage
in an inductive circuit in a capacitive circuit

Study the vectors representing the phase relationships that we have
learned for the three idealized circuits we have studied.

Purely Nesistive

b41111V,rillilk

Purely Inductive

ir

rlitSPs.pacitive_

:90'
-110.

le

1

Angle Theta

Volta "e and current are in phase; therefore,

the phase angle is 0°.

Voltage leads current by 90°.

ce

Current leads voltage by 90°.

In the angles of the vectors on the preceding page, this symbol
appears: 0. This is the Greek letter theta. Angle theta will
be under consideration in our future studies. It is always the
phase angle betAen current and voltage.

O

Power Factor
. ,

in a purely resistiveecircult, you know that all the apparent
.power is dissipated by the load in the form of heat. If P;in a
purely resistive circuit is 100 va, then the P. is 100 w. awhen
all the power that the source supplies to the circuit is used by
the load, the circuit'is said to have unity power factor.
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Power companies stria to achieve this ideal power factor for
reasons of economics. You can easily understand that the com-
pany loses money if the plant supplies considerably more current
to the.crcuits than they are paid -for. For this reason, power
companies pay considerable attention to the,power factor in their
circuits. ,

When all the power in a circuit It used, as In a purely re-
sistive circuit, the power factor is unity or one. Unity is the
highest'power factor possible. In all Circuits other than a
purely resistive or a purely reactive circuit, the power factor or
PF will be between 0 and 1.

Power factor can be computed by dividing true power by apparent'

Power:
P

PF
t-r
a

Power Factor in Reactive Circuits'

In a purely inductive circuit, if P
a

equals' 100

va, what is Plc? Px

Reactive power In a purely inductive circuit equals thcappar-
"ent power; therefore, P

x
100 vars.

By the formula for finding the power factor, you can determine
the,power factor for this purely inductive circuit.

Pt
PF

0
Pf Tani-

Ina purely Inductive circuit, none of the power is actually being
consumed - it is merely being stored and sent back to the soerue,
so the PF is 0.

Similarly, in a purely capacitive circuit, no power is being dissi-
pated. All power is being stored in the electrostatic field and
then is returned to the source. Therefore, there is no true power,
and the power_ffctor is 0.

, Any time you havg a eure-ty reactive circuit, the power factor is
0. Any time you have a purely resistive circul.., the power factor
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is 1. Ciercults having both resistance and reactance have a power
factor of scmewtiere between .zero and one, depending on the value's

of both resistive and reactiNi components.

When you have a purely reactive circuit, what are
the values of:

PF?

6?

You know the power factor in a purely reactive circuit with no true
power is O.' The phase angle is 90°.

In a purely resistive circuit, what is:

Et?

Ths power factor is 1 and phase angle is 0.

If you know that the PF is 0, what kind of a
circuit is represented?

This is a purely reactive circuit, eilier inductive or capacitive.

If the phase angle is 0°, and PF is 1, that kind
of a circuit is represented?

This must be a purely resistive circuit.

Let's see what a graphic representation of the current, voltage and
power relationships looks like for a purely capacitive AC circuits.

3$7
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The power curve is.drawn by plotting the product of instantaneous
voltage and instantaneous current through their variations. The
positive. alternations of the power graph represent power transfer'
from the-soUrce to the capacitor. The .dgative alternations repre-
sent power returning to the source.

. AT THIS POINT, YOU MAY PERFORM THE EXPERIMENT WHICH STARTS ON PAGE 167
PRIOR TO TAKING THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE OTHER
RESOURCES LISTED. IF YOU DD THE EXPERIMENT, TAKE THE PROGRESS CHECK,
AND ANSWER ALL Of THE QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF

NOT, STUDY AMY TMOD OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL
THE QUESTIONS CORRECTLY.
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PROGRAMMED INSTRUCTION
LESSON VI

Phase and Power Relationships

Eleven-VI

TEST FRAMES ARE 5-AND ;7. ASBEFORE, GO FIRST TO TEST FRAMES AND
SEE IF YOU CAN ANSWEk ALL THE QUESTIONS THERE. FOLLOW THE DIRECTIONS
GIVEN AFTER THE TEST FRAME.

1. Notice that in inductive circuit A, current rises to maximum
after voltage. But ip capacitive circuit B, current rises to
maximum voltage.

before

Circuit A

(before)

Circuit 6

166
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2. In an inductive circuit, we say that voltage (E) leads current

(1). But in a capacitive circuit we say that:

pi
a. 1 and E are in phase.
b. E and T.
c. T lags

d. I leads E.

( i eaAis E

O

3. In a purely capacitive circuit, the current leads

voltage by 90°.

Which of the below vector diagrams represents the
between Land lin a purel) -pecitive circuit?

I
a. c.

.1111.111111.1.

Al

r
d.

the applied

phase relation

eel

167
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4. To remember the phase relationships of current and voltage in
purely inductive and purely capacitive circuits, you can use
this memory aid: ELI the ICE man.

Elsven-VI

ELI means that voltage (E) in a purely inductive circuit (1)
current (I).

leads lags

ICE means that current (I) in a purely capacitive circuit (C)
voltage (E).

mwrwr

(leads; leads)

5. In a purely capacitive circuit:

a. E leads I by 1800.

b. I leads E by 180°.

c. I leads E by 90°.

d. E leads I by 90°.

IS A TEST FRAME. COMPARE YOUR ANSWER WITH ThE CORRECT
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.)

161
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ANSWER - TEST FRAME 5

c. ! leads E by 90°.

IF YOUR ANSWER MATCHES THE CORRECT ANSWER, YOU MAY GO TO TEST FRAME
17. OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED SEQUENCE
BEFORE TAKING TEST FRAME 5 AGAIN.

6. Let's have a quick review of the three vectors we have used so
far in our study of E and ! phase relationships.

Match the correct term to each vector.

2. Ea

3 Ec-11°'

a. purely resistive

b. purely inductive

c. purely capacitive

1. b; 2. a; 3. c

7. Recall that in a purely inductive circuit the power delivered
by the source is stored in the inductor's:

a. electrostatic field.
b. electromagnetic field.
c. static fipld.

(b) electromagnetic field

169
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8. All power that is delivered by the source in a purely capacitive
circuit is stored in the capacitor's electrostatic field.

Check the correct statement.

a. All power is consumed in a purely capacitive circuit.

b. No power is consumed in a purely capacitive circuit.
c. The electrostatic field of a capacitor consumes energy.

(b) No power is consumed in a purely capacitive circuit

9. Recall that the power the the source delivers and the circuit
apparently uses is called:

a. resistive power.
b. potential power.

c. apparent power.

(c) apparent power

10. Recall that apparent power (1'a) is a product of E
a

and 1
T

and
its unit of measure is the:

,411..
a. watt (4).
b. volt amp (va).

(b) vol t amp (va)

11. Also recall that reactive power (Px) is power that is stored by
the reactive component, whether it be an inductor or a capacitor,
and its unit of measure is the:

a. watt (w).
b. volt amp reactive (var).

_ c. volt amp (va).

7-13T7/731t amp reactive (var)

-

17
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12. Use the illustration below to answer frames 13 to 17. This chart
shows the re:stionship of power, voltage, and current in a purely
capacitive AC circuit. The power waveform indicltes that during
the charging of the capacitor power is being delivered by the
source, and during the discharge of the capacitor power is being
returned to the circuit.

(Go to next frame.)

13. The 4ource in the purely capacitive AC circuit shown in frame 12
is furnishing to th2 circuit.

a. 100 w.

b. 100 va.

c. 100 vars.

1-14 100 va

14. Because the circuit is not consuming any power, the capacitor is
storing:

a. 100 w.

b. 100 va.
c. 100 var.

(c) 100 var
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15. In a purely capacitive circuit:

a. watts equal volt amps.
b. volt amps equal volt-amps reactive.

Eleven-VI

t amps equal volt-amps reactive

16. The, capacitor will charge during what part or parts of the
alt rnatoris cycle?

a. 90° to 180° and 270° to 360°.
b. 0° to 90° and 180° to 270°.
c. 0 0 to 180° only.

d. 180' to 360° only.

19 Cr- to 90° and 180° to 270°

17. The energy that is stored by the capacitor, as indicated by the
positive alternation of the power waveform, is
on the negative alternation.

1 a. consumed
b. returned to circuit

(THIS IS A TEST FRAME. COMPARE YOUR ANSWER WITH THE CORRECT
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.)

1
165
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ANSWER - TEST FRAME 17

returned to circuit

IF YOUR ANSWER IS INCORRECT, GO BACK TO FRAME 6 AND TAKE THE
PROGRAMMED SEQUENCE.

IF YOUR ANSWER IS CORRECT, DO THE EXPERIMENT WHICH STARTS ON THE
NEXT PAGE.
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Experiment

EXPERIMENT

WITH SERIES RC CIRCUIT

Eleven-VI

USING THE OSCILLOSCOPE AND A SIGNAL GENERATOR

Now that you have Completed the lessons on series RC.circults, set
up your test equipment and circuit board and see the phase relation-
ship of Er and ER Ln a series RC aw anetwork. Drn 0 scope arid a
signal generator from the material center.

If needed, refer to the operating
signal generator in Module Nine.
controls and the signal generator
is a RCA Model W033A. The signal

instructions on the scope and
Otherwise, simply study the scope
controls. As before, the oscilloscope
generator is an EICO, MoJel 377.

Using the series connected RLC vector board (PS 9-6/11-6), the
oscilloscope and the signal. generator, do the following:

1. Ensure that scope and signal generator artm off.
2. Turn signal generator AMPL (Amplitude) control to O.
3. Plug scope and signal generator in power source, turn

equipment on to warm up.
4. On the vector board, open S101, close SW. This sets up a

series RC 'network from T3 to T4.
5. Connect upper output terminalof the signal generator to terminal

II the lower output terminal to T3.
6. Veinnect black jumper from upper signal generator output

termina4 to the EXT SYNC/H input on scope.'
7. Connect screw-on test lead to the V input on scope. This

test lead has three separate clips on its head, one blue,
one black, and one yellow.

8. From scope test lead connect the short black clip to terminal
T2 on the vector board.

9. Connect a red test lead to the blue clip; this test lead will
be used to pick up Our signal at dif4erelt points in the circuit.

10. On scope, set SYNC switch to EXT position.
11. On scope, set V range to 60.
l2. On scope, set IT/SWEEP selector to 1500.
13. Adjust intensity for clear disticrt trace.
14. On signal generator, set BAND selector to Range B.
15. Set sine/square wave selector switch to SINE position.
16. Set AMPL (amplitude) control to its maximum (100).
17. Using red test lead (from step 9) hold it to terminal T3,

adjust signal generator frequency selector to about l5Ta
cycles on scale D.

18. Using v.:pa control's SYNC/PHASE and SWEEP VERNIER control
adjuLt for a scope pattern like this:

174
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SERIES RLC CIRCUIT

Pe 9-6/11-6

cleVen-ii

168

75



Experiment Eleven-VI

19. Move red test lead from terminal T3 to T4; do not change any
scope signal generator control settings. You should have a

pattern like this , Indicating a phase shift of

_something less than 90 degrees.

By adjusting the SYNC/PHASE control you can adjust for a trace pattern
that is 180° from the pattern found at.T3. We do not have a 180° phase
shift; however, this is why it's important not to change any control
settings once the equipment is up.

As in the Experiment in Module Nine, feel free to vary the signal
generator frequency, take notice of the phase relations between ER
and EC at whatever settings your equipment is set at.

When you have completed your experiment, secure the equipment, make
up the leads and turn the equipment back into the material center.

YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUDY ANY OF THE'OTHER
RESOURCES LISTED. IF YOU TAKE THE PROGRESS CHECK AND ANSWER ALL THE
QUESTIONS CORRECTLY, GO TO THE NEXT LESSON. IF NOT, STUDY ANY METHOD
OF INSTRUCTION YOU WISH UNTIL YOU CAN ANSWER ALL THE QUESTIONS COR-
RECTLY.

169
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SUMMARY
LESSON VI

Phase and Power Relationships

A capacitor in an AC circuit causes a pha fference between
voltage and current.

The .chart on the left represents
the AC waveform of both current and
voltage in a purely capacitive,
idealized circuit. Notice that
current and voltage are 90° apart
or out of phase. When current is
maximum, both the applied vol6ge
and the capacitor voltage are min-
imum. When current goes to zero,
then voltages are maxi,mum.

The vector representation of the voltage-current phase relationship
in a purely capacitive circuit is shown below.

VECTOR ROTATION..

0:90°

/of

Recall the voltage- current .phase relationships for the idealized re-

sistive and inductive circuits shown below.

.4t41

g
41'..."'s\VECTOR ROTATION

-Owl

(CAPACITIVE)

\VECTOR-ROTATION'

INDUCTIVE

RESISTIVE

To remember voltage-current phase relationships In p ely inductive
and purely capacitive circuits, you can use the memory aid:

ELT the ICE man

ELI refers to inductive circuits (0 where voltage (E) leads the current
TIT by 90°. Similarly ICE refers tc capacitive circuits (C) where cur-
rent (1) .ads voltage TO' by 90°.

In a purely resistive circuit, all apparent power is dissipated in the
load. When all power the source supplies to a circuit is used by the
load, the power factor is unity (1 or 100%).

170
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In purely inductive and purely capacitive circuits, all power is being
stored in the inductive or capacitive components and returned to the
source through the circuit. Therefore PF = 0 for all purely reactive
circuits. In complex circuits with combinations of resist:ve and
reactive elements, the power factor (PF) is somewhere between 0 and 1,

depending on the number and magnitude of components.

As a review, the following illustration shows the relationship of
power, voltage, and current tr, a purely capacitive AC circuit.

AT THIS POINT, YOU MAY PERFORM THE EXPERIMENT WHICH STARTS ON PAGE 167
PRIOR TO TAKING THE LESSON PROGRESS CHECK, OR YOU MAY STUDY THE LESSON
NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH. IF YOU DO THE EXPERiMENT,

TAKE THE PROGRESS CHECK, AND ANSWER ALL OF THE QUESTIONS CORRECTLY, GO
TO THE NEXT LESSON. IF NOT, STUDY ANOTHER METHOD OF INSTRUCTION
UNTIL IOU CAN ANSWER ALL THE QUESTIONS CORRECTLY.
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OVERVIEW

LESSON VII

Capacitor Design Considerations

In this lesson you will study an learn about the following:

-variable capacitors

-fixed capacitors

-working voltage

-WV rating and AC

-capacitor color codes

BEFORE YOU START THIS LESSON, PREVIEW THE LIST OF STUDY RESOURCES

ON THE NEXT PAGE.

0
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LIST OF STUDY RESOURCES

LESSOM VII

Capaci*ortesign Considerations

To learn the material.in this lesson, you have the option of choosing,

according to your experience and preferences. any or all of the follow-

ing:

STUDY BOOKLET:

Lesson Narrative

Programmed Instruction

Lesson Summary

ENRICHMENT MATERIAL:

NAVPERS 93400Alb "Basic Electricity, Alternating Current."

Fundamentals of Electronics. Bureau of Naval Personnel.

Washington, D.C.: U.S. Government Printing nffice, 1965.

NAVSHIPS 0967*000-0140' "Reference.Data." Electronics Installation

and Maintenance Book. Department of the Navy. Naval Ship

Engineering Center. Washington, D.C.: U.S. Government

Printing Office, 1967.

YOU MAY NOW STUDY ANY OR ALL OF THE RESOURCES LISTED ABOVE, YOU MAY

TAKE THE PROGRESS CHECK AT ANY TIME.

:4;
AIM= marroor
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NARRATIVE
LESSON

Capacitor Design Considerations

There -e two general classifications of capacitors -- (1) variable

and (2) fixed.

Variable Capacitors

ROTOR

We are concerned with two kinds of variable capacitors. The first
is the rotor-stator capacitor. You are nrobably familiar with this
type for your radio uses a rotor-stator capacitor to tune in sta-
tions. As the knob turns, it causes the plates to mesh, varying

the effective plate area and con-
sequently the amount of capacitance.

STATOR The rotor-stator normally has ai-
'for its dielectric. You will learn
more about what these variable
capacitors do when you study
resonance, which we will study

in future lessons.

f..-SYMSOLS-7-11

A second kind of variable capacitor
is the compression capacitor.
This type of capacitor, shown in
the illustration, consists of two
plates with a mica dielectric.

The capacitance is varied by changing the distance between the
plates simply by tightening or

MICA OIELECTRI loosening the center screw. The
compression capacitor is also

PLATES found in radios. It serves to
make .fine tuning adjustments;
however, it is not easily access-
ible and requires shop adjustment.

176
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Fixed Capacitors

Fixed capacitors have a fixed value of capacitance. They are
generally categorized by the kind of dielectric each uses. Com-
mon kinds of fixed capacitors use electrolytic, oil, mica, ceramic,
and paper dielectrics. .

Electrolytic

Your power supply has two electrolytic capacitors. The dielectric
is a liquid or paste, generally paste. Electrolytic capacitors

are used when a high amount of capacitance is required.

ALUMINUM FOIL

PAPER and
ELECTROLYTE

PAPER

Ix IDE FILM
The inside of an electrolytic
capacitor looks something
like the illustration (upper
left).

An electrolytic ca,Jacitor has two disadvantages.

1) It is polarized and miisc be connected
according to polarity.

a circuit

If connected in reverse, the capacitor may be destroyed.
'Because it is polarized, it charges in only one direction.

2) The second disadvantage of an electrolytic capacitor is
that 1t has low leaks e resistance. That is, :t cannot
store energy over ong periods of time.
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Oil Capacitor

The other fixed capacitor that deserves special mention is the
oil capacitor, which tends to be self-healing. That is, if the
voltage applied to the capac'tor exceeds its voltage rating, the
dielectric may break down and permit an arc between the plates.
Capacitors with most types of dielectric would be permanently
damaged, but in the oil type, the gap caused by the arc closes
when the excessive voltage is removed, and the capacitor is
useful again. DO NOT ASSUME THAT ANY AMOUNT OF VOLTAGE MAY BE
APPLIED TO AN OIL CAPACITOR WITHOUT PERMANENT DAMAGE.

Working Voltage

The maximum safe voltage that can be applied to a capacitor is
called the working voltage, abbreviated WV. The WV is usually
stamped on the body of the capacitor.

Recall that if a great enough voltage is applied to a capacitor,
it can cause an arc through the dielectric between the plates,
thus damaging the component.

If you increase the thickness of the dielectric, it can take a
greater voltao*. owever, to increase the thickness of the dielectric,

ithe space bet .cdates must be increased, thus decreasing the capa-
citance. Therefore, if you increase the thickness of dielectric
(assuming you are not changing the type of dielectric), you must
also increase the plate area to keep the same value of capacitance.

WV Rating and AC

In earlier lessons wr, learned that AC voltage is not normally
measured peak to peak. Instead, a voltmeter reads the effective
value, which is less than the sine-wave peak.

Now cons1Jer what would happen to a capacitor with a 100 WV rating
if 100 v of AC is applied to it. As Lne AC peaks, it excee4s 100 v
and g?odby capacilorl The voltage rating of a capacitor is usually
given in working volts DC (WVDC). Consider a 115 v AC circuit in
which you are called upon to replace a defective capacitor. If

you were to put in a capacitor that is rated at 115 WVDC, chances
are you would damage it because the actual voltage would
exceed the working voltage. Remember, you must take into con-
sideration that the AC will reach its peak value twice it each
cycle. Always choose a capacitor whose VIVeti rating is at least
50 percent above the effective value of At. that is present in the
circuit. (Remember your meter reads effective value.; of AC.)
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Perhaps you have observed that the capacitors in your power
supply are rated for 50 WVDC. However, the AC source to

the circuit is about 115 v which exceeds the capacitor rat-
ing. Will the capacitors in your power supply blow up?
Why or why not?

Let's hope you remember that the transformer stepped down the
source voltage in your power supply to about 24 volts. Now
you can see the capacitors have a higher rating than the voltage
applied.

Calaetrar -Col orCodes_

Tile value may be stamped Go the body of the component, but
sometimesvalues are indicated by color codes. Because there
are so many shapes and Sixes of capacitors, no one standard system
has been adopted. There are, however, two major systems that we
can mendon:

1) Joint Army-Navy System (JAN)
2) Radio Manufacturers Assoc;ation (R.M.A.)

A complete breakdown of these two systems and other systems .an
be found in the Electronics Installation and Maintenance Book
(E.I.A.B.), "Reference Data" section. This book is aya'lable
to you in this school and will be found on board most operating
ships in the fleet.

Take a look at some representat ve values in the E.I.N.B. Become
faJiliar with it as a referenr .

Usually, when you find
a specific piece of
manufacturer's manual.

ou need to replace a capacitor in
. your best reference will be the

AT THIS POINT, YOU MAY TAKE THE PROGRESS CHECK, OR YOU MAY STUOY
ANY OF THE OTHER RESOURCES LISTEO. IF Yen TAKE THE PROGRESS CHECK AND
ANSWER ALL OF THE QUESTIONS CORRECTLY, YOU HAVE MASTERED THE MATERIAL

AND ARE READY FOR THE MODULE TEST. SEE YOUR LEARNING SUPERVISOR.

IF YOU OECIDE NOT TO TAKE THE PROGRESS CHECK AT THIS TIME, OR IF YOU
MISSED ONE OR MORE LUESTIONS, STUOY ANY METtIOD OF INSTRUCTION IOU WISH
UNTIL YOU HAVE ANSWEREO ALL THE PROGRESS CHECK QUESTIONS CORRECTLY.
THEN SrE YOUR LEARNING SUPERVISOR FOR THE MOOULE TEST.
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PROGRAMMED INSTRUCTION
LESSON VII

Capach:or Design Considerations

TEST FRAMES ARE 12 AND 20. AS BEFORE, FIRST GO TO TEST FRAME 12 AND
SEE IF YOU CAN ANSWER ^LL THE QUESTIONS THERE. FOLLOW THE DIRECTIONS
GIVEN AFTER THE TEST FRAME.

1. The are two genera! classifications of capacitors: the class
in which the value of capacitance can be varied, and the class
in which the value of capacitance is fixed.

The two classifications of capacitors are:

a. general and constant.
b. fined and variable._

--c._ changing and varied.

(b) fixed and variable

C

2. There are two main types of variable capacitors. The rotor-
stator capacitor is e: variabla capacitor that usually uses air
as Its dielectric.

A rotor-stator capacitor usually uses a/an
dielectric.

1

a. mica
b. ceramic
c. air

(c) air

A

3.80
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3
ROTOR

STATOR

SYMBOLS

When the rotor is turned in a rotor-stator capacitor, the
movement of the rotor plates increases or decreases the
meshed area of the plates.

Capacitance is varied in d rotor-stator capacitor by:

moving the stator.
changing the plate area.
changing the dielectric.

SL4ctsaliap%thelate area

..
AZ.V:

181 188



0

0-

P.I.
ft'

Eleven-VI;.

4. A second type of variable capacitor is the compression capacitor
Its capacitance is changed by turning the adjusting screw which
changes the plate separation.

ADJUSTING SCREW
0 DIELECTRIC

PLATES

sO

*rt 0-- SYMBOLS -,ft ;

The capacitande of a compression capacitor is varied by

n
a. changing plate area.
b. increasing or decreasing eiitance between plates.
c. increasing or decreasing the Ea.

(b) increasing or decreasing distance between plates.

5. Capacitors that have a constant value are categorized by the
type of insulating material used between the plates.

Fixed capacitors are named according to their:s
1111.11

a. dielectric.
b. plates.
c. capacitance.

o

dielectric

162
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'6. Common kinds of fixed capacitors are paper, mica,
and electrolytic (paste or liquid).

Electrolytic capacitors use chemicals
or spongy ...electric material ant are
of charge must be stored.

Electrolytic capacitors:

a.

C.

oil, ceramic,

in the form of a fluid
used when a large quantity

use a solid dielectric and have low capacitance.
use a paste or liquid dielectric and Pave a low capacitance.
use a paste or liquid dielectric and have.a high capacitance,

(c) use a paste or liquid dielectric and have a high ca acstance

7. in eiecitrolytic capacitors, the chemicals permit the capacitor
to charge in only one direction.

In cPrcuit the capacitor is being charged correctly.
(A)/(B)

(A)

1.90
a
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8. In most cases the polarity of an electrolytic capacitor will be
marked on the body. If electrolytic capacitors are charged in

the wrong direction, they may explode.

Show how to charge the capacitor by drawing a battery across it
and labeling the terminals.

50sF0 50VDC

9. Another type of fixed capacitor that deserves mention
is the oil capacitor.

An oil capacitor uses a/an dielectric.

191
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10. The oil capacitor tends to be self-healing in that, if too
high an applied voltage causes a breakdown of the dielectric
and an arc between the plates, the oil is capable of sealing
the gap and'restoring the capacitor to a useable condition when
the voltage it removed. A breakdown of tie dielectrics in mast
capacitors permanently damages the component.

Oil 4adacitors:

a. are permanently damaged by arcing.
b. can repair themselves.

1

b can repair themse ves

.11. The type and category of capacitor used in your ivwer'supply is:

41111.1111=11111.

41111.1111=11111.

a. variable lite
b, fixed mica.
c. fixed electrolytic.,
d. variable electrolytic.

(c) fixed electrolytic

12. Match the characteristics In Column B to the type of capacitor
in Column A. '

A

I. rotor-stator capacitor
2.

.

oil capacizor
electrolytic capacitor

4. compression capacitor

a.

b.

c.

d.

13

plate area changes
plate spacing changes
self-healing
usually polarized

(THI: ,S A TEST FRAME. COMPARE YOUR ANSWERS WITH THE CORRECT
ANSWERS GIVEN AT THE TOP ,OF THE NEXT PAGE.)
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ANSWERS - TEST FRAME 12

1. a

2. c

3. d

4. b

IF ALL YOUR ANSWERS MATCH THE CORRECT ANSWERS, GOTO TEST FRAME 20,
OTHERWISE, GO BACK TO FRAME 1 AND TAKE THE PROGRAMMED SEQUENCE
BEFORE TAKING TEST FRAME 12 AGAIN.

13. The maximum safe voltage that can be applied to a capacitor
without damage is called Its working voltage. Working voltage
Is abbreviated WV.

On the capacitbr below, the letters following the voltage
are WVDC. It means that in a DC circuit the capacitor has

,a of volts.

4) .OSuf

250V WVD)-

(working voltage; 250)

14. Recall that when we read AC voltage with our Simpson meter,
we are reading the:

a. peak value.
b. peak-to-peak value.
c. effective value.

(c) effective value

164 93
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15. The effective value of AC is not the peak or maximum E or I

generated for a particular alternation of a sine wave.

The peak value of an alternation is than the
effective value. greateql-OF

(greater)

16. The effective value of the circuit shown below is equal to
what value of DC?

a. 310 v DC

b. 115 v bC

c. 220 v DC

(c) 220 v DC

17. Because of the peak voltage, a capacitor rated at 220 WVDC
be used in a 220.v AC circuit.

(can/cannot)

(cannot)

18. if the capacitor is rated in WVDC and it is to be used in an AC
application, you must allow at least 50 percent more Voltage
rating than the effective value of the AC voltage.

A capacitor that is rated at 115 WVDC can be used in a:

a. 50 v AC circuit.
b. 100 v AC circuit.
c. 115 v AC circeit.

(a) 50 v AC circuit

187 194
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19. The type and thickness of the dielectric in a capacitor are
prime factors in determining how much voltage it can with-
stand.

The working voltage of a capacitor Is primarily determined by
the:

a. type and thickness of the dielectric.
b. tapacitance.
c. area of the dielectric.

(a) type and thickness of the dielectric

20. Select the capacitoriwhose voltage rating is the lowest that
can be safely used in a circuit with a 115v AC source.

AU,

200 WVDC
a. .

Mut

175 WVDC

_E).05.0 f

120 WVDC

(THIS IS A TEST FRAME. COMPARE YOUR ANSWER WITH THE CORRECT
ANSWER GIVEN AT THE TOP OF THE NEXT PAGE.)

195
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4
ANSWER - TEST FRAME 20

b

IF YOUR ANSWER MATCHES THE CORRECT ANSWER, GO TO FRAME 21 AND COM-
PLETE THE PROGRAM. OTHERWISE, GO BACK TO FRAME 11 AND TAKE THE
PROGRAMMED SEQUENCE BEFORE TAKING TEST FRAME 20 AGAIN.

21. Although the values of voltage and capacitance may be stamped
on a capacitor's body, values are sometimes given in much the
same way as resistor values.

Some capacitors are

(color coded)

22. Because there are so many shapes Mid size; of capacitors, one
standard system of color coding has not been developed.

There are, however, two major systems that we can mention.
These are the Joint Army-Navy system (JAN) and the Radio
Manufacturers Association (R.M.A.).

A complete breakdown of these two systems and other systems
can be found in the Electronics Installation and Maintenance
Book (E.I.M.B.), "Reference Data" section. This book is avail-
able to you in this school and will be found on board most
operating ships in the fleet.

,296
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IF YOUR ANSWERS ARE CORRECT, YOU MAY NOW TAKE THE PROGRESS CHECK, OR
YOU MAY- STUDY ANY OF THE OTHER RESOURCES LISTED. IF YOU TAKE THE
PROGRESS CHECK AND ANSWER ALL THE QUESTIONS CORRECTLY, YOU HAVE MASTERED
THE MATERIAL AND ARE READY TO TAKE THE MODULE TEST. SEE YOUR LEARNING
SUPERVISOR.

IF YOU DECIDE NOT TO TAKE THE PROGRESS CHECK AT THIS TIME, OR IF YOU
MISSED ONE OR MORE QUESTIONS, STUDY ANY METHOD OF INSTRUCTION YOU WISH
UNTIL YOU HAVE ANSWERED ALL THE RROGRESS CHECK QUESTIONS CORRECTLY. THEN

SEE YOUR LEARNING SUPERVISOR AND ASK TO TAKE THE MODULE TEST.

1.97

, -

199



Summary

1R SUMMARY
LESSON VII

Capacitor Design Considerations

There are two general classifications of capacitors -- (I) variable
and (2) fixed.

Variable Capacitors

Variable capacitors are constructed in such a way that their capacitance
values can 6e'change4 by mechanically varying either the plate area or
the plate separation.

ROTOR STATOR The rotor-stator capacitor
shown in the diagram varies
C by changing the plate area.
This is determined by the de-
gree of meshing of rotor and'
stator plates. This type is
an example of a capacitor

whicirnormally uses air as a
dielectric.

a--SYMBOLS --mb

MICA DIAL ECTR IC

SYMBOLS

The compression capacitor con-
sists of two plates with a
mica dielectric. The.capaci-
tante Is varied by changing.,
the plate separation.

198
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fixed Capacitors

Eleven -VII

Fixed capacitors have constant capacitance values and are generilly
classified by the kind of dielectric used. Common dielectrics for
fixed capacitors are: paper, oil, mica, ceramic; and electrolytic.

The choice of the type of capacitor for a circuit,configuration
depends on many variables, such as capacitance,_ working voltage,
leakage resistance, and size.

Working Voltage

-The maximum safe voltage, that can bi applied across,a given capacitor
is called the working voltage, WV. Capacitors withirlarge working
voltages usually :lave rela tively thick dielectrics which require

considerable plate spacing, thus limiting the capacitance.,

In choosing capacitor working voltages for AC circuits, remember
that AC peak voltage is higher than the effeCtive voltage: Since the
waking voltage of a capacitor Is usually expressed in DC, choose WV
values at least 50 percent higher than the 'AC,voltage requirements.

Capacitor Color Codes

A'singie standard coding system for indicating capacitor values does
not exist. There are, however, two major systems that ere commonly
used:

1.) Joint Army-Navy System (JAN)

2.) Radio Manufacturers Association (.M.A:)

Cu suit the Electronics Installation and Maintenance Book (E.I.M.B.)
for a complete breakdown of these.two systems and -others.

AT THIS POINT, YOU MAY TAKE THE LESSON PROGRESS CHECK, OR YOU MAY STUDY
THE LESSON NARRATIVE OR THE PROGRAMMED INSTRUCTION OR BOTH. IF YOU TAKE

THE PROGRESS CHECK AND ANSWER ALL OF THE QUESTIONS CORRECTLY, YOU HAVE
MASTERED THE MATERIAL AND ARE READY FOR THE MODULE TEST. SEE YOUR

LEARNING SUPERVISOR.

IF YOU DECIDE NOT TO TAKE THE MODULE TEST AT THIS TIME, OR IF YOU MISSED.
ONE OR MORE QUESTIONS, STUDY ANY METHOD OF INSTRUCTION YOU WISH UNTIL YOU
HAVE ANSWERED ALL THE PROGRESg'CHECK QUESTIONS CORRECTLY. THEN SEF. YOUR

LEARNING SUPERVISOR TO ASK FOR THE MODULE TEST.

199

192

4


