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26 @
VOLTAGE, CURRENT, AND RESISTANCE

EXAMPLE 2-1

SECTION 2-2
REVIEW

2-3 @ VOLTAGE

How many coulombs do 93.75 x 10° electrons represent?

Solution

numberof electrons 93.75 x 10° electrons 2— —Hunmber

ve

keeee

SS

eee=
ISK 10" C=H0.15CO= 65 x 10electrons/C

~

6.25 x 10" electrons/C

Related Exercise How many
electrons doesit take to have 3 C of charge? 

1.’ Whatis the symbol for charge?

2.
Whatis the unit of

charge,
and what is the unit symbol?

3. What causes
positive and negative charge?

4. How much charge, in coulombs,isthere in 10 x 10’? electrons?

As you haveseen, a
force ofattraction exists between a

positive and a
negative charge.

A certain amount of energy must be exerted in theform of work to overcomethe force
and move the charges

a
given distance apart. All opposite charges possess a certain

potential energy because of the separation between them. The difference in potential
energy of the chargesis the potentialdifference

or voltage. Voltageis the drivingforce
in electric circuits and is what establishes current.

After completing this section, you should beable to

@ Define voltage and discuss its characteristics

State the formula for voltage
1 Name anddefine the unit of voltageOC)

Describe basic sources of voltage

 
 

 

  
 

Consider a water tank that is supported several feet above the ground. A given
amountof

energy mustbe exerted in the form of work to pump waterup
to fill the tank. Once the

wateris stored in the tank, it has a certain potential energy which,if released, can be used

to
perform work. For example, the water can be allowedto fall down a chute to turn a

water wheel.

The difference in potential energy in electrical termsis called voltage (V) and is

expressed as energy or work (W) per unit charge (Q).

V= Ww (2-2)
Q

where W is expressed
in joules (J) and Q is in coulombs (C).

Volt: The Unit of
Voltage

The unit of voltage is the volt, symbolized by V.

One volt is the potential difference (voltage) between two points when
one

joule of energy is used to move one coulombof charge from one
point

to the other.
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THE ELECTRIC CIRCUIT # 39

2-6 @ THE ELECTRIC CIRCUIT

A basic electric circuit is an
arrangement ofphysical components which use

voltage,
current, and resistance to

perform
some

useful function.

 

After completing this section, you should be able to

™@ Describe a basic electric circuit
C1 Relate a schematic to a

physical
circuit

Define open circuit and closed circuit
Cj

Describe various types of
protective

devices

Describe various types of switches

Explain how wiresizes are related to gage numbers

Define ground

 
 
 

 
 
 
 
     

Direction of Current

For a few years after the discovery of electricity, people assumed all current consisted of

movingpositive charges. However,in the 1890s, the electron wasidentified as the charge
carrier for current in conductive materials.

Today, there are two
accepted conventions for the direction of electrical current.

Electron flow direction, preferred by
many

in the fields of electrical and electronics tech-

nology,
assumes for analysis purposes that current is out of the negative terminal of a

voltage source, through the circuit, and into the positive
terminal of the source. Conven-

tional current direction assumes for analysis purposes that current is out of the positive
terminal of a

voltage source, through the circuit, and into the negative terminal of the

source.
By following the direction of conventional current, there is a rise in voltage

across

a source
(negative

to
positive)

and a
drop in voltage

across a resistor (positive
to nega-

tive).
It actually makes no difference which direction of current is assumed as

long
as

it is used consistently. The results of electric circuit analysis
are not affected by the

direction .of current that is assumed for analytical purposes. The direction used for

analysis is largely
a matter of preference, and there are many proponents for each

approach.
Conventional current direction is used widely in electronics technology and is used

almost exclusively
at the engineering level. Conventional current direction is used

throughoutthis text. An alternate version of this text that uses electron flow direction is

also available.

The Basic Circuit

Basically,
an electric circuit consists of a

voltage source, a
load, and a

path for current

between the source and the load. Figure
2-26 showsin pictorial

form an
example of a

simple electric circuit: a
battery connected to a

lamp with two conductors (wires). The

battery is the voltage source, the lampis the load on the battery because it draws current

from the battery, and the two wires provide the current
path from the positive terminal of

the battery
to the lamp and backto the negative terminal of the battery,

as shown in part

(b). Current goes throughthe filament of the lamp (which has

a

resistance), causing it to

emit visible light. Current through the battery
occurs

by chemical action. In many
practi-

cal cases, one terminal of the
battery

is connected to a common or
ground point. For

example, in most automobiles, the negative battery terminal is connected to the metal

chassis of the car. The chassis is the
ground

for the automobile electrical system and acts

as a conductor which completesthe circuit.
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Conductor

 FIGURE 2-26
A simple electric circuit.

FIGURE 2-28

 {b)

FIGURE 2-27

Schematic for the circuit in Figure 2-26(a).

The Electric Circuit Schematic

Anelectric circuit can be represented by
a schematic using standard symbols for each

element, as shown in Figure 2-27 for the simple circuit in Figure 2—26(a). The purpose

of a schematic is to show in an
organized

manner how the various components in a
given

circuit are interconnected so that the operation of the circuit can be determined.

Closed and OpenCircuits

The examplecircuit in Figure 2~26illustrated a closed circuit—thatis, a circuit in which

the current has a
complete path. When the current path is broken, the circuit is called an

open circuit.

Switches Switches are
commonly used for controlling the opening

or closing of cir-
©

cuits by either mechanical or electronic means. For example,
a switch is used to turn a

lampon oroff as illustrated in Figure 2-28. Each circuit pictorial is shown with its asso-

ciated schematic. The type of switch indicated is a
single-pole-single-throw (SPST) tog-

gle switch.

Figure 2-29 shows a somewhat more complicated circuit using a single-pole—
double-throw (SPDT) type of switch to control the current to two different lamps. When

one lamp is on, the other is off, and vice versa, as illustrated by the two schematics in

parts (b) and (c), which represent each of the switch positions.

Closed
  

Basic closed and open circuits using an me
switch

SPSTswitch for control.

 Open
switch

 (b) There is no current in an open circuit (switch is OFF or in the open position).
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GLOSSARY
® 61

= An ohmmeteris connected across a resistor (resistor must be removed from circuit).

One coulombis the charge of 6.25 x 10" electrons.

One volt is the potential difference (voltage) between two
points when one

joule of energy is

used to move one coulomb from one
point

to the other.
= One ampere is the amountof current that exists when one coulomb of charge

moves
through

a

given cross-sectional area of a material in one second.
® One ohmis the resistance when there is one ampereof current in a material with one volt applied

across the material.
=

Figure 2-53 showsthe electrical symbols introduced in this chapter.

ti

ge Of
Resistor Potentiometer Rheostat Lamp Ground

oe
ee ke

o- oOo
oe

o oOo OO om—o 820

NCPB SPST SPDT DPST DPDT Rotary
switch switch switch switch switch switch

oe
-O -O O-

FIGURE 2-53

Circuit breaker Voltmeter Ammeter Ohmmeter

 

™
GLOSSARY

American wire gage (AWG)

A

standardization based on wire diameter.

Ammeter An electrical instrument used to measure current.

Ampere (A) Theunit of electrical current.

Atom The smallest particle of an element possessing
the unique characteristics of that element.

Atomic number The numberof protons in a nucleus.

Atomic weight The numberof
protons and neutronsin the nucleus of an atom.

Battery An energy sourcethat uses a chemical reaction to convert chemical energy into electri-

cal energy.

Charge An electrical property of matter that exists because of an excess or a
deficiency of elec-

trons.
Charge

can be either positive
or

negative.
Circuit An interconnection ofelectrical components designed

to
produce

a desired result. A basic

circuit consists of a source, a load, and an
interconnecting

current
path.

Circuit breaker A resettable protective device used for interrupting excessive current in an elec-

tric circuit.

Circular mil (CM) Theunit of the cross-sectional area of a wire.

Closed circuit A circuit with a
complete

current path.
Conductance The ability of a circuit to allow current. The unit is the siemens(S).

Conductor A material in which electric currentis easily established. An example is copper.

Coulomb (C) The unit of electrical charge.
Current Therate of flow of charge (electrons).

Electrical Related to the use of electrical voltage and current to achieve desired results.

Electron The basic particle of electrical charge in matter. The electron possesses negative charge.
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w FORMULAS

Electronic Related to the movement and control of free electrons in semiconductors or vacuum

devices.

Element Oneof the unique substances that make up the known universe. Each elementis char-
acterized by

a
unique atomic structure.

Free electron A valence electron that has broken away from its parent atom andis free to move

from atom to atom within the atomic structure of a material.

Fuse

A

protective device that burns open whenthere is excessive currentin a circuit.

Generator An energy source that produceselectrical signals.
Ground The commonor reference point in a circuit.

Insulator A material that does not allow current under normal conditions.

Joule (J) The unit of energy.
Load

_

Thedevice in a circuit upon which work is done.

Multimeter An instrument that measures
voltage, current, and resistance.

Neutron An atomic particle having
no electrical charge.

Node

A

unique pointin
a circuit where two or more

components
are connected.

Ohm (Q) Theunit of resistance.

Ohmmeter An instrument for measuring resistance.

Opencircuit A circuit in which there is not a
complete

current path.
Photoconductive cell A type of variable resistor that is light-sensitive.
Potentiometer A three-terminal variable resistor.

Power supply Anelectronic instrument that produces voltage, current, and power from the ac

powerline orbatteries in a form suitable for use in powering electronic equipment.
Proton

A

positively charged atomic particle.
Resistance Opposition

to current. The unit is the ohm (Q).
Resistor An electrical component designed specifically

to
provide resistance.

Rheostat A two-terminal variableresistor.

Schematic A symbolized diagram of an electrical or electronic circuit.

Semiconductor A material that has a conductance value between that of a conductor and an insu-

lator. Silicon and germanium
are

examples.
Shell The orbit in which an electron revolves.

Source

A

device that produceselectrical energy.

Switch An electrical device for opening and closing
a current

path.

Tapered Nonlinear, such as a
tapered potentiometer.

Thermistor A type of variableresistor.

Tolerance Thelimits of variation in the value of a
component.

Valence Related to the outer shell or orbit of an atom.

Valence electron Anelectron that is present in the outermost shell of an atom.

Volt The unit of voltage
or electromotive force.

Voltage The amountof energy available to move a certain numberof electrons from one
point

to

another in an electric circuit.

Voltmeter An instrument used to measure
voltage.

Wiper Thesliding
contact in a

potentiometer.

(2-1) Q=
numberof electrons=?

Ch
6.25 x 10'® electrons/C

ange

(2-2) V= Voltage equals energy divided by charge.

ols
(2-3) I= Current equals charge divided by time.

lo
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72 « OHM’'S LAW

3-1 m OHM’S LAW

Ohm’s law describes mathematically how voltage, current, and resistance in a circuit

are related. Ohm’s law is used in three equivalent forms depending
on which quantity

you-need
to determine. In this section, you will learn each of these forms.

 

After completing this section, you should be able to

@
Explain

Ohm’s law

O Describe how V, £, and

R

are related

O
Express J as a function of V and R

Ci
Express V as a function of J and R

0
Express

R as a function of V and J

 

 

Ohm determined experimentally
that if the voltage

across a resistor is increased, the cur-

rent
through theresistor will also increase; and, likewise, if the voltage is decreased, the

current will decrease. For example, if the voltage is doubled, the current will double. If

the voltage is halved, the current will also be halved. This relationship is illustrated in

Figure 3-1, with relative meter indications of voltage and current.

 (a) LessV,less I (b) More V, more 7

FIGURE 3-1

Effect of changing the voltage with the resistance at a constant value.

Ohm’slaw alsostates that if the voltage is kept constant, less resistance results in

more current, and, also,
more resistance results in less current. For example, if the resis-

tance is halved, the current doubles. If the resistance is doubled, the current is halved.

This conceptis illustrated by the meter indications in Figure 3-2, where the resistance is

increased and the voltage is held constant.

 (a) Less R, more (b) MoreR,less I

FIGURE 3-2

Effect of changing the resistance with the voltage at a constant value.
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SECTION 3-1

REVIEW

OHM’S LAW a 73

Formula for Current

Ohm’s law can be stated as follows:

(3-1)omneg
i

zi<
This formula describes what was indicated by the circuits of Figures 3-1 and 3-2. For a

constant value of R, if the value of V is increased, the value of J increases; if V is
decreased, 7 decreases. Also notice in Equation (3-1) that if V is constant and R is

increased, J decreases. Similarly, if V is constant and R is decreased, J increases.

Using Equation (3-1), you can calculate the current if the values of voltage and
resistance are known.

Formula for
Voltage

Ohm’s law can also be stated another way. By multiplying both sides of Equation (3-1)
by R and transposing terms, you obtain an

equivalent form of Ohm’s law,
as follows:

V=IR (3-2)

With this equation, you can calculate voltage if the current and resistance are known.

Formula for Resistance

Thereis a third equivalent way to state Ohm’s law. By dividing both sides of
Equation

(3-2) by J and
transposing terms, you obtain

R= (3-3)
~I<

This form of Ohm’slaw is used to determineresistance if voltage and current values are

known.

Remember,the three
formulas—Equations (3-1), (3-2) and (3-3)—areall equiva-

lent. They
are

simply three different ways of expressing Ohm’slaw.

1. Ohm’slaw defines how three basic quantities
are related. What are these quantities?

2. Write the Ohm’s law formula for current.

3. Write the Ohm’s law formula for voltage.
4, Write the Ohm’s law formulafor resistance.

5. If the voltage
across a fixed-value resistor is tripled, does the current increase or

decrease, and by how much?

6. If the voltage
across a fixed resistor is cut in half, how much will the current

change?
7. Thereis a fixed voltage

across a
resistor, and you measure a currentof 1 A. If you

replace the resistor with one that has twice the resistance value, how much current

will you measure?

8. In a circuit the voltage
is doubled and the resistance is cut in half. Would the cur-

rent increase or decrease, and if so, by how much?
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4-1 @ ENERGY AND POWER 

EXAMPLE 4-1

When there is current through
a

resistance, energy is released in the form of heat. A
common

example of this is a
light bulb that becomes too hot to touch. The current

through thefilament that produces light also produces unwanted heat because the fil-
ament has resistance. Power is a measure

of how fast energy is being used; electrical

components
mustbe able to

dissipate
a certain amount of energy in a

given period of
time.

After completingthis section, you should be able to

™@ Define energy and power
C1

Express powerin terms of energy
C State the unit of power
O State the common units of energy
O Perform energy and powercalculations
 

Energy is the fundamental ability
to do work.

Poweris the rate at which energy is used.

In other words, power, symbolized by P, is a certain amount of energy used in a certain

length of time, expressed
as follows:

Power
=

energytime

W
t

P= (4-1)

Energy is measured in
joules (J), time is measured in seconds (s), and power is

measured in watts (W). Note that an italic W is used to represent energy in the form of

work and a nonitalic W is used for watts, the unit of power.

Energy in joules divided by time in seconds gives power in watts. For
example,if

50 J of energy
are used in 2 s, the power is 50 J/2 s =

25 W.By
definition,

Onewatt is the amount of power when one
joule of energy is used in one

second.

Thus, the number of joules used in one second is always equal
to the number of watts.

For example, if 75 J are used in 1 s, the power is 75 W.

An amountof energy equal
to 100 J is used in 5 s. What is the power in watts?

Solution

Related Exercise If 100 W of poweroccurs for 30 s, how much
energy, in joules, is

used? 
Amounts of power much less than one watt are commonin certain areas of elec-

tronics. As with small current and voltage values, metric prefixes
are used to

designate
small amounts of power. Thus, milliwatts (mW), microwatts (UW), and even

picowatts

(pW)
are

commonly found in some
applications.
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The rating of the resistor is 1 W, which is insufficient to handle the power. The resis-

tor has been overheated and may be burned out, making it an open.

Related Exercise A 0.25 W, 1 kQ resistor is connected across a 12 V battery. Willit

burn out?

 

SECTION 4-3 1. Name two importantvalues associated with a resistor.

REVIEW 2. How doesthe physical size of a resistor determine the amount of powerthat it can

handle?

3. List the standard powerratings of carbon-composition
resistors.

4. A resistor must handle 0.3 W. What minimum power rating
of a carbon resistor

should be used to
dissipate the energy properly?

4—4 m ENERGY CONVERSION AND VOLTAGE DROP IN RESISTANCE

As you have seen, when there is current through
a resistance, electrical energy is con-

verted to heat energy. This heat is caused bycollisions of the free electrons within the

atomic structure of the resistive material. When a collision occurs, heat is given off;
and the electron loses some

of its acquired energy.

 

After completing this section, you should be able to

@
Explain energy conversion and voltage drop
© Discuss the cause of energy conversion in a circuit

C1) Define voltage drop
C

Explain the relationship between energy conversion and voltage drop
 

In Figure 4—10, electrons are
flowing out of the negative terminal of the battery. They

have acquired energy from thebattery
andare at their highest energy level at the negative

side of the circuit. As the electrons move
through the resistor, they lose energy. The elec-

trons
emerging from the upper endof the resistor are at a lower energy level than those

entering the lower end because some ofthe energy they had has been converted to heat.

The drop in energy level of the electrons as
they

move
through the resistor creates a

potential difference, or
voltage drop,

across the resistor having the polarity shownin Fig-
ure 4—10. Notice that the upper endofthe resistor in Figure 4-10 is less negative (more

positive)
than the lower end.

 

 

 

Electrons have lower

a

<——— energy onpositive
8 side ofcircuit.

t
oy

|

Energy drop
R in this direction

f
Electrons have higher

@ |<—— energy on
negative

4
side of circuit.

Le—>e-—__>e-—_—_- @__-6
@ Electron

FIGURE 4-10

\
Electron flow in a

simple circuit.
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SECTION 4-7

2

1.
‘Explain

éach of the following .DC control
statements:

a

REVIEW (a) DC Vi 1 8 1° (b) DC 11 1M 5M 25M

2. Explain each of the following
.PRINT statements:

(a) .PRINT DC V(R2) V(R9)

(b) PRINT DC I(R1) 1(R2) KR3)

 

m™@
SUMMARY

@ GLOSSARY

@ FORMULAS

One watt
equals

one
joule per second.

Watt is the unit of power, joule is a unit of energy, and secondis a unit of time.

The powerrating of a resistor determines the maximum powerthatit can handlesafely.
Resistors with a

larger physical size can
dissipate

more powerin the form of heat than smaller
ones.

A resistor should have a powerrating higher than the maximum powerthatit is expected
to han-

dle in the circuit.
.

Powerrating is not related to resistance value.

Aresistor normally opens when it burnsout.

Energy is equal
to power multiplied by time.

The kilowatt-hour is a unit of energy.

One kilowatt-hour is one thousand watts used for one hour.

A powersupply is an energy source used to
operate

electrical and electronic devices.

A battery is one type of power supply that converts chemical energy into electrical energy.

An electronic power supply
converts commercial energy (ac from the power company)

to regu-
lated dc or ac at various voltage levels.

The output powerof a
supply is the output voltage times the load current.

A load is a device that draws current from the power supply.
The capacity of a

battery is measured in ampere-hours (Ah).
One ampere-hour equals

one ampere used for one hour, or any other combination of amperes and
hours that has a

product of one.

= A power supply with a
high efficiency

wastes less power than one with a lowerefficiency.

Ampere-hour rating A number given in ampere-hours (Ah) determined by multiplying the cur-

rent (A) timesthe length of time (h)
a

battery
can deliver that currentto a load.

Efficiency The ratio of the output power to the input powerof a circuit, expressed
as a

percent.

Energy The fundamental ability
to do work.

Joule (J) The unit of energy.
Kilowatt-hour (kWh) A commonunit of energy used mainly by utility companies.
Power Therate of energy usage.

Powerrating The maximum amount of powerthat a resistor can
dissipate without being dam-

aged by excessive heat buildup.

Voltage drop The drop in energy level through
a resistor.

Watt (W) The unit of power. One watt is the power when 1 J of energy is used in 1 s.

Watt’s law A law that states the relationships of power to current, voltage, and resistance.

_W(4-1) P Power equals energy divided by time.

(4-2) W=Pt Energy equals power multiplied by time.

(4-3) P=IR Power equals current
squared times resistance.
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m SELF-TEST

SELF-TEST = 111

(4-4) P=VI Power
equals voltage times current.

2(4-5) =

~
Powerequals voltage squared divided by resistance.

Pour(4-6) Efficiency
=

P
 

Power supply efficiencyIN

(4-7) Pour
=

Pin

—

Pruoss Output power is input powerless powerloss.

10.

11.

12.

13.

14.

15.

16.

17.

18.

-
Power can be defined as

(a) energy (b) heat

(c) the rate at which energy is used (d) the time required to use energy
.

Two hundred joules of energy are consumed in 10 s. The poweris

(a) 2000 W (b) 10 W (c) 20 W (d) 2W
.

If it takes 300 ms to use 10,000 J of energy, the power is

(a) 33.3 kW (b) 33.3 W (c) 33.3 mW
. In 50 kW,there are

(a) 500 W (b) 5000 W (c) 0.5 MW (d) 50,000 W
.»

In 0.045 W,there are

(a) 45 kW (b) 45 mW (c) 4,500 pW (ad) 0.00045 MW
.

For 10 V and 50 mA,the poweris

(a) 500 mW (b) 0.5 W (c) 500,000 pW (d)
answers

(a), (b), and (c)
.

When the current through
a 10 kQ resistor is 10 mA, the poweris

(a) 1W (b) 10 W (c) 100 mW (a) 1000 pW
. A 2.2 kQ resistor dissipates 0.5 W. The currentis

(a) 15.1 mA (b) 0.227 mA (c) 1.1mA (d) 4.4 mA
.

A330 Q resistor dissipates 2 W. The voltage is

(a) 2.57 V (b) 660 V (c) 6.6V (d) 25.7 V

If you used 500 W of powerfor 24 h, you have used

(a) 0.5 kWh (b) 2400 kWh (c) 12,000 kWh (d) 12 kWh

How many watt-hours represent 75 W used for 10 h?

(a) 75 Wh (b) 750 Wh (c) 0.75 Wh (d) 7500 Wh

A 100 Q resistor must carry a maximum current of 35 mA.Its rating should be at least

(a) 35 W (b) 35 mW (c) 123 mW (d) 3500 mW

The powerrating of a
carbon-composition resistor that is to handle up to 1.1 W should be

(a) 0.25 W (b) 1 W (c) 2W (d) 5W

A 22 Q half-watt resistor and a 220 Q half-watt resistor are connected across a 10 V source.

Which one(s) will overheat?

(a) 22Q (b) 220 2 (c) both (d) neither

When the needle of an
analog ohmmeter indicates infinity, the resistor being measured is

(a) overheated (b) shorted (c) open (d) reversed /

A 12 V battery is connected to a 600 Q load. Under these conditions,it is rated at 50 Ah. How

long
can it supply current to the load?

(a) 2500 h (b) 50h (c) 25h (d) 4.16h ;

A given powersupply is capable of providing 8 A for 2.5 h. Its ampere-hour rating is

(a) 2.5 Ah (b) 20 Ah (c) 8 Ah

A power supply produces
a 0.5 W output with an

input of 0.6 W. Its percentage of effi-

ciency is

(a) 50% (b) 60% (c) 83.3% (d) 45%
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= Theload resistor should be large comparedto the resistance across which it is connected, in order

that the loading effect may be minimized. A /0-times value is sometimes usedas a rule of thumb,
but the value depends

on the accuracy required for the output voltage.
= Tofindtotal resistance of a ladder network,start at the point farthest from the source and reduce

the resistance in steps.
= A Wheatstone bridge

can be used to measure an unknownresistance.
® A bridge is balanced when the output voltage is zero. The balanced condition produces

zero cur-

rent
through

a load connected across the output terminals of the bridge.
®

Open circuits and short circuits are
typical circuit faults.

= Resistors normally open when they burn out.

 

m GLOSSARY

™ FORMULA

Bleeder current The currentleft after the total load current is subtracted from the total current

into the circuit.

Load An element(resistor
or other component) connected across the output terminals of a circuit

that draws current from thecircuit.

Sensitivity factor The ohms-per-volt rating of a voltmeter.

(7-1) Runx = Ry
(z)

Unknownresistance in a Wheatstone bridge
4

 

m@ SELF-TEST
1. Which of the following

statements are true
concerning Figure 7-63?

(a) R, and R,
are in series with R3, Ry, and Rs

(b) R, and R,
are in series

(c) R3, Ra, and Rs;
are in parallel

(a) The series combination of R, and R, is in parallel with the series combination of R3, Ra,
and R,

(e) answers (b) and (d)

FIGURE 7-63

 
2. Thetotal resistance of Figure 7-63 can be found with which of the following formulas?

(a) Ry + Ro +
Rs] Rall Rs (b) Ry || Ro +

Rs ll Rall Rs

(c) (R, + R2) || (R3
+

Ry
+

Rs) (d) none of these answers

3. If all of the resistors in Figure 7-63 have the same value, when voltage is applied
across ter-

minals A and B, the current is

(a) greatest in Rs (b) greatest in R3, R,, and Rs

(c) greatest in R, and R, (d) the samein all the resistors

4. Two 1 kQ resistors are in series and this series combination is in parallel with a 2.2 kQ

resistor. The voltage
across one of the 1 kQ resistors is 6 V. The voltage

across the 2.2 kQ

resistor is

(a) 6V (b) 3 V (c) 12 V (d) 13.2 V

5, The parallel combination of a 330 Q resistor and a 470 Q resistor is in series with the parallel
combination of four 1 kQ resistors. A 100 V source is connected across the circuit. The resis-
tor with the most current has a value of

(a) 1kQ (b) 330 Q (c) 470 Q
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278 =
CIRCUIT

THEOREMS AND CONVERSIONS
ses

8-1 # THE VOLTAGE SOURCE

The voltage
source is the principal type of energy source in electronic applications,

so

it is important to understand its characteristics. The voltage
source

ideally provides
constantvoltage

to a load even when the load resistance varies.

After completing this section, you should be able to

® Describe the characteristics of a
voltage

source

C1
Compare

a
practical voltage

source to an ideal source

Discuss the effect of loading
on a

practical voltage
source

 

  
 

  

Figure 8-1(a) is the familiar symbolfor an ideal de voltage
source. The voltage

across

its terminals A and B remainsfixed regardless of the value of load resistance that may be

connected across its output. Figure 8—1(b) shows a loadresistor, R;, connected. All of the

source
voltage, Vs, is dropped

across
R;. Ideally, R,

can be changed
to any value except

zero, and the voltage will remain fixed. The ideal voltage
source has an internal resistance

 

of zero.

FIGURE 8-1 A
Ideal de voltage

source.

+

‘5 ==

B

(a) Untoaded (b) Loaded

In reality,
no

voltage
source is ideal. That is, all voltage

sources have some inher-

ent internal resistance as a result of their physical
and/or chemical makeup, which can

be represented by
a resistor in series with an ideal source, as shown in Figure 8—2(a).

Rg is the internal source resistance and Vs is the source
voltage. With no load, the out-

put voltage (voltage from A to B) is Vs. This voltage is sometimes called the open cir-

cuit voltage.

FIGURE 8-2 Voltage
source Voltage

source

Practical voltage
source.

 (a) Unloaded (b) Loaded

Loading
of the Voltage

Source

Whena loadresistor is connected across the output terminals,
as shown in Figure 8—2(b),

all of the source
voltage does not appear across

R,;. Someof the voltage is dropped
across

Rs because Rg and R,
are in series.

If Rs is very small compared
to R,, the source

approaches ideal because almostall

of the source
voltage, Vs, appears across the larger resistance, R,. Very little voltage is
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dropped
across the internal resistance, Rs. If R, changes,

most of the source
voltage

remains across the output
as

long
as

R, is much larger than Rs. As a result, very little

change
occurs in the output voltage. The larger R,; is compared

to Rs, the less change
there is in the output voltage. As a rule, before it can be neglected, R, should be at least
ten times Rs (R; = 10Rs).

Example 8-1 illustrates the effect of changes in R;
on the output voltage when R,

is much greater than R;. Example 8—2 showsthe effect of smaller load resistances.

 

EXAMPLE 8-1 Calculate the voltage output of the source in Figure 8—3 for the following values of R;:
100 Q, 560 Q, and 1 kQ.

FIGURE 8-3

 
Solution For R,

=
100 Q,the voltage outputis

Vour =

(

Ry

i

=

(

100

@y)

100 V = 90.9 V  

Rs
+

Rr, 110 Q

For R,;
=

560 Q,

560 Q
Vout

=

|=

——
]100 V

=
98.2 V

OUT

(F70 3)
For R;

=
1 kQ, _

(

1000 Q
OUT

—
———="\100 V

=
99.0 V1010

a)

°

Notice that the output voltage is within 10% of the source
voltage, Vs, for all

three values of R;, because R, is at least ten times Rs.Related Exercise Determine Voyrz in Figure 8-3 if Rs = 50 Q and R; = 10 kQ.

|   
EXAMPLE 8-2 Determine Voy7 for R;

=
10 Q and for R;

=
1 Q in Figure 8-3.

Solution For R;
=

10 Q,the voltage outputis

R, 10Q
Vour

=
Vs

= {=
|100 V

=
50 V

on

(te)

.

(soa)
 

For R,
=

1 Q,

19
Vour

= {=~
}100 V

=
9.09 V

our

(ralRelated Exercise What is Voyr with no loadresistor in Figure 8-3?

|  
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SECTION 8-7
REVIEW

1. To
what

type of circuit does Millman’s theorem apply?
2.

Write the Millman theorem formula for
Reo.

3, Write the Millman theorem formula for
Veg:

=.

4. Find the load current (,) and the load voltage (V,) in
Figure

8-54.

FIGURE 8-54

 
8-8 § MAXIMUM POWER

TRANSFER
THEOREM 

The maximum powertransfer theorem is important when you need to know the value

of the load at which the most poweris deliveredfrom the source.

After completing this section, you should be able to

‘@
Apply the maximum powertransfer theorem 

State the theorem

Determine the value of load resistance for which maximum poweris transferred
from a

given circuit

 
 

  
 

The maximum powertransfer theorem states as follows:

Whena sourceis connected to a
load, maximum poweris delivered to the

load when the load resistance is equal to the internal source resistance.

The source
resistance, Rg, of a circuit is the equivalent resistance as viewed from the out-

put terminals using Thevenin’s theorem. An equivalent circuit with its output resistance
and load is shown in Figure 8-55. When R;

=
Rs, the maximum powerpossible is trans-

ferred from the voltage
source to R,.

FIGURE 8-55 Source

Maximum poweris transferred
to the load

R,
when R,

=
Rs.

 
Practical applications of this theorem include audio systems such asstereo, radio,

and public address. In these systems the resistance of the speaker is the load. Thecircuit
that drives the speaker is a power amplifier. The systems

are
typically optimized for max-

imum powerto the speakers. Thus, the resistance of the speaker
must

equal the internal
source resistance of the amplifier.

Example 8-16 shows that maximum power occurs when R,;
=

Rs.
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402 = INTRODUCTION TO ALTERNATING CURRENT AND VOLTAGE

11-1 & THE SINE WAVE 

 
FIGURE 11-1

Symbol for
a sine wave

voltage
source.

The sine wave is a common
type of alternating

current (ac) and alternating voltage. It

is also referred
to as a sinusoidal wave or, simply, sinusoid. The electrical service pro-

vided by the power companyis in the
form of sinusoidal voltage and current. In addi-

tion, other types ofwaveforms
are

composites ofmany individual sine wavescalled har-

monics.

After completing this section, you should be able to

@
Identify

a sinusoidal waveform and measure its characteristics

€ Determine the period
O Determine the frequency
O Relate the

period
and the frequency
 

Sine waves are
produced by

twotypes of sources:
rotating electrical machines (ac gener-

ators)
or electronic oscillator circuits, which are in instruments knownaselectronic sig-

nal generators. Figure 11-1 shows the symbol used to represent either source of sine
wave

voltage.

Figure 11-2 is a
graph showing the general shape of a sine wave, which can be

either an
alternating

current or
voltage. Voltage (or current) is displayed

on the vertical

axis and time(#) is displayed
on the horizontal axis. Notice how the voltage (or current)

varies with time. Starting
at zero, the voltage (or current) increases to a

positive maxi-

mum
(peak),

returns to zero, and then increases to a
negative maximum (peak) before.

returning again
to zero, thus completing

one full cycle.

 

FIGURE 11-2 . + Voltage (+V) Positive maximum
Graph of

one
cycle of

a sine wave. or
current (+/)

0 Time(1)

—
Voltage (-V)

. :
or Negative

maximum

current (—/)

Polarity
of a Sine Wave

As you have learned, a sine wave
changespolarity

at its zero value; that is, it alternates

between positive and negative values. When a sine wave
voltage

source
(V,) is

applied
to

a resistive circuit,
as in Figure 11-3,

an
alternating sine wave current results. When the

voltage changespolarity,
the current

correspondingly changes direction asindicated.

During the positive alternation of the applied voltage V,, the current is in the direc-

tion shown in
Figure 11—3(a). During

a
negative alternation of the applied voltage, the

current is in the opposite direction,
as shown in Figure 11—-3(b). The combined positive

and negative alternations make up one
cycle of a sine wave.
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FIGURE 11-3 Vie A
Alternating current and voltage.

Positive alternation

 (a) Positive voltage: current direction as shown

 Negative alternation

-V,s

(b) Negative voltage: current reverses direction

Period of a Sine Wave

A sine wave varies with time (#) in a definable manner.

The time required for a sine wave to complete
one full cycle is called the

period (7).

Figure 11-4(a)illustrates the period of a sine wave.
Typically,

a sine wave continues to

repeatitself in identical cycles,
as shown in Figure 11~4(b). Since all cycles of a

repeti-
tive sine waveare the same,the period is always

a fixed value for a
given sine wave. The

period of a sine wave does not necessarily have to be measured between the zero cross-

ings at the beginning and end of a
cycle. It can be measured from any peak in a

given

cycle
to the corresponding peak in the next

cycle.

 
  i

i

|
Period (7)

A L_
ist cycle

Se
cycle
of

3rd cycle

(b)

FIGURE 11-4
__ The period of

a sine waveis the same
for each cycle.
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THE SINE WAVE & 405

Frequency of a Sine Wave

Frequency is the number of cycles thata sine wave completes in one

second.

,

The more
cycles completed

in one
second, the higher the frequency. Frequency (/) is mea-

sured in units of hertz, Hz. One hertz is equivalent
to one

cycle per second; 60 Hz is 60

cycles per second; and so on.
Figure 11—8 shows two sine waves. The sine wave in part (a)

completes
two full cycles in one second. The one in part (b) completes four cycles

in one

second. Therefore, the sine wavein part (b) has twice the frequency of the one in part (a).

 

4

i
t

0-15
t

1s
~*

(a) Lowerfrequency: fewer cycles per second (b) Higher frequency:
more

cycles per second

FIGURE 11-8

IMastration offrequency.

Relationship
of Frequency and Period

The formulas for the relationship between frequency (f) and period (7) are as
follows:

(11-1)

(11-2) There is a
reciprocal relationship between f and T:

Knowingone, youcancalculate
the

other with the @ key
on your calculator. This inverse relationship imiakés sense because

a sine wave with a
longer period goes through fewer cyéles:in

one second than one with
a shorter period.

Which sine wave in Figure 11-9. has a
higher-frequency?:Determine the period and the

frequency of both waveforms. -

Vv

 FIGURE 11-9
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Average Value

The average value of a sine wave taken over one complete cycle is always zero, because

the positive values (above the zero
crossing) offset the negative values (below the zero

crossing).
To be useful for comparison purposes, the average value of a sine waveis defined

overa
half-cycle rather than overa full cycle. The average value is the total area under

the half-cycle
curve divided by the distance in radians of the curve along the horizontal

axis. The result is derived in Appendix C and is expressed in terms of the peak
value as

follows for both voltage and current sine waves:

2Vavg
=

(=)
V,

Vayg
=

0.637V>
|

(11-12)

2Lave
=

(=)
“Tayg

=
0-63

(11-13)

Determine V,, V,», Vims: and the half-cycle Vayg
for the sine wave in Figure 11-19.

 

 

 

 

 

 

 

         
FIGURE 11-19

Solution V,
=

4.5 V is taken directly from the graph. From this, calculate the other

values.

Vop

=
2Vp

=
2(4.5 V) =9 V

Vans
=

0.707V,
=

0.707(4.5 V)
=

3.18 V

Vave
=

0.637V,
=

0.637(4.5 V)
=

2.87 V

Related Exercise If
V,

=
25 V, determine

V,,, Vims, and
Vayg

for a sine wave. 
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SECTION 11-4 1. Whenthe positive-going
zero

crossing of a sine-wave occurs at 0°, at what angle

REVIEW does each of the
following points occur?

(a) Positive peak (b) Negative-going
zero

crossing

(c) Negative peak (d) Endof first complete cycle
2. A

half-cycle is completed in
_______

degrees
or ________

radians.

3. A full cycle is completed
in

________
degrees

or radians.

4. Determine the phase angle between the two sine waves in Figure 11-27.

FIGURE 11-27

 
11-5 m THE SINE WAVE FORMULA 

A sine wave can be graphically represented by voltage
or current values on the vertical

axis and by angular
measurement

(degrees
or

radians) along the horizontal axis. This

graph
can be expressed mathematically,

as you will see.

After completing this section, you should be able to

@
Mathematically analyze

a sinusoidal waveform

State the sine wave formula

Find instantaneous values using the formula

 
 
 

  
 

A generalized graph of one
cycle of a sine wave is shown in Figure 11-28. The ampli-

tude, A, is the maximum value of the voltage
or current on the vertical axis, and angular

values run
along the horizontal axis. The variable y is an instantaneous value represent-

ing either voltage
or current at a

given angle, 0.

FIGURE 11-28
One cycle of

a
generalized sine wave

showing amplitude Al----—
and phase.

 
A sine wave curve follows a

specific
mathematical formula. The general expression

for the sine wave curve in Figure 11-28is

y=Asin 0 (11-16)
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How a
Capacitor

Stores
Energy

A
capacitor

stores energy in the form of an electric field that is established by the
opposite

charges
onthe two

plates. Theelectric field is represented by lines of force betweenthe pos-
itive and negative charges and concentrated within the

dielectric,
as shown in Figure 13-3.

FIGURE 13-3 Lines of force
Theelectric field stores energy in a

capacitor.

/

 Coulomb’s lawstates

A force exists between two charged bodies thatis directly proportional to
the product of the two

charges and inversely proportional to the square
of the distance between the bodies.

This relationship is expressed
as

F=
Hee

(13-4)

where F is the force in newtons, Q, and Q,
are the charges in coulombs, d is the distance

between the charges in meters, and k is a
proportionality

constant
equal

to 9 x 10°.

Figure 13—4(a)illustrates the line of force between a
positive and a

negative charge.
Figure 13-4(b) showsthat many opposite charges

on the plates of a
capacitor

create many
lines of force, which form an electric field that stores energy within the dielectric.

FIGURE 13-4
.

Linesof force

Lines offorce
are created by Q

opposite charges.

Q F Q
o—_—_—-9
_——

F=kQ,Q,/d?

(a) (b) TTTii

The greater the forces between the charges
on the plates of a

capacitor, the more

energy is stored. The amount of energy stored therefore is directly proportional
to the

capacitance because, from Coulomb’s law, the more
charge stored, the greater the force.

Also, from Equation (13-2), the amount of charge stored is directly related to the

voltage
as well as the capacitance. Therefore, the amount of energy stored is also depen-

dent on the square of the voltage
across the plates of the capacitor. The formula for the

energy stored by
a

capacitoris
as follows:

W=
scv

(13-5)

Whencapacitance (C) is in farads and voltage (V) is in volts, the energy (W)is in joules.
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EXAMPLE 13-10

7 SECTION
14

:

REVIEW|
 

Determine C; in Figure 13-27.

FIGURE 13-27

Solution There are six equal-value capacitors in parallel,
so n =

6.

Cy
=n= (6)(0.01 pF)

=
0.06 uF

Related Exercise If three more 0.01 pF capacitors
are connected in parallel in Fig-

ure
13-27, whatis the total capacitance? : .

How
ig totalparallelcapacitance determined?

 
.

Ina certain application, you need 0.05 pF. The only values available are0.01 uF,
whichare available in large quantities. How can you get the total capacitance that

» youneed?

3. The following capacitors
are in parallel: 10 pF, 5 pF, 33 pF, and 50 pF. Whatis C;?

13-5 @ CAPACITORS IN DC CIRCUITS

A capacitor will charge up whenit is connected to a dc voltage
source. The buildup of

‘

charge
across the plates

occurs in a
predictable

manner which is dependent
on the

capacitance and the resistance in a circuit.

After completing this section, you should be able to

@
Analyze capacitive dc switching circuits
QO Describe the charging

and discharging of a
capacitor

O) Define time constant
C] Relate the time constant to charging and

discharging
Write equations for the charging

and
discharging

curves

(1
Explain why

a
capacitor blocks dc

Charging
a

Capacitor

A capacitor charges when it is connected to a dc voltage source, as shown in
Figure

13-28. The capacitor in part (a) of the figure is uncharged; that is, plate
A and plate

B

have equal numbers of free electrons. When the switch is closed,
as shown in part (b), the.

source moves electrons away from plate A
through the circuit to

plate B as the arrows

indicate. As plate
A loses electrons and plate

B
gainselectrons, plate

A becomes
positive

with respect to
plate

B. As this charging process continues, the voltage
across the plates
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Fewerelectrons Moreelectrons
makeplate A make.plate B
more

positive.
more

negative.

 (b) Charging (arrowsindicate electron flow)

A B
+

—

Vs

Vs+
—

!
(c) Fully charged (d) Retains charge FIGURE 13-28

Charging
a

capacitor.

builds up rapidly until it is equal
to the applied voltage, Vs, but opposite in polarity,

as

shownin part (c). When the capacitor is fully charged, there is no current.

A capacitor blocks constant de. z

When the charged capacitor is disconnected from the source, as shown in Figure
13-28(d), it remains charged for long periods of time, depending

on its leakage resis-

tance, and can causesevere electrical shock. The charge
on an

electrolytic capacitor gen-

erally leaks off more
rapidly than in other types of capacitors.

Discharging
a

Capacitor
When a wire is connected across a

charged capacitor,
as shown in Figure 13-29, the

capacitor will discharge.
In this particular case, a very low resistance path (the wire)is

connected across the capacitor with a switch. Before the switch is closed, the capacitoris

charged
to 50 V, as indicated in part (a). When the switch is closed,

as shownin part (b),
the excess electrons on

plate B move
through the circuit to

plate
A (indicated by

the

arrows);
as a result of the current

through the low resistance of the wire, the energy stored

by the capacitor is dissipated in the wire. The charge is neutralized when the numbers of

free electrons on both plates
are

again equal. At this time, the voltage
across the capaci-

tor is zero, and the capacitor is completely discharged,
as shownin part (c).

 
(a) Retains charge (b) Discharging (arrows (c) Uncharged

indicate electron flow)

FIGURE 13-29

Discharging
a

capacitor.
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Current and
Voltage During Charging

and
Discharging

Notice in Figures 13-28 and 13-29 that the direction of the current
during discharge is

opposite
to that of the charging

current. It is important
to understand that there is no cur-

rent
through the dielectric of the capacitor during charging

or
discharging because the

dielectric is an
insulating material. There is current from one

plate
to the other only

through the external circuit.

Figure 13-30(a) shows a
capacitor connected in series with a resistor and a switch

to a de voltage
source.

Initially, the switch is open and the
capacitor is uncharged with

zero volts across its plates. At the instant the switch is closed, the current
jumps

to its

maximum value and the capacitor begins
to

charge.
The current is maximum initially

because the capacitor has zero volts across it and, therefore, effectively
acts as a

short;

thus, the current is limited only by the resistance. As time passes and the capacitor

charges, the current decreases and the voltage
across the capacitor (V-) increases. The

resistor voltage is proportional
to the current

during this charging period.

Current jumps to maximum atinstant

ww switch is closed; then it decreases.

<—
Voltage is zero

 
at instant switch
is closed; then
it increases.

Vs

_(a) Charging: Capacitor voltage increases (b) Fully charged: Capacitor voltage equalsas the currentand resistor voltage decrease. source
voltage. The currentis zero.

FIGURE 13-30

Current jumps to maximumat instant
switch is closed; then it decreases.

 

  

<—
Voltage decreases
as

capacitor
discharges.

Discharging current

 
(c) Discharging: Capacitor voltage, resistor voltage, and the current

decrease from initial maximums. Note that the discharge current
is opposite to the charge current.

Current
and voltage in a charging and discharging capacitor.

\-

After a certain period of time, the capacitor
reaches full charge. At this point, the

current is zero and the capacitor voltage is equal
to the dc source

voltage,
as shown in

Figure 13-30(b). If the switch were
opened

now,
the capacitor wouldretain its full charge

(neglecting any leakage).
In

Figure 13—30(c), the voltage
source has been removed. When the switch is

closed, the capacitor begins
to

discharge. Initially, the current
jumps

to a maximum butin
a direction opposite

to its direction during charging. As time passes, the current and

capacitor voltage decrease. The resistor voltage is always proportional
to the current.

When the capacitor has fully discharged, the current and the capacitor voltage
are zero.
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CAPACITORS IN DC CIRCUITS # 511

Rememberthe following rules about capacitors in dc circuits:

1. Voltage across a capacitor cannot change instantaneously,
2. Current in a

capacitive circuit can
ideally change instantaneously.

3. A fully charged capacitor appears
as an open to

nonchanging
current.

4. An
uncharged capacitor appears as a short to an instantaneous changein

current.

Nowwewill examine in more detail how the voltage and current
change with time

in a
capacitive

circuit.

The RC Time Constant

In a
practical situation, there cannot be capacitance without someresistance in a circuit.

It may simply be the smallresistance of a wire, or it may be a
designed-in resistance.

Because of this, the charging and discharging characteristics of a
capacitor

must
always

be consideredin light of the associated resistance. The resistance introduces the element

of time in the charging and discharging
of a

capacitor.
Whena capacitor charges

or
discharges through

a resistance, a certain time is

required for the capacitor
to

charge fully
or

discharge fully. The voltage
across a

capaci-
tor camnot changeinstantaneously becausea finite time is required

to move
charge from

one
point

to another. The rate at which the capacitor charges
or

discharges is determined

by the time constant of the circuit.

The time constant of a series RC circuit is a time interval that equals the

product of the resistance and the capacitance.

The time constant is expressed in seconds whenresistance is in ohms and capacitanceis

in farads. It is symbolized by
7

(Greek letter tau), and the formula is as follows:

t=RC (13-17)

Recall that J
=

Q/t. The current
depends

on the amount of charge moved in a

given time. When the resistance is increased, the charging
current is reduced, thus

increasing the charging time of the capacitor. When the capacitance is increased, the

amount of charge increases; thus, for the same current, more time is required
to

charge
the capacitor.

A series RC circuit has a resistance of 1 MQ and a
capacitance of 5 uF. What is the

time constant?

Solution 7=RC=(1x 10° Q)(5
x 10° F)=5s

Related Exercise A series RC circuit has a 270 kQ resistor and a 3300 pF capacitor.
Whatis the time constant? 

During
one time-constant interval, the charge

on a
capacitor changes

approximately 63%.

An uncharged capacitor charges
to 63% ofits fully charged voltage

in one time con-

stant. When a
capacitor

is discharging, its voltage drops
to

approximately
100%

—
63%

=

37% ofits initial value in one time constant, which is a 63% change.
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Ve

Ve (final value) PEPER
ee

etekado
BREEere

19a |19a

The
Charging

and
Discharging

Curves

A
capacitor charges and discharges following

a nonlinear curve, as shown in Figure
13-31. In these graphs, the approximate percentageof full charge is shown at each time-
constantinterval. This type of curve follows a

precise mathematical formula and is called
an

exponential
curve. The

charging
curve is an

increasing exponential, and the discharg-
ing

curve is a
decreasing exponential. It takes five time constants to

approximately reach
the final value. A five time-constantinterval is accepted

as the timeto fully charge
ordis-

charge
a

capacitor
andis called the transienttime.

 
Ia HHHteEEE

neTAHi

 ‘am EEREEEEEEEEEEEEEEEE t t
0 Ir 2r 3r 4r

Ss

5r 0 lr 2r 3r 4r Sr Gr

(a) Charging
curve with percentagesof final value (b) Discharging

curve with percentagesofinitial value

FIGURE 13-31

Charging and discharging exponential curves for an RC circuit.

General Formula The general expressions for either increasing
or

decreasing expo-
nential curves are

given in the
following equations for both instantaneous voltage and

instantaneouscurrent.

y=
Vp (V;— Ven” (13-18)

i=Ip+G-Ipe”’
(13-19)

where V; and I;
are the final values, and V, and /,

are the initial values. v and i are the
instantaneous values of the capacitor voltage

or current at time ¢, and e is the base of
natural logarithms with a value of 2.718. The key

or the and keys
on your

calculator make it easy to evaluate this exponential
term.

Charging from Zero The formula for the special
case in which an

increasing expo-
nential voltage

curve
begins

at zero
(V;

=
0) is given in Equation (13-20). It is developedas

follows, starting with the general formula, Equation (13-18).

v=Vr+(V;- Vpe”=
Vr + (0

-

Vpe*"=
Vp— Vpe

tre

v=Vp(1— et)
|

(13-20)

Using Equation (13-20), you can calculate the value of the charging voltage of a
capaci-

tor at any instantoftimeif it is initially uncharged. The sameis true for an
increasing

cur-

rent.
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-
Solution Thetime constantis RC

=
(8.2 kQ)(0.01 pF)

=
82 pis. The voltage

to which

CAPACITORS IN DC CIRCUITS @ 513

 

In Figure 13-32, determine the capacitor voltage 50 ps after the switch is closed ifthe

capacitor is initially uncharged. Sketch the charging
curve.

FIGURE 13-32 R

8.2kN
+

50vV= c

|

0.01 uF

the capacitor will fully charge is 50 V (this is V;). Theinitial voltage is zero. Notice
that 50 jus is less than one time constant; so the capacitor will charge less than 63% of
the full voltage in that time.

Vo= V-(1
_

e
VRC)

=
(50 vy

_
e

0H82y5)=
(50 V)(1

-
e®')= (50 V)(I

—
0.543)

=
22.8 V

Determinethe value of e~°*' on the calculator by entering —0.61 and then pressing the

keys (or and then on some
calculators). e* may or may

not be a sec-

ondary function on your calculator.

The
charging

curve for the capacitor is shown in
Figure 13-33.

FIGURE 13-33 v(V)

t (us) The calculator sequence is

GOOG MAEBOOOWNOO8

Related Exercise Determine the capacitor voltage 15 ps after switch closure in Fig-
ure 13-32.   Discharging

to Zero The formula for the special
case in which a

decreasing exponen-
tial voltage

curve endsat zero
(Vp

=

0)
is

derived
from the general formula as follows:

v= Vp+ (Vi- Vie"=
0 +

(V;

_

Oye
VRE

v =
Vie

WRC
(13~21)

where V;, is the voltage
at the

beginning of the discharge
as shown in

Figure 13-31(b).
You can use this formula to calculate the

discharging voltage
at any instant, as

Example
13-13 illustrates.
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EXAMPLE 13-13 Determine the capacitor voltage in Figure 13-34 at a
point

in time 6 ms after the

switch is closed. Sketch the discharging
curve.

v(V)

06

FIGURE 13-34 FIGURE 13-35

Solution The
discharge

time constant is RC
=

(10 kQ)(2 uF)
=

20 ms. The initial

capacitorvoltageis 10 V. Notice that 6 ms is less than one time constant, so the capac-

itor will discharge less than 63%. Therefore,it will have a
voltage greater than 37% of

the initial voltage
at 6 ms.

Vo
=

Vie
PRE =

1068205
=

10¢?
=

100.741)
=

7.41 V

Again,the value of e~°° can be determined with a calculator.

The discharging
curve for the capacitor is shown in Figure 13-35.

Related Exercise In
Figure 13-34, change

R to 2.2 k82 and determine the capacitor

voltage 1 ms after the switch is closed. Graphical
Method Using Universal Exponential

Curves The universal curves in

Figure 13-36 provide
a

graphic solution of the charge and discharge of capacitors.
Exam-

ple 13-14 illustrates this
graphical

method.

FIGURE 13-36 vori

Normalized universal exponential
curves.
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21-3 m@ REPETITIVE-PULSE RESPONSE OF RC INTEGRATORS

10V

JLUUL-—T—>|

FIGURE 21-12

In the last section, you learned how an RCintegrator responds
to a

single-pulse input.
These basic ideas are extended in this section to include the integrator response to

repetitive pulses. In electronic systems, you will encounter repetitive-pulse waveforms
much more

often than single pulses. However,
an

understanding of the integrator’s
response to single pulses is necessary in order to understand how these circuits respond
to

repeated putises.

After completing this section, you should be able to

@
Analyze

an RC integrator with repetitive input pulses
1 Determine the response whenthe capacitor does not

fully charge
or

discharge
OD Define steady

state

C] Describe the effect of an increase in time constant on circuit response
 

If a
periodic pulse waveform is applied

to an RC integrator,
as shown in Figure 21-12,

the output waveshape depends
onthe relationship of the circuit time constantand thefre-

quency (period) of the input pulses. The capacitor, of course, charges and discharges in

response to a
pulse input. The amountof charge and discharge of the capacitor depends

both on the circuit time constant and on the
input frequency,

as mentioned.'

,

t=RC

0

Capacitoris fully charging
and fully discharging.

RC integrator with a
repetitive pulse waveform input.

If the pulse width and the time between pulses
are each equal

to or
greater than five

time constants, the capacitor will fully charge and fully discharge during each period of

the input waveform. This case is shown in Figure 21-12.

Whenthe Capacitor
Does Not

Fully Charge and Discharge

Whenthe pulse width and the time between pulses
are shorter than five time constants, as

illustrated in Figure 21-13 for a square wave, the capacitor will not
completely charge

or

discharge. We will now examinethe effects of this situation on the output voltage of the

RC
integrator.

FIGURE 21-13 Less than 5t

Input waveform that does-not allow full
—_——

charge or discharge of the

eahector

in an
RCintegrator.

ye
Less than 5t
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For illustration, let’s use an RC integrator with a
charging

and

discharging time

constant
equal

to the pulse width of a 10 V square wave
input,

as
in-Figure 21-14. This

choice will simplify the analysis and will demonstrate the basic action of the integrator
under these conditions. At this point,

we
really do not care what the exact time constant

value is because we know from Chapter 13 that an RC circuit charges approximately 63%

during
one time constant interval.

FIGURE 21-14

Integrator with a square wave
input 10Vhaving a period equal to two time Vin

| | | |constants (T
=

27). 0

 
Let’s assume that the capacitor in Figure 21-14

begins initially uncharged and

examine the output voltage
on a

pulse-by-pulse basis. The results of this analysis
are

shownin Figure 21-15.

+10V

 FIGURE 21-15

Input and output for the initially uncharged integrator in Figure 21-14.

First pulse During the first pulse, the capacitor charges. The output voltage reaches

6.3 V (63% of 10 V),
as shown in Figure 21-15.

Between first and second pulses The capacitor discharges, and the voltage decreases

to 37% of the voltage
at the beginning of this interval: 0.37(6.3 V)

=
2.33 V.

Second pulse The capacitor voltage begins
at 2.33 V and increases 63% of the way to

10 V. This calculation is as follows: The total charging range is 10 V
—

2.33 V
=

7.67 V.

The capacitor voltage will increase an additional 63% of 7.67 V, which is 4.83 V. Thus,
at the end of the second pulse, the output voltage is 2.33 V + 4.83 V

=
7.16 V,

as shown

in Figure 21-15. Notice that the average is buildingup.

Between second and third pulses The capacitor discharges during this time, and there-

fore the voltage decreases to 37% of the initial voltage by the end of the second pulse:

0.37(7.16 V)
=

2.65 V.

Third pulse
Atthe start of the third pulse, the capacitor voltage begins

at 2.65 V. The

capacitor charges 63% of the way from 2.65 V to 10 V: 0.63(10 V
—

2.65 V)
=

4.63 V.

Therefore, the voltage
at the end of the third pulse is 2.65 V + 4.63 V

=
7.28 V.
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Between third and fourth pulses The voltage during this interval decreases due to

capacitor discharge.It
will decrease to 37% ofits value by the end ofthe third pulse. The

final voltage in this interval is 0.37(7.28 V)
=

2.69 V.

Fourth pulse Atthestart of the fourth pulse, the capacitor voltage is 2.69 V. The volt-

age increases by 0.63(10 V
—

2.69 V)
=

4.605 V. Therefore, at the end of the fourth pulse,
the capacitor voltage is 2.69 V + 4.605 V

=
7.295 V. Notice that the values are

leveling
off as the pulses continue.

Between fourth and fifth pulses Between these pulses, the capacitor voltage drops
to

0.37(7.295 V)
=

2.7 V.

Fifth pulse During the fifth pulse, the capacitor charges 0.63(10 V
—

2.7 V)
=

4.6 V.

Sinceit started at 2.7 V, the voltage
at the end of the pulse is 2.7 V + 4.6 V =7.3 V.

Steady-State Response

In the preceding discussion, the output voltage gradually built up and then began leveling
off. It takes

approximately
57 for the output voltage

to build up to a constant average
value. This interval is the transient time of the circuit. Once the output voltage reaches the

average value of the input voltage,
a

steady-state condition is reached which continues
as

long
as the periodic input continues. This conditionis illustrated in

Figure 21-16 based
on the values obtained in the preceding discussion.

The transient time for our
examplecircuit is the time from the beginning

ofthe first

pulse
to the end of the third

pulse. The reason for this interval is that the capacitor volt-

age at the endofthe third pulse is 7.28 V, which is about 99% ofthe final voltage.

 
v(V)

!
i
 

seesthscatesteetetne

 

 
FIGURE 21-16

Output reaches steady state after 57.

The Effect of an Increase in Time Constant

What happens
to the output voltage if the RC time constant of the integrator is increased

with a variable resistor,
as indicated in

Figure
21-17? As the time constant is increased,

the capacitor charges less during
a

pulse and discharges less between
pulses.

The result is
a smaller fluctuation in the output voltage for increasing values of time constant, as

shown in Figure 21-18.

Asthe time constant becomes extremely long compared
to the

pulse width,the out-

put voltage approaches
a constant dc voltage,

as shown in Figure 21—18(c). This valueis

the average value of the input. For a square wave, it is one-half the amplitude.
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FIGURE 21-17

Integrator with a variable time constant.

 
FIGURE 21-18

Effect of longer time constants on the output of
an

integrator (13 >> 7).

Determine the output voltage waveform for thefirst two
pulses applied

to the
integra-

tor circuit in Figure 21-19. Assume that the capacitor is initially uncharged and the

rheostat is set to 5 kQ.

EXAMPLE 21-3

|10
ys

|
15 ps

|
10 ys
|

FIGURE 21-19

Solution First calculate the circuit time constant.

7 =
RC =(5 kQ)(0.01 pF)

=
50 ps

Obviously, the time constant is much longer than the input pulse width or the interval

between pulses (notice that the input is not a square wave). Thus, in this case, the

exponential formulas must be applied, and the analysis is relatively difficult. Follow

the solution carefully. 
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1. Calculation forfirst pulse: Use the equation for an
increasing exponential

because

C is charging. Note that Vy is 5 V, and t
equals the pulse width of 10 ys. Therefore,

Vo= VAI
_

eto
=

(5 vja
_

e710ns/50ps)=
(5 V)(1

—

0.819)
=

906 mV

This result is
plotted

in Figure 21—20(a).

FIGURE 21-20

10 ps

2. Calculation for interval betweenfirst and second pulse: Use the equation for a

decreasing exponential because C is discharging. Note that V; is 906 mV because Cc

begins
to

discharge from this value at the end ofthefirst pulse. The discharge time

is 15 ps. Therefore,

Vo= V,e
URC =

(906 mV)e
15#8/50Hs

=
(906 mV)(0.741)

=
671 mV

This result is shown in Figure 21—20(b)..
Calculationfor second pulse: At the beginningofthe second

pulse, the output volt-

age is 671 mV. During the second
pulse, the capacitor will again charge.In this case,

it does not begin
at zero volts. It already has 671 mV from the previous charge and

discharge. To handlethis situation, you must use the general exponential formula.

v=V,+(V;- Vie”

Using this equation, you can calculate the voltage
across the capacitor

at the end of

the second pulse
as follows:

Vo
=

Ve + (Vi
-

Vie
RC

=5 V+ (671 mV —5 V)e
HSS

=5 V+ (4.33 V)(0.819) =5 V—3.55 V=145 V

This result is shown in Figure 21—20(c).

Notice that the output waveform builds up on successive input pulses. After

approximately 57, it will reach its steady
state and will fluctuate between a constant

maximum anda constant minimum, with an average equal
to the average value of the

input. You can see this pattern by carrying the analysis in this example further.

Related Exercise DetermineV,,,, at the beginning of the third pulse. 


