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One of the most important sections in any piece of electronic equipment is the power
supply. It is the part that furnishes the operating voltages and currents required by the rest
of the circuitry. If the power supply is not operating correctly, the equipment cannot do the
job it is supposed to do.

You have already studied the basic components used in power supplies. In this lesson, you
will learn more about these parts and how they are used together in power supplies. You
will be introduced to some new circuits and will learn the purpose of each part in the power
supply. Once you know how the various parts are used and understand what each is supposed
to do, you will be able to service any power supply defect you encounter.

A power supply may or may not have a power transformer. A power transformer is a
convenient device that can be used either to increase or decrease the line voltage to the value
needed by the equipment. In addition, a power transformer isolates the equipment from the
power line, making the equipment safer to operate and repair. You will begin this lesson by
learning about transformers.

After you have studied transformers, you will study the different rectifiers used in modern
power supplies. The power supplied by utility companies for home and industrial use is ac
power, whereas the transistors and integrated circuits used in electronic equipment require
dc operating voltages. The device that changes the current from ac to dc is called a rectifier.

Once the ac is changed to dc, we have what is called a pulsating dc at the output of the
rectifier. This is actually dc with ac superimposed on it. The power supply must therefore
have some means of filtering or smoothing the pulsating dc to get pure dc. This is accom-
plished by means of a filter network, which separates the ac and dc components of the
pulsating dc at the rectifier output so that only the dc appears at the output of the filter
network.

Many power supplies have some type of voltage-divider network. Such a network is de-
signed to provide several different operating voltages from one power supply. The various
transistors and integrated circuits in a piece of electronic equipment may require several
different operating voltages. It is more economical in most cases to use a single power supply
and a voltage divider instead of a separate power supply for each voltage needed.

Often, if an electronic circuit is to work correctly, the voltage applied to it must be very
carefully regulated. You've already seen how a zener diode and forward-biased diode can be
used for voltage regulation. These options are satisfactory where only small amounts of
power are needed. In higher current applications, more elaborate voltage regulators are
needed. Your study of power supplies will include voltage regulator circuits.

TRANSFORMERS Basic Transformer Action

Our modern industrial society consumes Transformers are particularly useful be-
large amounts of electricity. The transformer  cause they can increase or decrease the avail-
contributes greatly in the economical trans-  able voltage. For example, a transformer can
mission of this power. We'll describe this later,  be plugged into a power line that has a nom-
but first let’s learn more about transformers.  inal voltage of 120 volts, and it can step that
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voltage down to any value we may require,
providing the transformer has the correct turns
ratio.

In Fig.1, we’ve shown the schematic symbol
for two transformers. The transformer in
Fig.1(A) has 100 turns on the winding con-
nected between terminals 1 and 2 and 10 turns
on the winding between terminals 3 and 4.
The transformer shown at (B) also has 100
turns on the winding between terminals 1
and 2, but it has 1000 turns on the winding
connected between terminals 3 and 4.

If we apply 100 volts ac to terminals 1 and
2 of the transformer shown at (A), assuming
no losses in the transformer, the voltage be-
tween terminals 3 and 4 will be 10 volts. No-
tice that in this transformer we have 100 turns
on the winding_between terminals 1 and 2,
which is called the primary winding, and 10
turns on the winding between terminals 3
and 4, which is called the secondary winding.
The turns ratio is 100 to 10 or simply 10 to
1. Notice that applying 100 volts to the pri-
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Figure 1. (A) A step-down transformer with 100 turns on
the primary winding and 10 turns on the secondary. (B) A
step-up transformer with 100 turns on the primary and
1000 turns on the secondary

mary winding produces 10 volts in the sec-
ondary. Notice also that the ratio of the
primary voltage to the secondary voltage is
the same as the ratio of the primary turns to
the secondary turns. Since the voltage is
stepped down, that is, it is lower in the sec-
ondary than it is in the primary, we call the
transformer at (A) a step-down transformer.
Now if we apply 100 volts ac to the primary
winding of the transformer shown in Fig.1(B),
we’ll get 1000 volts between terminals 3 and
4. Once again, remember that we said the
primary winding has 100 turns and the sec-
ondary has 1000 turns. Here we have a pri-
mary-to-secondary ratio of 100 to 1000, which
is 1 to 10. The ratio between the voltage in
the primary and the voltage in the secondary
will be the same as the turns ratio; therefore,
we’ll have 10 times as much voltage across
the secondary as we have across the primary.
Thus, if we apply 100 volts to the primary
winding, we’ll have 1000 volts across the sec-
ondary winding. Because it steps up the volt-
age, we call it a step-up transformer.
Transformers are self-regulating. By this
we mean that they will draw sufficient cur-
rent in the primary to supply the load con-
nected across the secondary. Looking at
Fig.2(A), we have the same transformer that
we had in Fig.1(A), but now we’ve connected
a 1 ohm resistor across the secondary wind-
ing. We can find the current that will flow
through the resistor by using Ohm’s law.

By substituting 10 volts for E and 1 ohm for
R, we get:

I=10

1~ 10 amperes

Now let’s consider the power that the re-
sistor is dissipating. We know that the
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Figure 2. The transformers of Fig.1 with (A) a 1 ohm load
across the secondary and (B) a 1000 ohm load

voltage across the resistor is 10 volts and
the current through it is 10 amps; therefore,
the power must be:

P=E x1I=10 x 10 = 100 watts

If the resistor is dissipating 100 watts, it must
be getting 100 watts from the secondary of
the power transformer. This in turn has to
come from the primary winding. Therefore,
assuming no losses in the transformer, since
the voltage across the primary is 100 volts,
the current in the primary must be 1 ampere.
Notice what has happened in the step-down
transformer. The voltage has been stepped
down at aratioof 10 to 1, whereas the current
has been stepped up at a ratio of 1 to 10. The
power consumed by the primary is exactly
equal to the power the secondary is supplying
to the resistor.

Now let’s look at the transformer shown in
Fig.2(B). The resistor connected across the
secondary winding is a 1000 ohm resistor. This

is the same transformer shown in Fig.1(B).
The turns ratio is 1 to 10, so that with 100
volts supplied to the primary of the trans-
former, we know that the voltage across the
secondary must be 1000 volts. If we apply
1000 volts to a 1000 ohm resistor, the current
through the resistor will be 1 ampere. The
power dissipated by the resistor will be equal
to the voltage across it times the current
through it, so in this case it is equal to 1000
watts. The primary winding must supply this
power, and to supply 1000 watts, it will have
to draw a current of 10 amperes. Thus, we
have 1000 watts consumed by the 100 volt
power line and inductively coupled to the sec-
ondary. The secondary is supplying the 1000
watts dissipated by the 1000 ohm resistor.
Notice that in the step-up transformer we have
the voltage stepped up at a ratio of 1 to 10
and the current stepped down at a ratio of
10 to 1.

Notice that in each case the current did the
opposite of what the voltage did. If the voltage
is stepped up, the current is stepped down;
and if the voltage is stepped down, the current
is stepped up. This occurs because the trans-
former is self-regulating. Thus, if the second-
ary is supplying the power at a lower voltage
than that applied to the primary, the primary
current will be lower than the secondary cur-
rent. On the other hand, if the secondary is
supplying the power at a higher voltage than
the primary, then the primary current will
be greater than the secondary current.

Transformers frequently have more than
one secondary winding. One winding might
be a step-down winding, where the voltage is
lower than that applied to the primary, while
the other might be a step-up winding, where
the voltage will be higher than that applied
to the primary. An example of such a trans-
former is shown in Fig.3.

In the transformer shown in Fig.3, we have
100 turns on the primary winding connected
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between terminals 1 and 2. We are going to
apply a voltage of 100 volts between these
two terminals. The secondary winding con-
nected between terminals 3 and 4 has 10 turns
on it, and we are going to connect a 1 ohm
resistor between terminals 3 and 4. The sec-
ondary winding connected between terminals
5 and 6 has 1000 turns on it, and we are going
to connect a 1000 ohm resistor across it.

As before, the turns ratio between the pri-
mary winding and the secondary winding
connected between terminals 3 and 4 is 10 to
1. The voltage will be stepped down from 100
volts to 10 volts, and 10 volts across a 1 ohm
resistor will cause a current of 10 amperes to
flow. The power supplied to the resistor by
the winding connected between terminals 3
and 4 will be equal to 100 watts.

The winding connected between terminals
5 and 6 has 10 times as many turns as the
primary, so the voltage will be stepped up
from 100 volts to 1000 volts. With a 1000 ohm
resistor connected between terminals 5 and
6, the current through the resistor will be 1
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Figure 3. A transformer with a secondary step-down
winding and a secondary step-up winding.

ampere. The power supplied by this winding
will then be 1000 x 1 = 1000 watts. Thus,
the two secondary windings together are sup-
plying a power of 1100 watts. This power must
be taken from the power line by the primary
winding.

To supply 1100 watts to the secondary
windings, the primary must draw a current
of 11 amperes. Then the power consumed by
the primary winding will be 1100 watts. Of
this 1100 watts, 100 watts will be used to
supply the 10-turn winding connected be-
tween terminals 3 and 4, with the 100 watts
being supplied to the 1 ohm resistor. The re-
maining 1000 watts will be supplied to the
1000-turn winding connected between ter-
minals 5 and 6 to supply 1000 watts to the
1000 ohm resistor. Notice that the trans-
former in Fig.3 is supplying the same amount
of power to the loads as the two transformers
in Fig.2.

There is no limit to the number of second-
ary windings that we can have on a trans-
former. The voltage that we’ll have across a
given secondary winding will depend upon
the turns ratio between it and the primary
winding. When several widely different op-
erating voltages are needed, separate wind-
ings for each voltage are usually the most
convenient way to get them.

Transformer Losses

In the example shown in Fig.3, we said that
the primary would draw 1100 watts from the
100 volt line to supply the 1100 watts to the
two secondary windings. If the transformer
had no losses this would be true, but a trans-
former does have losses. These losses can be
divided into two general groups called copper
and core losses.

Copper Losses. Copper losses in a trans-
former occur because the wire used to wind



each winding has resistance. For example, the
10-turn winding connected between termi-
nals 3 and 4 would probably have a very low
resistance because it has to supply such a high
current that it would be wound with a large
wire. But even if the resistance were only
1/10 of an ohm, with such a high current the
loss due to the resistance of the wire could be
appreciable. For example, we know that:

P=1I2R

and since the current in this winding is 10
amperes, the power lost in the winding would
be:

1
P—IOXIOXE—IOwattS

The current flowing through the 10-turn
winding will result in a voltage drop across
that winding. This means that the voltage
between terminals 3 and 4 will actually be
slightly less than 10 volts. In the case of 10
amperes flowing through 1/10 of an ohm re-
sistance, we have a voltage drop of 1 volt so
that the voltage applied to the 1 ohm resistor
will only be 9 volts. This in turn will cause
the current flowing in the circuit to fall slightly
below 10 amperes, but it will still be close to
10 amperes and there will be power lost in
the transformer itself. Similarly, there will
be a loss in the secondary winding connected
between terminals 5 and 6 due to the resis-
tance of the wire used for the 1000-turn wind-
ing. This will also cause the actual voltage
across the 1000 ohm resistor to be slightly
less than 1000 volts, but the current flowing
through the 1000 turns will result in power
being dissipated in the transformer itself.
Thus, the primary winding not only has to
supply the power being supplied by the two
secondary windings, but it also has to make

up for the losses in the windings. Therefore,
the primary current will be slightly greater
than 11 amperes. Indeed, the 100-turn pri-
mary winding also has resistance, so even more
current must be drawn from the power line
to make up for the loss in this winding.

All these losses mean that the transformer
will draw more than 1100 watts from the power
line. The transformer will draw the power it
needs to supply the power delivered to the
two resistors plus the power being dissipated
or wasted in the transformer itself due to the
resistance of the wire used for the various
windings on the transformer.

All the losses in the transformer due to the
resistance of the wire used in the various
windings are called copper losses. Remember
that the power lost in the winding is equal
to:

P=12R

The loss in the winding is equal to the current
squared times the resistance of the winding.
Thus the copper losses are frequently called
I square R losses.

Core Losses. In addition to the copper
losses in the transformer, there are other losses
called core losses. There are three types of
core losses: eddy current losses, hysteresis
losses, and flux leakage losses.

If we placed the windings of a transformer
on a solid core, the core itself would act like
a single turn of a very large wire. A voltage
would be induced in this turn causing a cur-
rent to flow, which would result in losses in
the core of the transformer. This type of loss
is called an eddy current loss. To keep eddy
current losses as low as possible, the core of
a transformer is made of thin sheets of metal
called laminations. The laminations are
stacked as shown in Fig.4. Figure 4(A) shows
what the individual laminations look like and
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Fig.4(B) shows how the laminations are as-
sembled. In building the transformer, the
various windings are wound on some type of
nonmagnetic form and then the core is in-
serted in the form after the windings have
been completed. With this type of construc-
tion, eddy current losses in the transformer
can be kept quite low.

Another important core loss is known as
hysteresis loss. If we apply a voltage to the
primary winding of the transformer and cause
a current to flow through the winding to mag-
netize the core, and then remove the voltage,
the current will stop flowing but there will
be some residual magnetism left in the core.
In other words, the magnetism does not drop
back completely to zero. Thus on the first half-
cycle of ac, as the core is magnetized with one
polarity and then the ac drops back to zero,
the magnetism has not completely disap-
peared. As current begins flowing through the

(A)

(B)

Figure 4. (A) Transformer cores are made of sheets of
steel called laminations. (B) They are put together as shown
here. In the next layer, the M-shaped lamination is turned
over like a W and put on the bottom with the straight piece
on top. Each layer is alternated in this way.

primary winding in the opposite direction to
magnetize the core with the opposite polarity,
the current has built up to some value before
the magnetism has dropped to zero com-
pletely and begins to build up with the op-
posite polarity. This inertia in the magnetism
is called hysteresis. It means that power is
lost each half-cycle, bringing the magnetism
back to zero before it can begin to magnetize
the coil with the opposite polarity. The hys-
teresis loss in the core of a transformer will
depend upon the type of material used in the
core. Usually silicon steel is used because it
has a relatively low hysteresis loss.

Another type of core loss is flux leakage
loss. This loss occurs when all the turns of
magnetic flux produced by the primary wind-
ing do not cut all the turns of each secondary
winding on the transformer. As a matter of
fact, some of the flux is lost from the core
entirely. Flux leakage loss is kept at a min-
imum by shaping the core as shown in Fig.5.
The core itself provides a low reluctance path
for the magnetic lines of force. Thus the lines
of force follow the core, but some will be lost
as shown in Fig.5.

LEAKAGE FLUX

N
\ [

|4

gy

T

s

Figure 5. The transformer winding is placed on the cen-
ter leg of the core. Flux will flow around the core, but
some will be lost as shown.



Transformer Efficiency

In spite of the copper and core losses, a
transformer is an extremely efficient device.
The efficiency of a transformer tells us how
much of the power taken by the primary
winding from the power line is actually de-
livered to loads connected across the second-
ary. If a power transformer draws 100 watts
from the power line and supplies 90 watts to
the loads connected across its secondary, the
efficiency of the transformer is:

Efficiency = % x 100 = 90%

Large transformers used by the power com-
panies in the distribution of electric power
are very efficient, having an efficiency as high
as 98%. Smaller transformers used in elec-
tronic equipment are not as efficient, having
an efficiency somewhere between 80% and
90%.

The power lost in a transformer is con-
verted into heat in the transformer. When
you first turn on a piece of electrical equip-
ment using a transformer, the transformer
will be at the temperature of the surrounding
air. As the transformer is used, the losses will
cause the transformer to heat. It will continue
to heat until a balance is reached whereby
the surrounding air carries away the heat as
fast as the transformer produces it. Trans-
formers designed for use in eletronic equip-
ment usually have a maximum temperature
rating of 85°C. This means that the trans-
former is designed so that it will not get any
hotter than 85°C. It usually does not get that
hot in use because before it reaches that tem-
perature, a balance is reached where the heat
being produced is being carried away by the
surrounding air as fast as the transformer
produces it. When this balance is reached, the
transformer will not get any hotter.

Power Distribution

Earlier we mentioned that the transformer
made the distribution of large amounts of
electrical power possible. You may be inter-
ested in knowing how power is generated and
transmitted.

At the power generating plant, electricity
is produced by large generators that are called
alternators. In an alternator, the windings
into which the voltage is to be induced are
stationary and the rotating device is the mag-
net. The magnet cutting the turns of wire on
the stationary coils induces a voltage in these
coils. Alternators are usually designed to pro-
duce a voltage of about 12,000 volts. The volt-
age from the alternator is then fed to a step-
up transformer as shown in Fig.6. The trans-
former will step the voltage up to a very high
voltage for transmission from the alternator
to the main power station. The reason for
stepping up the voltage to a high value is that
for a given amount of power, the higher the
voltage the lower the current. Since the cur-
rent must flow through wires, there will be
some loss in the wires. The loss depends on
the current squared times the resistance of
the wire. Therefore, the lower we can keep
the current, the less the loss. Usually, volt-
ages of 110,000 volts or 220,000 volts are used
to transmit electricity from the power plant
to the main power station. At the main power
station, a second transformer is used to step
the voltage down to about 13,200 volts, and
it is fed from there to substations. At the sub-
stations, another transformer is used to step
the voltage down to about 4400 volts.

The 4400 volts is then fed along high power
lines to transformers mounted on poles or be-
neath ground. These transformers step the
voltage down to 440 volts. Many factories have
machines that operate on 440 volts that is fed
directly to them. For the home user, another
transformer is used on the power pole to step
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Figure 6. A typical power distribution system

the voltage down still further. Usually the
voltage fed to a residence is about 240 volts.
Three wires are used to transmit this voltage
as shown in Fig.6. The voltage between ter-
minals 1 and 2 is 240 volts, which is used in
electric ranges, ovens, clothes dryers, and large
air conditioners. The voltage between either
terminals 1 or 2 and the center wire, which
is called the neutral wire, is 120 volts. This
voltage is used for lighting and for operating
radio and TV receivers and other small ap-
pliances.

Notice that the neutral wire is grounded.
This is done for a number of reasons, the most
important of which is safety. But it also points
out why it is dangerous to work on electrical
equipment while standing on a damp base-
ment floor or touching a water pipe or any
other grounded object. If you happen to touch
the hot line and a grounded object at the same
time, you could easily be electrocuted.

Autotransformers

Transformers do not have to have two sep-
arate windings. Some transformers, called

autotransformers, have only a single wind-
ing. Two examples of an autotransformer are
shown in Fig.7.

Notice that in Fig.7(A), there are three con-
nections to the transformer. The input volt-
age is applied across the entire winding, and
the output is taken off from just part of the
winding. This type of autotransformer is a
step-down transformer. It works in essen-
tially the same way as a transformer with
two windings in that the input voltage is ap-
plied across the entire winding and the out-
put is taken off only part of the winding. Thus
we have, in effect, a step-down in the trans-
former.

In the transformer shown in Fig.7(B), the
input is applied across only part of the wind-
ing. It sets up a flux that cuts the remaining
turns of the winding, inducing a voltage in
these turns so that the output voltage, which
is taken off across the entire winding, is
stepped up. The ratio of the input voltage to
the output voltage in both examples will be
equal to the ratio of the turns across which
the input voltage is applied to the turns across
which the output voltage is taken.
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Figure 7. (A) A step-down autotransformer and (B) a step-up autotransformer.

Autotransformers are used in some special
applications. They are more economical to
manufacture than transformers with two sep-
arate windings. But in power-line applica-
tions, they do not provide any isolation between

Summary

A step-up transformer is a transformer
that has more turns on the secondary
winding than on the primary. The ratio
of the secondary voltage to the primary
voltage is equal to the ratio of the num-
ber of turns on the secondary to the num-
ber of turns on the primary. A step-down
transformer has fewer turns on the sec-
ondary winding than on the primary, so
the secondary voltage is lower than the
primary voltage. The transformer may
have more than one secondary winding;
one secondary winding would have more
turns than the primary to produce a volt-
age higher than the primary voltage, and
the other would have fewer turns than
the primary winding to produce a volt-
age lower than the primary voltage.

The transformer is very efficient, but
it does have some losses. Copper losses
are due to the resistance of the wire used
to wind the coils on the transformer. The

the line voltage and the output voltage. So
electronic equipment using an autotrans-
former as a power transformer is not isolated
from the power line as is a conventional
transformer with two separate windings.

copper loss in each winding equals the
current squared in that winding times
the resistance of the winding. These are
often called the I°R losses. Core losses
are made up of eddy current losses, hys-
teresis losses, and flux leakage losses.
The transformer core is made up of lam-
inated stampings rather than a single
piece of iron to keep the eddy current
losses low. The core material is usually
silicon steel, which has low hysteresis
losses. Flux leakage losses are kept low
by providing a complete magnetic path
for the magnetic lines of flux.

Large power transformers can have an
efficiency as high as 98%. Smaller trans-
formers usually have an efficiency be-
tween 80% and 90%. The transformer is
self-regulating. The power it takes from
the primary power line equals the power
drawn from the secondary windings plus
the transformer losses.
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Self-Test Questions

Please check your answers on page 41.

1 Which winding on a step-down trans- 5
former has the greater number of
turns?

2 Which winding on a step-up trans- 6
former has the greater number of 7
turns?

3 When a load is connected across the
secondary winding of a step-down 8
transformer, which winding will have 9
the higher current?

4 When a load is connected across the
secondary winding of a step-up trans-

former, which winding will have the
higher current?

What is it that we mean when we say
that a transformer has an efficiency
of 95%?

What are copper losses due to?

Why are transformer cores made of
laminations rather than a solid piece
of steel?

Name the three core losses.

What is the disadvantage of an auto-
transformer when compared with a
transformer having two separate
windings?




RECTIFIER CIRCUITS

Any device that will pass current in one
direction but not in the other direction can
be used as a rectifier. Modern electronic
equipment uses silicon rectifiers, which are
simply silicon diodes with an n-type region
for the cathode and a p-type region for the
anode. Two typical silicon diodes are shown
in Fig.8, along with a dime so you can get an
idea of their relative size.

Silicon diodes are used as rectifiers because
they are very inexpensive to manufacture and
they will last indefinitely as long as the
ratings of the rectifier are not exceeded. In
addition, the silicon diode has a very low for-
ward resistance. This means that when it is
passing current there will be very little power
lost due to the resistance of the diode. This
loss of power turns up in the form of heat,
which serves no useful purpose.

In electronic equipment, you will run into
half-wave rectifiers, which rectify only one-
half of the ac cycle, and full-wave rectifiers,
which rectify both halves of the ac cycle. Let’s
start our study of rectifiers with the half-wave
rectifier.

Figure 8. Two typical silicon rectifiers with a dime be-
tween them to show their relative size.

Half-Wave Rectifiers

We have shown a typical half-wave recti-
fier circuit in Fig.9(B). Figure 9(A) shows one
ac cycle. This may be the ac that is coming
from the power line or the secondary of a power
transformer. Since current can pass through
the rectifier in only one direction, the current
will flow through the load in the direction
shown producing the current waveform shown
in Fig.9(C).

INPUT
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>0
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s
< LOAD
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(B)

1 5
T

OUTPUT
(C)

Figure 9. A half-wave rectifier
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During the first half-cycle of the input volt-
age waveform, if terminal A is positive and
terminal B is negative, electrons will flow from
terminal B through the load, through the rec-
tifier, and back to terminal A of the power
source. As the input wave goes through the
first half-cycle from point 1 to point 2 and
then to point 3, current will flow through the
load and rectifier as shown in Fig.9(C). The
current will increase as the voltage applied
between terminals A and B increases up to

point 2 and then will decrease to point 3 as
the ac input decreases. During the next half-
cycle, when terminal A is negative and ter-
minal B is positive, there will be no current
through the rectifier. Therefore, no current
will flow through the load, as shown from
point 3 to 5 in Fig.9(C).

While the half-wave rectifier is a simple
device, it does have the disadvantage that it
takes considerable filtering to smooth its pul-
sating dc output to a pure dc.

Figure 10. A full-wave rectifier.



Full-Wave Rectifiers

A typical full-wave rectifier circuit is shown
in Fig.10(A). Notice that the circuit uses two
diodes, D1 and D2, and also that there are
three connections to the secondary of the power
transformer. Terminal B is a center tap con-
nection, which means that the voltage be-
tween terminals A and B will be equal to the
voltage between terminals B and C. When
terminal A is positive, terminal B will be neg-
ative and terminal C will be even more neg-
ative. This means that terminal C will also
be negative with respect to terminal B.

When terminal A is positive and terminal
B is negative, electrons will flow from ter-
minal B to ground through the load and then
through D1 to terminal A. Electrons will not
flow through D2 to terminal C because ter-
minal C is negative with respect to terminal
B. During the next half-cycle, terminal B will
be positive with respect to terminal A and
terminal C will be even more positive. This
means that terminal C will be positive with
respect to terminal B or, in other words, ter-
minal B is negative with respect to terminal
C. During this half-cycle, electrons will flow
from terminal B to ground, through the load,
and then through D2 to terminal C. Electrons
will not flow through D1 to terminal A be-

cause terminal A is negative with respect to

terminal B.

With an ac cycle like the one in Fig.10(B),
we’ll have a pulsating dc through the load as
shown in Fig.10(C). Notice that for the first
half-cycle of the input voltage, we get a cur-
rent pulse through the load as shown by 1-2-
3 in Fig.10(C). During the next half-cycle of
the input voltage in Fig.10(B), we also get a
current pulse as shown in 3-4-5 of Fig.10(C).
In other words, for each half-cycle we get a
current pulse through the load with the cur-
rent flowing through D1 during the first half-
cycle and D2 during the next half-cycle.

Compare the output for the full-wave rec-
tifier shown in Fig.10(C) with the output of
the half-wave rectifier shown in Fig.9(C). As-
suming that both rectifiers are operating from
a 60 Hz power line, notice that with the half-
wave rectifier we get 60 pulses per second and
the current is only flowing during the one-
half cycle. In the full-wave rectifier circuit we
get 120 pulses per second, and there is current
flow during each half-cycle. You can see that
it will be much easier to smooth the pulsating
output from a full-wave rectifier than it is to
smooth the output from the half-wave recti-
fier.

Another full-wave rectifier circuit is shown
in Fig.11. This is called a bridge rectifier. Since
a center-tap transformer winding is not re-
quired, it has the advantage of requiring only
half as many turns on the secondary winding
for a given output voltage, compared to the
transformer used in Fig.10. In the full-wave
rectifier shown in Fig.10, we use one half of
the secondary winding during one half-cycle
and the other half during the other half-cycle.
Therefore, for a given output voltage, the
voltage between terminals A and C of the
transformer shown in Fig.10 must be twice
the voltage across the secondary of the trans-
former shown in Fig.11. However, the circuit

_k
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Figure 11. A bridge rectifier circuit
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shown in Fig.11 does have the disadvantage
that it requires four rectifiers instead of two.
But silicon rectifiers are so inexpensive that
the cost of the two extra rectifiers is usually
more than offset by the savings in the power
transformer.

The operation of the circuit is compara-
tively simple. When terminal B is negative
with respect to terminal A, electrons will flow
from terminal B, through the diode marked
2, and then through the load and diode 4 to
terminal A of the transformer. During the
next half-cycle, terminal A is negative and
terminal B is positive, so electrons will flow
from terminal A, through diode 1, through
the load, and then through diode 3 back to
terminal B. Thus, during one half-cycle, cur-
rent will flow through diodes 1 and 3, and
during the other half-cycle, it will flow through
diodes 2 and 4. Current cannot flow through
diodes 2 and 4 during the half-cycle when it
is flowing through diodes 1 and 3 because
diodes 2 and 4 will be reverse biased. Simi-
larly, during the next half-cycle, diodes 1 and
3 will be reverse biased and current cannot
flow through them.

Voltage Doublers

In some applications, we need a voltage
higher than the voltage that is readily avail-
able. This is frequently the case in low-cost,
transformerless electronic equipment. With-
out a power transformer, the maximum volt-
age available would be the 120 volt ac line
voltage. But by using a voltage doubler cir-
cuit, you can obtain a higher operating volt-
age.

Figure 12 shows a half-wave doubler cir-
cuit. Let’s see how it works. During the first
half-cycle, when terminal A is negative and
terminal B is positive, electrons will flow from
terminal A into the side of C1 marked with

a1 D2

|
A AR N
-—

B O-

Figure 12. A half-wave voltage-doubler circuit.

a minus sign and out of the side marked with
a plus sign, through D1, and back to terminal
B. This will charge capacitor C1 with the po-
larity shown.

In the next half-cycle, when terminal A is
positive and terminal B is negative, the volt-
age between terminals A and B will be in
series with the voltage across C1. Thus, we’ll
have a voltage approximately equal to twice
the input voltage applied across D2 and the
load. During this half-cycle, current flows from
terminal B, through the load and D2 into the
positive side of C1, and out the negative side
to terminal A. Current cannot flow through
D1 because current cannot flow through the
diode from the anode to the cathode.

Later, after you’ve studied filters, you will
see that with large filter capacitors and a small
load, it is possible to get a voltage equal to
almost twice the peak line voltage with this
type of circuit without using a power trans-
former.

The circuit shown in Fig.12 is called a half-
wave voltage doubler because current flows
through the load only when terminal A is
positive and terminal B is negative. In other
words, we have a current flow through the
load only during one half-cycle. The circuit
shown in Fig.13 is a full-wave voltage doub-
ler. Here we have a current through the load
during both half-cycles.

In the circuit shown in Fig.13, when ter-
minal B is negative and terminal A is
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Figure 13. A full-wave voltage-doubler circuit

positive, electrons will leave terminal B and
flow into the negative plate of C1, out of the
positive plate of C1, through D1, and back to
terminal A. The capacitor C1 will be charged
with the polarity shown. During the next half-

Summary

The rectifier circuits that we have dis-
cussed in this section of the lesson are
extremely important because you will find
one or more of them in every piece of
electronic equipment designed to oper-
ate from an ac power line.

The half-wave rectifier circuit is im-
portant because it is widely used where
the current drain is relatively low. Full-
wave rectifiers are used in applications
where the current requirement is some-
what higher and where very pure dc is
needed. Voltage doublers are important
because they are widely used in high-
voltage circuits used to operate cathode-
ray tubes in all types of video displays.

cycle, when terminal A is negative and ter-
minal B is positive, electrons will flow from
terminal A through D2 into the negative plate
of C2, out of the positive plate, and back to
terminal B. This will charge C2 with the po-
larity shown. Notice that now C1 and C2 are
connected in series; these two capacities sup-
ply the current through the load. Since they
supply the current to the load continuously,
the rectifier is a full-wave rectifier.

During the half-cycle when diode D1 is con-
ducting, diode D2 cannot conduct because the
voltage applied to its cathode will be positive.
During the other half-cycle when D2 is con-
ducting, D1 cannot conduct because the volt-
age applied to its anode will be negative. As
in the case of a half-wave voltage doubler, the
full-wave doubler shown in Fig.13 gives us
an output voltage across C1 and C2 in series
that is equal to twice the peak line input volt-
age. In the case of an input voltage of 120
volts ac, this would be approximately 340 volts.

Self-Test Questions

10 In a half-wave rectifier circuit like
the one shown in Fig.9, how many
current pulses per second will there
be through the load when the power
line frequency is 60 Hz?

11 What is the disadvantage of a half-
wave rectifier circuit?

12 What advantage does the bridge rec-
tifier circuit in Fig.11 have over the
full-wave rectifier in Fig.10?

13 What is the disadvantage of the bridge
rectifier circuit shown in Fig.11?

14 What is the advantage of the full-
wave voltage doubler shown in Fig.13
over the half-wave voltage doubler
shown in Fig.12?

15
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FILTER CIRCUITS

The output from the rectifiers we discussed
in a preceding section is not pure dc. Instead,
it is pulsating dc — direct because it flows in
only one direction, pulsating because it varies
in amplitude rather than flowing steadily. You
will remember that the half-wave rectifier
shown in Fig.9 produces one pulse for each
cycle. With a 60 Hz power line, there will be
60 pulses per second. Also, remember that
these pulses are produced during one-half of
the cycle while the output from the rectifier
is zero during the other half-cycle. The full-
wave rectifier produces 120 pulses per second,
one pulse for each half-cycle. The output from
the full-wave rectifier was shown in Fig.10(C).

Neither the output from the half-wave rec-
tifier nor the output from the full-wave rec-
tifier can be used directly to operate electronic
equipment. The output from these rectifiers
must be filtered until it is essentially pure
dc. This is done by means of a filter circuit.
There are many different filter circuits, the
simplest of them being the simple capacitor
filter. We'll discuss this circuit first.

Simple Capacitor Filters

The simplest filter is the capacitor filter
shown in Fig.14. When terminal A is positive
and terminal B is negative, electrons will flow
from terminal B to the load and through the
rectifier to terminal A. They will also flow
from terminal B into the negative plate of the
filter capacitor C and out of the positive plate,
through the rectifier to terminal A. The ca-
pacitor will charge to the peak line voltage
less any small voltage drop there may be across
the rectifier.

Figure 15(A) shows three ac cycles and
Fig.15(B) shows what the voltage across the
load in the circuit of Fig.14 will look like.

~— s
Ao—P—e
s >
C ~ ;:RL
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Figure 14. A half-wave rectifier circuit with a simple
capacitor-type filter.

During the first half-cycle, as the ac input
voltage goes from 1 to 2, the voltage across
the filter capacitor charges from 1 to 2 as
shown in Fig.15(B). As the ac line voltage
begins to drop from 2 to 3, the capacitor be-
gins to discharge. The amount it will dis-
charge depends upon the size of the load
resistor. If the resistance is high and the load
draws very little current, the capacitor will
not discharge a great deal. If the resistance
is low and the load is drawing considerable
current, the capacitor will discharge appre-
ciably.

In any case, as the voltage begins to drop
from 2 to 3, the capacitor voltage will begin

Figure 15. Voltage waveshapes for a simple
filter. (A) Input voltage: (B) output voltage.



to drop from 2, as shown in Fig.15(B), until
the next cycle. Then, when terminal A is pos-
itive and terminal B is negative, and the volt-
age builds up from 5 to 6, a point will be
reached where the ac input voltage is equal
to the capacitor voltage. This is point 5 in
Fig.15(B). Now the capacitor will begin to
charge again to point 6. Once at point 6, the
ac voltage begins to drop to point 7 as shown
in Fig.15(A), so the capacitor begins to dis-
charge to 9 as shown in Fig.15(B). At this
point, the ac line voltage is once again built
up to a value equal to the voltage to which
the capacitor has discharged, so that it again
charges it back to point 10.

This action continues indefinitely as long
as the equipment is turned on. During each
portion of the cycle when the line voltage ex-
ceeds the voltage to which the capacitor is
charged, there is a burst of current through
the rectifier to charge the capacitor back to
the peak line voltage. Thus, with a filter cir-
cuit, the current flows through the rectifier
during only a small portion of the cycle. How-
ever, it takes a fairly large current to charge
the capacitor back to the peak line voltage to
replace the charge that was lost.

One of the important characteristics of a
rectifier is the maximum peak reverse volt-
age that can be placed across the rectifier be-
fore it breaks down. In the circuit shown in
Fig.14, the capacitor will be charged as shown
and the charge can equal the peak line volt-
age. During the next half-cycle, when the po-
larity of the input voltage reverses, terminal
A will be negative and terminal B will be
positive. When this voltage reaches its peak,
the peak reverse voltage across the rectifier
will be equal to the capacitor voltage plus the
line voltage because the two are, in effect, in
series. This voltage will be equal to twice the
peak line voltage less the voltage that the
capacitor has discharged. For safety, we as-
sume the voltage is twice the peak line volt-

age. The rectifier must be able to withstand
this voltage without breaking down. This im-
portant characteristic by which rectifiers are
rated is usually referred to as the peak reverse
voltage, which is abbreviated prv. It may also
be called peak inverse voltage, which is ab-
breviated piv. The two simply mean the max-
imum reverse or inverse voltages that can be
applied across the rectifier without breaking
it down. In the circuit shown in Fig.14, op-
erating from the 120 volt ac power line, the
prv will be about 340 volts. The rating of the
rectifier should be at least 400 volts prv to
allow a reasonable safety factor.

You will run into this filter circuit shown
in Fig.14 only in applications where the cur-
rent requirements are very low. If any sizable
current is drawn from this type of circuit, the
capacitor will discharge appreciably and there
will be 60 Hz hum in the circuit. For appli-
cations where higher current is present, ad-
ditional filtering is required to eliminate this
hum.

RC Filters

An improved filter, which is called a pi fil-
ter because it looks like the Greek letter (1),
is shown in Fig.16. You will notice that this

A R1
+ ﬂ )
c1 ’1: c2 ,F R.g
i
o ® -

Figure 16. An RC pi-type filter.
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filter consists of two capacitors, C1 and C2,
and a filter resistor, R1.

The operation of the half-wave rectifier and
capacitor C1, which is called the input filter
capacitor, is exactly the same as in the simple
capacitor filter shown in Fig.14. The rectifier
passes current to charge capacitor C1 with
the polarity indicated on the diagram. The
capacitor is charged by a series of pulses as
shown in Fig.15. However, if the load resis-
tance Ry, is low enough to draw appreciable
current from the supply, the voltage across
C1 will discharge appreciably during the por-
tion of the cycle when the rectifier is not
conducting. Thus, we have dc with ac super-
imposed on it across C.

To see the action of R1 and C2, let’s first
consider how capacitor C2 reacts to ac and to
dc. Remember that a capacitor will not pass
dc. It can be charged so that dc voltage will

exist across it, but applying dc to the plates
of the capacitor does not cause a current to
flow through it. Although electrons cannot
cross the dielectric of the capacitor, applying
ac to the dielectric of the capacitor produces
the effect of a current flowing through it. This
is because electrons will first flow into one
plate and then into the other as the polarity
of the ac reverses.

You will remember from your study of ca-
pacitors that a capacitor offers what is called
capacitive reactance or opposition to the flow
of ac through it. The exact reactance that any
capacitor will offer to the flow of ac through
it is given by the formula:

1
T 628 x fxC

You can see from this formula that the
higher the capacity of the capacitor, the lower
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Figure 17. Equivalent circuits showing the reaction of an RC filter {(A) to dc, and (B) to ac



the capacitive reactance will be to an ac volt-
age of a particular frequency. As a matter of
fact, a 50 wF capacitor, commonly used for C2
in filter circuits, has a reactance of about 50
ohms at 60 Hz.

In Fig.17(A), we have shown how the filter
consisting of R1 and C2 reacts to dc; in
Fig.17(B), we have shown how it reacts to ac.
As you know, a perfect capacitor would not
pass any dc, but there is no such thing as a
perfect capacitor because there is always a
small dc current called a leakage current.
However, as far as dc is concerned, capacitor
C2 acts like a very high resistance and the
resistance of R1 will be whatever you have
selected. In both cases, it is kept low enough
so that the dc flowing through it will not cause
any appreciable voltage drop.

Now look at Fig.17(B), which shows the re-
action of the circuit to an ac voltage. The ca-
pacitor has a very low reactance to ac, and
the resistance of R1 will be much higher than
the reactance of C2, so most of the ac voltage
will be dropped across R1. R1 and C2 act to-
gether as a voltage divider, with most of the
ac being dropped across R1 because its resis-
tance is much higher than the reactance of
C2. Consider, for example, a 50 wF capacitor
which, as we mentioned before, has a react-
ance of about 50 chms at 60 Hz. Suppose R1
has a resistance of 500 ohms. Its resistance
is ten times the reactance of C2. Therefore,
the ac voltage appearing across R1 will be ten
times the ac voltage appearing across C2.
Suppose, for example, the ac voltage across
C1, which is called a ripple voltage, is 20 volts.
This 20 volts will divide between R1 and C2
at the ratio of 10 to 1 so that the ripple across
C2 would be less than 2 volts.

The RC filter is a much better filter than
the simple capacitor filter, but it does have
one disadvantage. If we make R1 too large,
there will be a substantial dc voltage across
the resistor. This will reduce the voltage

available to the load. This problem can be
overcome by the use of an LC filter.

LC Filters

The disadvantage of the resistor-capacitor
type of filter shown in Fig.16 soon becomes
apparent if you consider what happens be-
cause of the resistance of the filter resistor
and the dc current flowing through it. If the
dc current in the load is 100 mA, which is 0.1
ampere, the voltage drop across the 500 ohm
filter resistor referred to in the previous sec-
tion would be 50 volts. In the case of a power
supply operating directly from the ac power
line, a substantial portion of the available
voltage would be dropped across the filter re-
sistor. You will see this type of filter in ap-
plications where the current is reasonably low.
In applications where there is a high dc cur-
rent, an LC filter like the one shown in Fig.18
is usually used.

In the LC filter, the rectifier and C1 act
exactly like the simple capacitor filter shown
in Fig.14. Capacitor C1, which once again is
called the input filter capacitor, is charged by
the input voltage and recharged by each pulse
to meet the peak line voltage less the small
voltage drop across the rectifier.

Figure 18. An LC filter.
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Figure 19. Equivalent circuits showing the reaction of an
LC filter (A) to dc, and (B) to ac.

The action of the filter network made up of
L1 and C2 is shown in Fig.19. You already
know that a capacitor has a high resistance
to dc, so that the only current flow through
it will be a small leakage current. Therefore,
as far as the dc is concerned, the capacitor
acts like a high resistance. The dc resistance
of L1, which is called a choke, can be kept low
by using a reasonably large wire size to wind
the coil. It is comparatively easy to build a
10 henry choke with a dc resistance as low
as 50 ohms. With a 50 ohm dc resistance, the
voltage across the choke with a current of
100 mA would be only 5 volts. This is far less
than the 50 volt drop you would get across a
500 ohm filter resistor in the circuit shown
in Fig.16.

The choke coil will also offer much better
filtering of the ac. A 10 henry choke has an
inductive reactance of about 3750 ohms at
60 Hz. You already know that a 50 uF ca-
pacitor has a capacitive reactance of 50 ohms

at 60 Hz. Therefore, as far as dividing the ac
voltage is concerned, we see in Fig.19(B) that
the inductive reactance of the choke, which
is 3750 ohms, is in series with the 50 ohm
capacitive reactance of the capacitor. We have
a voltage-divider network in the ratio of ap-
proximately 75 to 1. If the ac voltage across
C1 is 20 volts, as in the preceding example,
the voltage across the capacitor would be ap-
proximately 0.25 or about one quarter of a
volt. Thus, when compared to the RC filter
where we had an ac voltage division of ap-
proximately 10 to 1, with the LC filter we
have an ac voltage division of approximately
75 to 1. The ac at the output of the LC filter
will be much lower and the dc will be much
higher.

Again, this type of filter is called a pi filter
because the configuration looks like the Greek
letter pi (7). C1 is called the input filter ca-
pacitor and C2 the output filter capacitor. Since
the LC filter is a much better filter than the
RC filter, you might wonder why we would
ever use an RC filter. The answer is simply
that resistors are very inexpensive, whereas
the choke is not.

Factors Affecting the Output Voltage

In any filter network containing a filter
choke or a filter resistor, the dc current flow-
ing through the load must also flow through
the filter choke or filter resistor. Thus there
will be a voltage drop across the choke or
resistor. The exact value of the voltage drop
will depend upon the dc resistance and the
current flowing. We've already pointed out
that the voltage drop is usually lower across
the filter choke than across the filter resistor
for a given dc current.

If the current drawn by the load changes,
the output voltage at the output of the filter
network will change. You can see why this is



so because the current must flow through the
filter resistor or filter choke. If the current
flowing through the choke or resistor were to
change, the voltage drop across it would also
change, and the voltage at the output of the
power supply would have a tendency to change
as well.

Summary

In this section we have covered some
of the more important types of filter net-
works you are likely to encounter in your
career as an electronics technician. You
have seen that these networks vary from
comparatively simple networks consist-
ing only of a capacitor up to networks
containing a choke and two filter capac-
itors.

The simpler types of filter networks
can be used where the current drain is
low and where the filtering does not have
to be perfect. More elaborate filters are
used in power supplies having a high
current drain and in cases where good
filtering is required to supply pure dc at
the power supply output.

The filters in this section of the lesson
are shown with half-wave rectifiers. The
same filter circuits are also used with
full-wave rectifiers. As a matter of fact,
in applications where you want pure dc
with very little ripple on the output, you
almost always find a full-wave rectifier.

The output voltage is also affected by the
size of the filter capacitors used. If the filter
capacitors are too small, the rectifier won’t
keep them completely charged. If the capac-
itors are large, once the rectifier gets them
charged they’ll stay charged to a voltage near
the peak ac voltage applied to the rectifier.

Self-Test Questions

15 To what value may the filter capac-
itor charge in the simple filter ca-
pacitor circuit shown in Fig.14?

16 In what type of application may we
find a simple capacitor-type filter
like the one shown in Fig.14?

17 What advantage does the RC pi-type
filter shown in Fig.16 have over the

single capacitor-type filter shown in
Fig.14?

18 What is the advantage of an LC filter
over an RC filter?

21



22

POWER SUPPLIES FOR

ELECTRONIC EQUIPMENT

TYPICAL POWER SUPPLIES

The two main sections of the power supply
are the rectifier and the filter. Now that we
have discussed both of these sections, let’s ex-
amine some typical power supplies and see
what they look like. First, we’ll look at the
universal ac-dc power supply. This type of
power supply does not use a power trans-
former; it operates directly from the ac power
line. This type of power supply is used in low-
cost equipment, particularly table-model ra-
dios.

Universal AC-DC Power Supplies

The universal ac-dc power supply was first
developed for use in low-cost, table-model ra-
dios. You were supposed to be able to operate
the radio from either an ac or dc power line.
However, when operated from dc, the maxi-
mum voltage to which you can charge the
input filter capacitor is the dc line voltage,
whereas when operated from an ac power line
you can charge the capacitor to the peak value
of the ac power line, which is 1.4 times the
voltage obtained from a dc line. Frequently,
when you tried to use one of these radios on
a dc power line, it wouldn’t work. But today
the use of dc in power lines has all but dis-
appeared, and although these power supplies
are now intended for use on ac, the old name
has stuck.

Two ac-dc power supplies are shown in
Fig.20. In the circuit shown at (A), the neg-
ative terminal of the power supply is the com-
mon terminal and two positive output voltages
are available. The one at C2 will be a well-
filtered low voltage. The output taken from
across C1 will be a higher voltage, but it will
not be as well filtered.

In the circuit shown at (B), the diode rec-
tifier has been reversed and this will give us

the reverse polarity at the power supply out-
put. The positive terminal of this power sup-
ply is the common terminal and there are two
negative voltages available. As before, the
voltage taken across C2 is well filtered,
whereas the one taken from across C1 is not.

As you can see, both these power supplies
were designed for use in table-model radios.
The audio output can be taken from across
C1 and this voltage is used to power the last
transistor in the radio, the output transistor.
The current through a transistor depends pri-
marily on the forward bias across the emitter-
base junction and not on the collector voltage.
Therefore, if there is some hum on the col-
lector, it won’t cause any appreciable change

AUDIO
— QuTPUT
R2 o3 R1
' ’
120 v | L ]
AC T~ €1 T C2
SwW
o .\c E 4 O -
(A)
‘ AUDIO
B> uTPUT
R2 D1 R1
120V N c1 —\4/ c2
AC + +
sw
o -0 o i ——0 +
(B)

Figure 20. Universal ac-dc power supplies
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YOUR REPUTATION

Success in business depends on a number of things, but your reputa-
tion is probably the most important of them. Your sense of fair play
and of honest dealing will determine your reputation, whether you
run your own business or work for someone else. To help you get
started on the right track, here are a few of the business rules you
should memorize:

Keep your promises. Make it standard policy to only make promises
you are reasonably sure you can keep.

Keep accurate records. Only records can show what your profits are,
and what the tax bill is. Adequate records are essential to show you
how to adjust your charges to be fair both to yourself and to your
customers.

Be honest in all your dealings. Honesty goes far beyond dollars and
cents; it includes fairness to your employees and clients, telling the
truth in your advertising, guaranteeing your work and your mer-
chandise, and being reasonable in dealing with your suppliers.

A good reputation is essential to a good business. With it, you are
well on the road to success. Without it, you won't get very far.

&
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5. Which type of rectifier circuit produces

the least ripple and the best regulation
in a power supply?

a. Half-wave.

b. Voltage doubler.

c. Full-wave.

d. Simple capacitor filter.

. In a simple capacitor-type filter such as

shown in Fig.14, current flows through
the rectifier for:

a. One half-cycle.

b. More than one half-cycle.

c. Less than one half-cycle.

d. Aslong as the capacitor is discharged.

7. The advantage of an LC filter such as

shown in Fig.18 over an RC filter such

as shown in Fig.16 is:

a. The output voltage will be higher.

b. Lower hum voltage at the output.

c. There will be less voltage drop across
the choke.

d. All three of the choices given are cor-
rect.

8.

10.

In the power supplies shown in Fig.20(A)

and (B), R2 is connected between the diode

and the power line to:

a. Provide better filtering.

b. Reduce the voltage across C1.

¢. Limit the initial charging current
through D1.

d. Reduce the voltage across D1.

In Fig.29, if the output voltage decreases,
the collector current of Q2:

a. Increases.

b. Decreases.

c. Remains the same.

What is the % load regulation of a power
supply whose open circuit output voltage
of 24 volts drops to 20 volts under full
load?

a. 16.7%.

b. 83.3%.

c. 20%.

d. 80%.



LESSON QUESTIONS

This is Lesson Number 2229.

Make sure you print your name, student num-
ber, and lesson number in the spaces provided

on the Lesson Answer Form. Be sure to fill in
the circles beneath your student number and les-
son number.

Reminder: A properly completed Lesson An-
swer Form allows us to evaluate your answers
and speed the results and additional study mate-
rial to you as soon as possible. Do not hold your
Lesson Answer Forms to send several at one
time. You may run out of study material if you
do not send your answers for evaluation
promptly.

1. If the primary-to-secondary ratio of a step-
down transformer with losses is 10 to 1,
and the secondary winding is supplying
100 watts to the load, the primary power
will be:

a. 10 watts.

b. 100 watts.

c¢. 1000 watts.

d. Somewhat over 100 watts.

2. The core of a transformer is made of lam-
inations rather than a solid piece of steel
in order to:

a. Keep eddy current losses at a mini-
mum.
b. Reduce hysteresis losses.
c. Reduce flux leakage losses.
d. Reduce copper losses.
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3. Ifthe primary-to-secondary turnsratio in

a transformer is 1 to 5 and the current
supplied to the load by the secondary is
1 ampere, the primary current will be
approximately:

a. Y ampere.

b. 1 ampere.

c. 5 amperes.

d. 10 amperes.

4. The primary reason for using an auto-

transformer over a transformer with two
separate windings is that:

a. It is a better step-up transformer.

b. It is a better step-down transformer.
c. It is more efficient.

d. It is cheaper.
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15

16

17

18

19

20

21

22
23

connected across C1 and C2 in series,
so these capacitors are continually
supplying power. In the half-wave
rectifier circuit, current is supplied
to the load only during the part of
the half-cycle when terminal A is
positive with respect to terminal B.

It may charge to the peak of the ac
line voltage which in the case of a
120 volt power line is approximately
170 volts.

It may be used in applications where
the current drain from the power
supply is low.

The RC pi-type filter provides much
better filtering, particularly if there
is any appreciable current drawn from
the power supply.

The inductance in an LC filter has a
much lower dc resistance than the
resistance in an RC filter. In addi-
tion, in most cases the inductive re-
actance of the choke in an LC filter
is much higher than the resistance
of the resistor, so that better filtering
is provided.

The filter capacitors in Fig.20(B) are
connected with the opposite polarity
to those in Fig.20(A) because the rec-
tifier is reversed.

For a given dc output voltage, the
power transformer in the rectifier
circuit shown in Fig.21 must have
twice as many turns on the second-
ary winding as the transformer used
with a bridge rectifier circuit.

The highest dc output voltage will be
available between terminals 1 and 2
in the circuit shown in Fig.22.

D1 and D4.

A shunt regulator is inefficient be-
cause the current passing through it

24

25

26

27

28

29

30

31

32

33

serves no useful purpose insofar as
powering the equipment is con-
cerned.

Although the voltage across a prop-
erly biased zener diode changes very
little when the current changes
through it, the voltage does change.
The resistance of the series transis-
tor varies to control the output volt-
age in a series voltage regulator.
When compared to a series voltage
regulator using discrete components,
the three-terminal IC regulator is less
expensive, uses less space, usually has
some form of overload protection, and
is quickly installed in the circuit.
The lower the percentage regulation
of a voltage regulator, the better the
regulation. A regulator with a load
regulation of 2% provides better reg-
ulation than one with 5% regulation.
A slow-blow fuse may never be used
in place of a fast-blow fuse.

You should not use a 2 ampere fuse
in place of a 1 ampere fuse. A blown
fuse should be replaced with one hav-
ing the same rating as the original
fuse.

The circuit breaker is probably de-
fective and should be replaced.

A 6.8 volt zener diode used to protect
a 6 volt power supply will not conduct
if the voltage rises to 6.5 volts.

The SCR must also have a positive
voltage applied to the gate before it
will begin conducting.

Once an SCR begins conducting, it
will continue to conduct even after
the gate voltage is removed. The only
way you can stop it from conducting
is to temporarily remove the anode
voltage.




ANSWERS TO SELF-TEST QUESTIONS

1 The primary winding.

2 The secondary winding. In a trans-
former, the ratio between the pri-
mary voltage and the secondary
voltage depends entirely upon the ra-
tio of the turns on the primary wind-
ing to those on the secondary winding.
If the secondary winding has more
turns than the primary winding, the
transformer will be a step-up trans-
former; if it has fewer turns, it will
be a step-down transformer.

The secondary winding.

The primary winding. When a load
is connected across the secondary
winding of a transformer, the wind-
ing will supply power to the load. The
amount of power will depend upon
the secondary voltage and the load
resistance. The power supplied by the
secondary winding must come from
power taken by the primary winding
from the power line. If the secondary
is supplying the power at a voltage
lower than the primary voltage, then
the secondary current will be higher
than the primary current. On the
other hand, if the secondary winding
is supplying the power at a voltage
higher than the primary, then the
secondary current will be lower than
the primary current.

The efficiency of a transformer is the
ratio of the power supplied to the sec-
ondary load over the power con-
sumed by the primary times 100. If
a transformer supplies 95 watts to
the secondary and takes 100 watts
from the power line, then its effi-

i
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ciency will be 95 divided by 100 times
100 equals 95%.

Copper losses are due to the resis-
tance of the wire used to wind the
various coils in the transformer. The
copper loss in each winding is equal
to the current squared flowing in that
winding times the resistance of the
winding.

To reduce losses due to eddy cur-
rents.

Eddy current losses, hysteresis losses,
and flux leakage losses.

Since the primary and secondary
windings of an autotransformer are
continuous, that is there is only one
winding, the autotransformer does
not isolate the load from the power
line.

60 per second. Since a half-wave rec-
tifier provides one pulse per cycle,
there will be 60 pulses per second on
the 60 Hz power line.

It is difficult to filter to pure dc. This
is primarily due to the fact that a
pulse flows during one half-cycle, but
there is no current flow during the
next half-cycle.

For a given dc output voltage, the
transformer secondary need have only
half as many turns as the full-wave
rectifier circuit shown in Fig.10.
The bridge rectifier has the disad-
vantage that it requires four recti-
fiers, whereas a full-wave rectifier
circuit with a tapped secondary re-
quires only two.

In the full-wave voltage doubler cir-
cuit shown in Fig.13, the load is
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Summary

The important thing to remember about
fuses is that if you have to replace one,
you should replace it with a fuse of the
same type and current rating as the orig-
inal.

Circuit breakers perform the same
function as fuses, but they are mechan-
ical devices. Once the overload has been
removed, they can be reset so that the
circuit then will be complete. If the cir-
cuit keeps opening even though the cur-
rent through it is normal, it is a sign that
the circuit breaker is defective and should
be replaced.

Electronic protection circuits work
much faster than fuses or circuit break-
ers. A zener diode will provide protection
against short-term overvoltage condi-
tions. Where large or sustained over-
voltage conditions may exist, a circuit
such as the crowbar overvoltage protec-
tion is normally used.

Self-Test Questions

28 Can you use a slow-blow fuse in place
of a fast-blow fuse?

29 Should you use a 2 ampere fuse in
place of a 1 ampere fuse?

30 If a circuit breaker trips after one
hour’s operation and the current
through it is normal, what should you
do?

31 If a 6.8 volt zener diode is used for
overvoltage protection in a 6 volt
power supply, will the diode conduct
if the voltage rises to 6.5 volts?

32 In addition to a positive voltage on
the anode of an SCR, what other con-
dition must be met before the SCR
will conduct?

33 When an SCR begins conducting, how
can you stop it from conducting?




Figure 33. SCR crowbar overvoltage protection circuit.

to the primary of the power transformer
through the closed relay contacts.

If the value of E1 rises and exceeds the
breakdown voltage of zener diode D1, current
will flow through the diode to the cathode and
through R1 to +V. Current flowing through
R1 will develop a voltage across it so the base
of Q1 will be negative with respect to the
emitter. Remember that this is the condition
needed to provide forward bias across the
emitter-base junction of the pnp transistor Q1.

When Q1 turns on, it acts like a short cir-
cuit so that the gate of the SCR is connected
through Q1 directly to + V. This causes the
SCR to fire so a high current begins flowing
through it. This places a momentary short
across the power supply so that the value of
E1 drops. When this happens, the voltage of
the base of Q2 will drop practically to zero
and Q2 will stop conducting. When Q2 stops

conducting, the current through the relay coil
will drop to zero and the relay contacts will
open, removing the ac voltage from the pri-
mary of the power transformer. This will, in
effect, shut down the power supply.

The speed at which the crowbar circuit works
depends primarily on the speed of the relay.
There are fast-acting relays available that will
open in less than a millisecond so the input
voltage to the power supply can be removed
very quickly, before any damage can occur.

Diode D2 connected across the relay serves
no useful purpose when the relay is energized
and its contacts closed. However, when Q2
stops conducting, the sudden drop in current
through the relay coil will induce a voltage
that keeps this current flowing. The polarity
of the voltage will be such that D2 conducts,
causing this voltage to disappear rapidly so
the relay will open.

39



38

POWER SUPPLIES FOR

ELECTRONIC EQUIPMENT

O- >
5V 56V E
o L
(A)
WITHOUT
ZENER
5.6
+5
0
()

Figure 32. (A) A zener diode for overvoltage protection,
and (B) how the zener clamps overvoltage conditions.

The zener diode is an extremely fast-acting
device; even transient overvoltage conditions
will be detected. If some high-amplitude, short-
duration, power line transient should pass
through the supply and appear on the output
line, the zener diode will conduct momentar-
ily and clamp that overload condition to 5.6
volts. Figure 32(B) shows such a condition. A
zener diode connected in this way provides
excellent and inexpensive protection from
momentary overload conditions.

For momentary overload conditions, the
zener diode provides adequate protection. It
may be insufficient, however, to protect against
large or sustained overvoltage. In these cases,
the zener diode must have a substantial power
rating to withstand the current that will flow
during the overload condition. In many sit-
uations, zener diodes with the desired power
rating are simply not available. Other pro-

visions must then be made to protect against
overvoltage conditions.

Such a circuit is shown in Fig.33. Com-
monly referred to as a “crowbar,” this circuit
consists of a silicon-controlled rectifier (SCR)
and a current source that senses the voltage
on the power supply lines. Normally, the SCR
and the current source transistor (Q1) are not
conducting, and the normal supply voltage is
applied to the equipment.

A silicon-controlled rectifier is a diode with
a cathode and an anode like any other diode.
But it also has a third element called a gate.
The SCR will not conduct, even when there
is a positive voltage applied to the anode, until
it is turned on or “fired” by a positive voltage
to the gate. Once the SCR begins conducting,
it will continue to conduct even if the positive
voltage is removed from the gate. The only
way you can stop current flow through the
SCR is to momentarily remove the positive
voltage applied to the anode.

In the circuit shown in Fig.33, the zener
diode D1 has a breakdown voltage equal to
the voltage at which you want overvoltage
protection to occur. This will be somewhat
above the normal value of E1. Under normal
operating conditions, the voltage E1 is not
high enough to cause the zener to conduct, so
there will be no current flow through it or
through R1. With no current flow through R1
there will be no voltage drop across it; the
base and emitter of Q1 will be at the same
potential. This means that Q1 will not have
any forward bias across the emitter-base
junction and therefore will not conduct; it will
act like an open circuit. Thus there is no volt-
age applied to the gate of the SCR and the
SCR does not conduct.

The base of Q2 is connected through R2 to
+ V. This forward biases Q2 so current flows
through it and through the relay coil. Current
through the relay coil will energize the relay
so its contacts will close and power is applied



A slow-blow fuse is one that will open if it
is subjected to a continuous overload; it is
essentially immune to momentary overloads.
This fuse contains an element that is heat-
sensitive and it will open when it gets hot
enough from self-heating. It is because of the
element’s heating delay that the fuse will not
blow when it is temporarily overloaded. Most
of these fuses contain a small spring that helps
to pull apart the fuse element rapidly when
it does melt.

Slow-blow fuses are used in any circuit when
temporary overloads occur as a normal part
of operation. A good example is their use in
motor circuits where the starting current is
very high for a few seconds, but operating
current is relatively low. An ordinary fast-
blow fuse would blow every time the motor
is started because of the high motor starting
current.

Circuit Breakers

Circuit breakers work much like fuses —
they open the circuit when the current ex-
ceeds a predetermined value. They have the
advantage over fuses in that they can be reset
once the overload has been removed. Fuses
must be discarded and replaced once they blow.

There are two basic types of circuit breaker.
One type has a bimetallic strip that is sur-
rounded by a coil through which the current
passes. If the current through the coil be-
comes too high, the heat produced causes the
bimetallic strip to bend. The motion of the
bimetallic strip is transferred to a mechanical
linkage that releases a catch used to hold the
switch contacts together. The contacts are
pulled apart by a spring. Once the overload
is removed, pressing the reset button will en-
gage the catch that holds the contacts together.

A different type of circuit breaker uses an
electromagnet to operate the release. If ex-

cessive current flows through the coil of the
magnet, the magnet field will be sufficient to
pull the core into the coil. This actuates a
mechanism that releases the catch that holds
the contacts together.

You do not have to know all the details of
how a circuit breaker works, you simply have
to know the purpose for which it is used, and
if you have to replace one, be sure to get one
with the same current rating as the original.

Occasionally you will encounter a circuit
breaker that works when the equipment is
first turned on and then opens after it has
been in use for some time, even though the
current through the circuit breaker is nor-
mal. When this happens, the circuit breaker
is defective and you must replace it.

Electronic Protection Circuits

Fuses and circuit breakers are electro-
mechanical protection devices. While they
provide adequate protection in many cases,
they operate too slowly in some other cases.
Where more rapid protection is required, elec-
tronic protection circuits are used.

A simple circuit for protection against mo-
mentary voltage overloads is shown in
Fig.32(A). Here we have a 5 volt power supply
with a 5.6 volt zener diode connected across
it. As long as the power supply voltage re-
mains 5 volts, the 5.6 volt zener diode con-
nected across it will not conduct in its reverse
direction.

Since the diode does not conduct, it draws
no current from the supply; it is essentially
inactive. If some overvoltage should occur, the
diode will conduct when the voltage reaches
5.6 volts. Because of its constant voltage char-
acteristic, it tends to hold the voltage across
the power supply to 5.6 volts. Thus the equip-
ment is protected. The additional 0.6 volt
causes no damage or trouble.
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CIRCUIT PROTECTION

Every power supply requires some protec-
tion from overloads. When excessive current
is drawn from the power supply, there is a
chance of damaging the regulators, rectifiers,
power transformer, and other components.
Most power supplies are designed to with-
stand some overload. However, when they are
excessively overloaded, or overloaded for long
periods of time, expensive damage can result.
For that reason most power supplies are pro-
tected with fuses or circuit breakers that re-
move the overload before damage can occur.

Fuses

A fuse is a part connected in series with
the electric circuit it is to protect. It protects
the circuit by melting and opening if an ex-
cessive current passes through it. Only when
overloaded does the fuse operate, or “blow.”
Otherwise, it performs no function in the nor-
mal circuit other than completing the path
for current flow.

LINK
OPENED

(B)

Figure 31. Fuse operation showing (A) a good fuse, and
(B) a blown fuse.

Fuses are made from metal alloys which,
when made to a precise width and thickness,
will melt and open as a predetermined cur-
rent passes through. Figure 31 illustrates this.
The links in fuses designed to operate at cur-
rents of about 1 ampere or more are shaped
like the link shown in Fig.31. Fuses designed
to operate at lower currents are generally made
of a round piece of fuse wire.

Fuses are usually made with the link strung
between two metal end caps, the housing being
a glass tube. Some of the higher current units
use a ceramic tube housing for splatter pro-
tection and heat dissipation. The glass en-
velope offers an advantage over the opaque
ceramic: the fuse condition is visible.

It is often impossible to determine whether
or not the fuse is good by visual inspection in
the case of a very low current fuse because
the fuse link is so thin. Any doubtful fuse can
be checked with an ohmmeter. If the fuse is
good, there will be a low resistance across it.

Fuses come in a wide range of standard
values and can be used in either ac or dc cir-
cuits. Whenever you have to replace a blown
fuse, never use one having a higher current
rating than originally specified by the man-
ufacturer. If you do, you will forfeit the pro-
tection the fuse is supposed to supply.

There are three different types of fuses used
in electronic equipment: fast-blow, very fast-
blow, and slow-blow. The most commonly used
is the fast-blow type and, unless otherwise
specified, you can assume that a fuse is of this
type. Fast-blow fuses are used in many solid-
state circuits where transistors, ICs, or diodes
would be damaged unless the overload is re-
moved quickly.

The very fast-blow types have been devel-
oped recently for critical semiconductor cir-
cuits where extremely rapid overload removal
is needed. The very fast-blow fuse will blow
in about Y10 of a second or faster when 100%
overloaded.



Self-Test Questions

23
24

25

Why is a shunt regulator inefficient?
Will the voltage across a properly
biased zener diode remain constant
if the current through the diode
changes?

How does the series transistor in a
series voltage regulator control the
output voltage?

26

27

Name three advantages of the three-
terminal IC regulator over series
regulators using discrete compo-
nents.

Which regulator provides better load
regulation, one with a load regula-
tion of 5% or one with a load regu-
lation of 2%?
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is one of the most important regulator para-
meters. It is usually measured with a con-
stant load current so variations in the load
do not come to play. Line regulation can be
expressed as follows: % line regulation equals

change in dc output voltage
change in ac input voltage

100

If for an input change of 5 volts, the output
were to change by 50 millivolts (0.05 volt),
the regulation factor would be:

0__;)5)(100:1%

It is important to notice that the smaller
the percentage of line regulation, the better
the job the voltage regulator is doing.

Load Regulation. The percentage of change
in regulated output voltage for a change in
load from zero to the maximum load current
specified is called the load regulation. The
load on the regulator is changed from no load
(open output) to full load where maximum
safe current is drawn and the change in out-
put voltage noted. Load regulation is as
important as line regulation; it is a true mea-
sure of how well the regulator maintains the
constant voltage with varying loads. Load
regulation is expressed as follows: % load reg-
ulation equals

change in output voltage

full load output voltage 100

The change in output voltage in this for-
mula is simply the difference between the no-
load or open circuit output voltage and the
output voltage with maximum or full load.
For example, assume we have a power supply
with a no-load voltage of 5 volts. If we place
a full load on the supply and the output drops
to 4.75 volts, we have

5 — 4.75
4.75

025 x 100
- 4.75

25
=175 " 5.263%

% load regulation = X 100

Once again, the lower the percentage of load
regulation, the better the regulator is work-
ing. In other words, a power supply with a
load regulation of 1% has better regulation
than power supply with a load regulation of
5%.

Ripple Rejection. Any ripple or hum volt-
age fed from the filter network to the voltage
regulator appears to the voltage regulator just
like a change in the input voltage. The reg-
ulator will try to maintain the output voltage
constant. A measure of the capability of the
regulator to reduce ripple voltage is termed
ripple rejection. How well the regulator rejects
this ripple is the ripple rejection factor. Ripple
voltage is actually a rapid change in the dc
input to the regulator; the regulator sees it
as any other input voltage variation and,
therefore, attempts to compensate for it. The
regulator substantially reduces the output
ripple. This is true of any regulator circuit.



bipolar transistor, has three terminals. The
terminals on the regulator are the input, to
which is applied the unregulated dc voltage,
the regulated output voltage terminal, and the
common or ground terminal. These are ter-
minals 1, 2, and 3, respectively, in Fig.30. As
you can imagine from the description, the
device is extremely easy to use. The unreg-
ulated voltage from the power supply is ap-
plied between the input terminal and ground.
The load is connected across the output ter-
minal and ground. Such regulators are avail-
able in a wide range of current and voltage
ratings. Typical regulated output voltage rat-
ings are 5, 6, 8, 12, 15, 18, and 24 volts, both
positive and negative, with current ratings
as high as 1 ampere.

Three-terminal regulators are usually used
as remote regulators on printed circuit boards
to supply the voltage requirements of the cir-
cuits on individual printed circuit boards. This
arrangement allows a relatively inexpensive
unregulated power supply to supply the power
needs for a collection of printed circuit boards
as might be present in any large electronic
system. The regulators on the individual cir-
cuit boards need to handle only the modest
power requirements of the circuitry on their
own circuit boards.

UNREGULATED
FILTERED
DC INPUT
1 THREE 310
+ O0—— TERMINAL
REGULATOR

3 LOAD

Flgure 30. Typical three-terminal IC regulator.

The three-terminal regulators usually con-
tain protective circuitry that causes the de-
vice to shut down when its internal
temperature becomes too high. This might
happen if too much current were drawn from
the load or if the input voltage were too high,
resulting in a large power dissipation in the
regulator. In most instances, the regulator
will resume normal operation when the cause
of the excessive heat is removed.

Integrated circuit voltage regulators are
replacing discrete component regulators be-
cause they are smaller and require less space
(you have to make only three connections to
the regulator and the entire circuit is wired),
they are usually provided with their built-in
overload protection, and they are consider-
ably cheaper than regulators using discrete
components.

Adjustable Regulators. Adjustable IC
voltage regulators are also available. A typ-
ical one is the Fairchild 723. This device can
supply positive or negative output voltages.
The output voltage can be set to any value
between 2 and 37 volts. The IC can supply an
output current up to 150 mA.

You do not have to know how these devices
work, but simply that they are available. They
are more expensive than the fixed voltage
regulators, but in some applications the
increased cost may be justifiable.

Voltage Regulator Performance

Voltage regulator performance is mea-
sured in several ways. You do not have to
know all of them, but there are several im-
portant specifications with which you should
be familiar.

Line Regulation. The percentage a regu-
lated dc output voltage may change for a
change in ac input voltage is called line reg-
ulation, or regulation factor. Line regulation
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UNREGULATED

DC INPUT

Figure 29. An improved feedback voltage regulator.

offset by equal and opposite variations in the
base current of Q1. These current changes
can change the voltage across the resistor R5
in Fig.28. As a result, the current it supplies
changes, forcing the circuit to compensate for
changes in the bias current as well as output
voltage variations. Naturally, this reduces the
effectiveness of the regulator in compensat-
ing for load variations. The constant-current
source eliminates this effect.

A further improvement in the basic feed-
back regulator can be obtained by increasing
the gain of the error amplifier circuit. Very
small changes in the output voltage must be
amplified sufficiently to provide control to the
base of the series-pass transistor. The higher
the gain of the circuit, the more control small
variations in output voltage will have on the
series-pass transistor.

Integrated Circuit Voltage Regulators

While some electronic voltage regulator
circuits are still constructed with discrete
components, more and more integrated cir-
cuits are being used in this application. Using
modern integrated circuit technology, it is
possible to construct the entire feedback reg-
ulator circuit on a single chip of silicon. Many
integrated circuit voltage regulators are
available. Some of these devices require abso-
lutely no external components other than the
usual power supply parts for proper opera-
tion.

Three-Terminal Regulators. One of the
simplest and most widely used integrated cir-
cuit voltage regulators is the three-terminal
regulator. This device is packaged in a stan-
dard power transistor housing and, like any



in the output voltage will cause a change in
the base of current of Q2, which in turn changes
its collector current. This causes the base cur-
rent of Q1, and hence its collector current, to
vary. By changing the conduction of Q1, the
output voltage will be adjusted to compensate
for the original output change.

Assume that because of some line or load
variation, the output voltage increases. This
will cause an increase in the voltage occur-
ring at the base of Q2. The base current of
Q2 will increase. In turn, the collector current
of Q2 increases. This brings about a reduction
in the base current of Q1. Since Q1 conducts
less, its effective resistance will increase. This
causes the output voltage to decrease. As you
can see, the original output voltage increase
is corrected. A decrease in output voltage
causes the base and collector current of Q2 to
decrease. Therefore, the base current of Q1
will increase. Q1 will conduct more, and its
effective resistance will decrease. This results
in an offsetting increase in the output volt-
age.

Resistor R2 in the output voltage divider
is a potentiometer. This permits you to adjust
the base current of Q2. The voltage at the
base of Q2 is essentially fixed at a value equal
to the zener voltage plus the emitter-base drop
of Q2. Despite the changes in the adjustment
of R2, the voltage between the base of Q2 and
ground will remain essentially constant.
However, the base current of Q2 will vary as
R2 is adjusted. Adjusting R2, therefore, con-
trols the collector current of Q2 and the base
current of Q1. This in turn varies the output
voltage. R2, then, is a control that can be used
to adjust the output voltage to the desired
level. Once it is set, the circuit will automat-
ically maintain the output voltage at this
desired value.

Any hum voltage on the unregulated dc
input or change in the unregulated dc input
will cause some change in the regulated out-

put voltage in the circuit shown in Fig.28. A
change in the input voltage will change the
current through the zener diode D1 and R4
so there will be some slight change in the
voltage across D1 which will change the emit-
ter voltage of Q2. Similarly, a change in the
unregulated dc input will cause the current
through R5 and hence the base current of Q1
to change. This also will affect the regulated
output voltage. These two problems can be
overcome or greatly reduced by modifying the
circuit slightly as shown in Fig.29.

Notice that in the improved feedback volt-
age regulator R4 has been moved from the
unregulated input to the output. This will
result in a more constant current through the
zener diode and R4 so that the voltage applied
to the emitter of Q2 will be essentially con-
stant.

The resistor R5 in Fig.28 has been replaced
by the constant-current source made up of D2,
Q3, R5, and R6. Notice that Q3 is a pnp tran-
sistor, so current flows from the collector of
Q2 and the base of Q1 to the collector of Q3.
Electrons flow from the emitter of Q3 through
R6 to the power supply output. Notice that
the zener diode, D2, holds the base of Q3 con-
stant, keeping the current through this tran-
sistor constant.

In addition to preventing ac ripple and
changes in the input from changing the base
current of Q1, the constant current source also
improves the load regulation of the circuit.
In order to provide perfect regulation, the sum
of the base current of Q1 and the collector
current of Q2 should be constant. An increase
in the collector current of Q2 will then result
in an equal decrease of the base current of Q1
and vice versa. If the sum of the currents is
not constant, poor regulation will result. By
using a simple resistor for this bias source,
as we did in Fig.28, we create variations in
the output voltage that will affect the collec-
tor current of Q2. These variations should be
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Figure 27. Block diagram of a feedback regulator

establishes a standard for this circuit against
which the output will be compared. The sam-
ple taken from the output and the reference
are both applied to an error detector, which
compares the two.

Any fluctuation in the output produces a
positive or negative dc voltage at the output
of the error detector. The error voltage is am-
plified and applied to the controller (usually
a series transistor acting as a variable resis-
tance). The amplified error signal changes the
bias on the control element in Fig.27 to shift
the output back to the desired level.

The simplest form of feedback voltage reg-
ulator is shown in Fig.28. The series-pass
transistor, Q1, is an emitter follower similar
to that used in the regulator discussed ear-
lier. Here the base voltage of the series-pass
transistor is controlled by the error amplifier
Q2. Q2 performs the functions of comparison,
error detection, and amplification.

A sample of the output voltage is taken
from the output through the voltage divider
made up of R1, R2, and R3. This sample is
applied to the base of Q2. The emitter of Q2
is biased by the zener diode D1 and through
resistor R4 to provide a fixed voltage at the

emitter of Q2. The output voltage sample and
the zener reference voltage are compared by
Q2. The current flowing through Q2 is a func-
tion of the output voltage and the zener volt-
age. The base bias for Q1 is obtained from
resistor R5. The current through this resistor
is a combination of the base current of Q1 and
the current from the collector of Q2. A change

UNREGULATED
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INPUT
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RS "1

Q2 R2 :; LOAD
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D1

Figure 28. Simple feedback voltage regulator.
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Figure 26. A simple emitter-follower series voltage regulator.

in collector current. Since the resistance of a
transistor is equal to the collector-emitter
voltage divided by the collector current, the
transistor resistance must increase as the
collector-emitter voltage increases. The tran-
sistor therefore acts as a variable resistor.

We use this characteristic of a transistor in
the series-regulated supply shown in Fig.26.
Notice that the transistor base voltage is held
at a fixed value by the zener diode D1. Let’s
see what happens if the dc input voltage in-
creases.

When the dc input voltage increases, the
current flowing through the series circuit
consisting of R2 and D1 will increase. The
voltage across diode D1 will remain essen-
tially constant and the voltage drop across R1
will increase. The base voltage applied to the
transistor will remain essentially constant.

At the same time, the collector-emitter
voltage of the transistor will increase because
of the increased input voltage. Since the base
voltage remains constant, there will be little
or no increase in collector current and hence
little or no increase in emitter current. The
resistance of the transistor increases so that
the voltage across the load will remain

essentially constant. If the input voltage should
drop, the opposite happens. The voltage drop
across R1 goes down, but the base voltage
remains almost constant. The resistance of
the transistor will decrease so that the volt-
age across the load will remain essentially
constant.

Of course, if the input voltage should change,
the current through D1 will change, so there
will be some small change in the voltage across
it. This will result in a slight change in the
collector and emitter currents of the transis-
tor; the voltage across the load will change
slightly, but far less than it would without
the series regulator. More elaborate circuits
can be used to provide better regulation.

Feedback Voltage Regulators

Figure 27 is a block diagram of an improved
series regulator, often called a feedback reg-
ulator. In this circuit, the sampler is a sensing
element, usually a resistor voltage-divider
network. It samples a part of the output volt-
age. This sample is usually set equal to a
reference level. The reference voltage
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Figure 24. (A) Connections for a temperature-compen-
sating zener diode, and (B) its schematic symbol

connecting a zener diode and a normal silicon
diode in series. The temperature coefficient
of a conventional forward-biased diode is neg-
ative, and that of a zener diode above ap-
proximately 6 volts is positive. Therefore, the
possibility of one diode compensating for a
change in the other exists when they are con-
nected back-to-back as shown in Fig.24(A).
Diode D1 is a silicon diode connected in the
forward-biased direction; D2 is a zener diode
connected in the reverse-biased configura-
tion. Sometimes both diodes are packaged to-
gether, as shown in Fig.24(B). The dot end
should be connected to the positive terminal
so that the zener diode is properly back biased.
A silicon diode has a voltage drop of ap-
proximately 0.7 volt across it when it is con-
ducting. When it is in series with the zener,
the drop across the combination will be 0.7
plus the zener voltage. For example, an 8.2
volt zener in series with a series diode reg-
ulates the voltage to 8.2 + 0.7 = 8.9 volts.
The simple shunt regulator shown in Fig.23
is quite satisfactory and economical, as long
as the current requirements of the load are
not too high. One-half watt and one watt ze-
ner diodes are inexpensive, have a low resis-
tance, and will provide good regulation. If the
power consumed by the load does not exceed
5 watts, this type of circuit works well. In
higher power applications we must use high-

wattage zeners. They are expensive and have
a fairly high resistance, providing less effec-
tive regulation than the low-power units.
When the current requirements exceed those
that can be regulated by low-wattage zener
diodes, it is better to use a series voltage reg-
ulator circuit.

Series Voltage Regulators

Before going into the series regulator, let’s
look at the transistor characteristic curves
shown in Fig.25. Each curve is a plot of
collector current versus collector-emitter
voltage for a given base current. Once the
collector-emitter voltage reaches a certain
value, any further increase causes little or no
change in collector current for a given base
current. If the base current changes, the
collector current changes appreciably; if the
base current remains constant, the collector
current remains almost constant even with
wide changes in collector voltage.

As an example, notice that on the curve for
I,; that if the collector-emitter voltage changes
from point B to point C, there is little change

COLLECTOR CURRENT

COLLECTOR-EMITTER VOLTAGE

Figure 25. Transistor characteristic curves.



VOLTAGE REGULATORS

The function of a voltage regulator is to
take the voltage provided by the transformer-
rectifier-filter arrangement and convert it into
a stable output voltage. This must be accom-
plished in spite of variations of the input line
voltage or of the load.

There are two basic kinds of voltage reg-
ulators, shunt and series. In the shunt type,
the voltage regulation is obtained by a series-
dropping resistor and by diverting current
through some device, with a constant voltage
characteristic, in parallel with the load. The
shunt regulator is inefficient, but possesses
the significant advantage of not being de-
stroyed under short-circuit conditions.

A series regulator uses some type of vari-
able resistance device in series with the load.
If the input voltage or load current changes,
this series resistance adjusts itself to com-
pensate for the change.

Shunt Voltage Regulators

A simple shunt voltage regulator using a
zener diode is shown in Fig.23. You will re-
member that a zener diode is operated under
reverse-bias conditions and that once the diode
breaks down and begins conducting, changes

R1

®-

1

REGULATED S\ oap

INPUT

VOLTAGE  DJODE VOLTAGE <
O . 2

Figure 23. A shunt zener diode voltage regulator

in the current through it result in only a very
small change in the voltage across it. As the
current through the diode varies to compen-
sate for changes in the load current or input
voltage, there will be some change in the out-
put voltage, but the change will be much less
than it would be without the diode regulator.

The regulated voltage will be equal to the
input voltage less the voltage drop across R1.
The value of R1 is selected so that, under
normal operating conditions, the current
through the zener diode will be about 20% of
the current flowing through the load. If the
input voltage increases, the current through
the zener diode will increase so that the volt-
age drop across R1 will increase. This will
keep the regulated voltage constant. If the
input voltage decreases, the current through
the diode will decrease so the voltage drop
across R1 will decrease.

If for any reason the load current increases,
the current through the zener diode will de-
crease once again, keeping the voltage drop
across R1 almost constant. If the load cur-
rent decreases, the zener diode current in-
creases, keeping the current through and the
voltage drop across R1 almost constant.

One problem with silicon zener diodes is
the effect that temperature has on the reverse
breakdown voltage. Zener diodes with break-
down ratings of less than about 6 volts have
a negative temperature coefficient. The
breakdown voltage of a diode with a negative
temperature coefficient decreases as the tem-
perature increases. Zener diodes with a volt-
age breakdown above 6 volts have a positive
temperature coefficient. This means that the
breakdown voltage increases with increases
in temperature. At about 6 volts, the zener
diode has almost a zero temperature coeffi-
cient. The 6 volt zener is very stable with
temperature changes.

A temperature-compensating zener, de-
signed for use above 6 volts, can be built by
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Summary

Most modern electronic equipment you
will encounter will use full-wave power
supplies with either a rectifier circuit like
the one shown in Fig.21 or a bridge rec-
tifier. Bridge rectifiers are widely used
because the savings in the cost of the
transformer more than offsets the cost of
the two extra rectifiers. While half-wave
rectifiers are not as common, they are
useful in some applications.

Modern power supplies use a pi-type
filter network. The filter network may
be either an RC network or an LC net-
work. LC networks usually provide bet;
ter filtering and better voltage regulation.

Self-Test Questions

19 Why are the filter capacitors in
Fig.20(B) connected with the oppo-
site polarity to those in Fig.20(A)?

20 What is the disadvantage of the full-
wave power supply shown in Fig.21
compared to a bridge rectifier?

21 Between which two output terminals
of the power supply shown in Fig.22
is the highest output voltage avail-
able?

22 In the bridge rectifier circuit in Fig.22,
when terminal 7 of the transformer
is negative and terminal 9 is positive,
which two diodes will conduct?




to the junction of D1 and D2 and terminal 9
connects to the junction of D3 and D4. When
terminal 7 is positive with respect to terminal
9, electrons will flow from terminal 9 to the
junction of D3 and D4 and then through D3
to the minus terminal, which is terminal 2.
From there they will flow through the load
to terminal 1, through the choke and D2 to
terminal 7 of the transformer. During the next
half-cycle, when terminal 7 is negative and
terminal 9 is positive, electrons will flow from
terminal 7 through D1 and then to terminal
2 of the power supply output, through the load
to terminal 1, through L1, and then through
D4 to terminal 9 of the transformer. You can
see we have a bridge rectifier circuit recti-
fying the full voltage between terminals 7
and 9. The pi-section LC filter consisting of
C1, L1, and C2 filters the output from the
rectifiers and changes the pulsating dc to
smooth dc.

Now notice that terminal 7 of the trans-
former connects to D5 and terminal 9 con-
nects to D6. Terminal 8 of the transformer is
grounded. When terminal 8 is negative with
respect to terminal 7, electrons will flow from
terminal 8 to ground, to terminal 4 at the
output of the power supply, through the load
to terminal 3, and then through L2 and D5
back to terminal 7. During the next half-cy-
cle, when terminal 8 is negative with respect
to terminal 9, electrons will flow from ter-
minal 8 to ground and then to terminal 4,
through the load to terminal 3, through L2,
and through D6 to terminal 9 of the trans-

former. Here we have a full-wave power sup-
ply using the center tap of the transformer
and producing a voltage between terminals 3
and 4 such that terminal 3 is positive with
respect to terminal 4. C3, L2, and C4 form a
pi-section LC filter network.

Now let’s see what happens in the power
supply made up of D7 and D8. When terminal
7 is negative with respect to terminal 8, elec-
trons will flow from terminal 7 to D7, through
the diode, and then through R1 to the nega-
tive terminal (terminal 5), through the load
back to terminal 6, and from there to ground
and over to terminal 8. During the next half-
cycle, when terminal 9 is negative with re-
spect to terminal 8, electrons will flow from
terminal 9 through D8, through R1 to ter-
minal 5, through the load to terminal 6, from
terminal 6 to ground, and back to terminal
8. Now we have a power supply where ter-
minal 5 is negative with respect to terminal
6. Thus we have a negative voltage available
between ground and terminal 5. The RC filter
consisting of C5, R1, and C6 smooths the pul-
sating output from rectifiers D7 and D8 to
smooth dc.

Thus, from the one transformer we have
three separate output voltages. We have a
high voltage between terminals 1 and 2, a
positive voltage that is about half as high
between terminals 3 and 4, and a negative
voltage at terminal 5 that would be approx-
imately equal to the positive voltage on
terminal 3.
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Figure 22. A multiple output voltage power supply.

A power supply designed to produce mul-  supplies operating from a single transformer.
tiple output voltages is shown in Fig.22. At To see how it works, first look at the circuit
first this might look like a complicated sup- made up of diodes D1, D2, D3, and D4. Notice
ply, but actually it is made up of three simple  that terminal 7 of the transformer connects



in the current through the transistor so you
will not hear any hum in the output of the
radio. The power supply at (A) is designed for
use with a radio using npn transistors, while
the one shown at (B) is designed for use in a
radio using pnp transistors.

Notice the resistor R2 connected between
the diode and the power line in both supplies.
When the equipment is first turned on, C1
will be discharged. Without R2 in the circuit,
the initial charging current through the diode
would be so high the diode could be destroyed.
R2 limits the initial charging current to a safe
value.

Although these two power supplies were
designed for use in radio receivers, you will
find similar power supplies in other low-cost
electronic equipment. It is not always possi-
ble to take a voltage from across the input
filter capacitor, but in many cases where some
hum voltage does not matter and a higher
voltage is needed, this is done.

Typical Full-Wave
Power Supplies

A simple full-wave power supply is shown
in Fig.21. Notice that this power supply uses
a power transformer and that the secondary
of the transformer is tapped and the tap is
grounded. During one half-cycle, D1 will con-
duct and during the other half-cycle D2 will
conduct.

Notice that we have resistors R1, R2, and
R3 across the output. These resistors will make
it possible for us to get three different oper-
ating voltages from the power supply. The
resistors are also connected across the output
of the power supply to serve another purpose.
They will discharge the capacitors C1 and C2
when the equipment is turned off. Usually
the filter capacitors will have a fairly high
capacity, so it is desirable to discharge them
when the equipment is turned off to prevent
an accidental shock.

D1 L
o H 7 ® 7~ Y O+
R1
T
+ +

I a: c1 c2 Z: 5

R3
sw D2
0—0 ~o— H

Figure 21. A full-wave power supply.
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An amplifier is a circuit designed to take a weak signal at its input, and produce an amplified
copy of the original signal at its output. Often, amplifiers are classified according to the
frequencies they are designed to handle. In the first part of this lesson, we will study low-
frequency amplifiers. Later in this lesson, you will study high or radio frequency amplifiers. Both
types of amplifiers are important, because you will find either or both of them in practically every
type of electronic equipment.

Amplifiers can also be classified as either voltage amplifiers or power amplifiers. A voltage
amplifier is one that is designed to amplify a weak signal voltage, and make it stronger. A number
of voltage amplifiers may be used in cascade to take a very weak signal voltage, and amplify it to a
usable value. Power amplifiers are used to produce power to drive some external device. For
example, every radio receiver has a power amplifier in the output. It takes the audio signal voltage
that has been detected and amplified by preceding stages, and produces the power necessary to
drive the loudspeaker to produce sound.

The ability of transistors to amplify signals is essentially what makes many of our modern
electronic devices possible. Therefore, if you understand how these amplifiers work, and how
they are put together to perform specific tasks, you will be able to analyze the operation of many
different types of electronic equipment. Since amplifiers are so important, it is worthwhile to
spend as much time as necessary on this lesson to be sure you have a complete understanding of
them.

TYPES OF AMPLIFIERS

There are radio frequency amplifiers designed
for very low frequencies, as low as 18 to 20 kHz.
Other radio frequency amplifiers are designed
to amplify very high-frequency signals over
1000 MHz. While they all do the same thing, the
circuitry may be quite different because of the
frequency of the signal being handled.

When we study low-frequency amplifiers in
this lesson, we will study both voltage and
power amplifiers. However, we will limit our
study of radio frequency amplifiers to voltage
amplifiers.

We'll start our study of low-frequency voltage
amplifiers with the most widely used amplifier,
the resistance-capacitance coupled voltage am-
plifier.

When we speak of low-frequency amplifiers,
we are generally concerned with amplifiers that
are designed to amplify low frequency signals.
No sharp dividing lines exist at the low-
frequency or high-frequency end of the range
over which the amplifier is supposed to work.
Originally, a low-frequency amplifier was an
amplifier that operated in the audio range,
within the limits of our hearing. Of course,
these amplifiers will amplify signals beyond
these frequency limits, but not as well. The
basic low-frequency amplifier can be modified
so that it can amplify signals over a much
broader range than the audio range. In fact,
video amplifiers, which amplify picture signals

having frequencies up to several megahertz, are
simply modified low-frequency amplifiers.
Radio frequency amplifiers can be designed
to amplify a specific frequency signal, or to
amplify signals over a specific frequency range.

Resistance-Capacitance
Coupled Voltage Amplifiers

Resistance-capacitance coupling, most often
called RC coupling or resistance coupling, is so
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named because resistors and capacitors are
used to couple the signal from one stage to
another.

This type of coupling is widely used between
voltage amplifiers and between voltage amplifi-
ers and Class A power amplifiers in audio work.
You will learn about Class A power amplifiers
later in this lesson. While the low-frequency
amplifiers we will be discussing are primarily
designed to amplify audio or sound signals,
remember that these amplifiers can be used to
amplify any low-frequency signal.

A Two-Stage NPN Transistor Amplifier

In Fig.1l, we've shown a typical two-stage
transistor RC coupled amplifier using npn tran-
sistors. We are going to explain the operation of
this amplifier in considerable detail because it
is very important that you understand exactly
how it works. After you have studied this
amplifier, you will study another two-stage am-
plifier using pnp transistors.

The input signal to be amplified is fed into
the input terminal in Fig.1 and coupled through
Cl1 to the base of Q1. C2 holds the emitter at
ground potential insofar as the signal is con-
cerned, because it has a high capacitance and
therefore a very low reactance. The signal is
applied directly between the base and the emit-
ter of the transistor. It is in series with the
forward bias across the emitter-base junction.

The applied signal, which is an ac signal
having a frequency in the audio range, causes
the emitter-base current to vary, which in turn
causes the collector current to vary. The vary-
ing collector current causes a varying voltage
drop across R4, so that the effective voltage
between the collector of the transistor and
ground is varying.

If the input signal drives the base in a positive
direction, the collector current will increase.
This will cause the voltage drop across R4 to
increase, so the voltage between the collector
of the transistor and ground decreases. On the
other hand, if the input signal swings the base
in a negative direction, this will cause the

Figure 1. A two-stage RC coupled amplifier using npn transistors.



collector current to decrease, because it re-
duces the forward bias across the emitter-base
Jjunction. When the collector current decreases,
the voltage drop across R4 will decrease, so the
voltage between the collector of the transistor
and ground will increase. In other words, when
the input signal swings positive, the signal
between the collector of the transistor and
ground swings negative. When the input signal
swings negative, the voltage between the col-
lector of the transistor and ground swings
positive. Thus, we have a 180° phase reversal,
which happens in the common-emitter amplifi-
er circuit.

The varying input signal applied to the input
of Q1 results in an amplified varying signal
appearing between the collector of Q1 and
ground. This is coupled through C3 to the base
of Q2. The way this happens is quite simple.

With no signal applied, there will be a certain
current flow through Q1 and a voltage drop
across R4, so that the collector of Q1 will be at
a certain positive voltage. At the same time,
there will be a current flow from ground, which
is connected to the negative side of the power
supply, through R5, R6, R8, and back to the
positive side of the supply that will place the
base of Q2 at a slightly positive voltage.
Capacitor C3 will charge to a value equal to the
difference between the base voltage of Q2 and
the collector voltage of Q1. It will charge with
the polarity shown.

When the input signal causes the collector
current of Q1 to increase, the voltage drop
across R4 increases, and the net voltage be-
tween the collector of Q1 and ground de-
creases. The voltage between the collector of
Q1 and the base of Q2 is lower, so C3 must
discharge to this lower voltage level. When C3
discharges, electrons flow out of the negative
plate through R5 to ground. This will set up a
voltage drop across R5, having a polarity that
makes the base end negative. The capacitor will
have to discharge the same voltage that the

collector voltage of Q1 drops. Thus, we have a
negative signal at the collector of Q1 appearing
at the base of Q2.

When the input signal swings the base of Q1
negative, the collector current decreases, and
the voltage drop across R4 decreases. This
causes the voltage between the collector of Q1
and ground to increase. C3 must charge to this
new value. To charge the capacitor, electrons
flow from ground through R5 into the negative
plate of C3, out of the positive plate, and
through R4 to the plus side of the power supply.
The electrons flowing through R5 to charge C3
to the higher voltage develop a positive voltage
at the end of the resistor that is connected to
the base of Q2, so that the swing in positive
voltage at the collector of Q1 appears at the
base of Q2.

The signal appearing between the collector
of Q1 and ground is coupled through the RC
network, consisting of C3 and R5, to the base of
Q2. The emitter of Q2 is held at signal ground
potential by C4 so the signal is appearing
directly between the base and the emitter of Q2.
The positive-going signal at the input of QI,
which produced a negative-going signal at the
collector of Q1, produces a negative-going sig-
nal at the base of Q2. This reduces the forward
bias across the emitter-base junction so that the
current through Q2 goes down. If the collector
current of Q2 decreases, the voltage drop
across R8 will decrease, so that the voltage
between the collector of Q2 and ground will
increase. Notice that we have an increasing
voltage at the base of Q1, producing an increas-
ing voltage between the collector of Q2 and
ground.

When the input signal to the base of Q1
swings in a negative direction, the current
through the transistor and R4 decreases. The
voltage drop across R4 will decrease, so the
voltage between the collector of Q1 and
ground swings positive. This will cause the
voltage between the base of Q2 and ground to
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swing positive; the current through Q2, and
hence the collector current, will increase.
This will increase the voltage drop across R8
so that the voltage between the collector of
Q2 and ground decreases. In other words, we
have a negative input signal at the input of
Q1 producing a negative-going signal at the
output of Q2.

In both cases, the input signal at the input of
Q1 is in phase with the output signal at the
output of Q2. This is what we might expect. We
know that in a common-emitter amplifier, we
have a 180° phase shift. So we have a 180° phase
shift in Q1 and another 180° phase shift in Q2.
Two 180° phase shifts equal 360°, so that the
output signal after going through two amplifier
stages will be in phase with the input signal.
The output signal between the collector of Q2
and ground is coupled through C5 to the output
terminal.

Notice how we have provided the forward
bias across the emitter-base junction. In Q1, we
connect a resistor, R2, between the collector of
the transistor and the base. We have another
resistor R1 between the base and ground. These
two resistors form a voltage-divider network
and by selecting the correct values, we can bias
the base at the value required. Current will flow
from ground through R1 and then through R2
and R4 to the positive side of the power supply.
The value of R4 is usually selected so that the
voltage between the collector of Q1 and ground
will be about half the power supply voltage.
This will permit the voltage on the collector of
the transistor to swing a maximum in either
positive or negative direction as the input signal
changes. Once the value of R4 has been select-
ed, then the values of R1 and R2 are selected to
provide the desired positive voltage on the base
of the transistor.

It is important to notice that the base voltage
is determined by the voltage drop across Rl
and the voltage drop across R2. The voltage
drop across each resistor is determined by the

resistance of the resistor and the current flow-
ing through it. The current flowing through R2
is made up of the current through R1 plus the
base current of Ql. If anything causes the
current through R2 to change, the voltage drop
across it and the bias on the transistor will
change.

Some minority carriers, which are holes, will
cross the collector-base junction and flow from
the collector into the base. These holes will
capture some of the electrons flowing from the
emitter to the base. Some of these electrons
would normally flow out of the base and
through R2, and contribute to the voltage drop
across R2, which sets the forward bias across
the emitter-base junction.

If the transistor begins to heat, the number of
holes crossing from the collector to the base
will increase. This will result in an increase in
the number of electrons flowing into the base
that are captured by these holes. This will cause
a further reduction in the base current through
R2, causing a voltage drop across R2 to de-
crease. This will cause the voltage on the base
of the transistor to rise. In turn, the current flow
through the transistor will increase, causing the
transistor to heat still further. When this hap-
pens, the number of holes crossing from the
collector to the base will increase further, cap-
turing still more electrons, which will increase
the base voltage even further. Eventually this
high base voltage will overheat and destroy the
transistor. This action is called thermal run-
away.

Thermal runaway is prevented by the inser-
tion of R3 in the emitter circuit. If the base
voltage tends to rise, the current through the
transistor will increase and this will increase
the voltage drop across R3. Thus, the emitter
will become more positive with respect to
ground. If the base voltage becomes more posi-
tive, so will the emitter voltage, which will
prevent or minimize any increase in forward
bias across the emitter-base junction. Thus, the



sole purpose of R3 in the circuit is temperature
stabilization. R7 in the emitter circuit of Q2 is
used for the same purpose.

Let’s consider another effect caused by the
way we provide this forward bias. When a
signal is applied to the input and drives the
emitter-base junction in the positive direction
so that the collector current increases, the
voltage drop across R4 increases so that the
collector voltage swings in the negative direc-
tion. Thus, the voltage between the collector of
the transistor and ground decreases. We are
using this voltage to provide the forward bias
across the emitter-base junction of the transis-
tors. Therefore, the forward bias will decrease.
The positive-going signal has the effect of in-
creasing the forward bias on the transistor. The
drop in output voltage has the effect of reduc-
ing the forward bias on the transistor. This is
called degenerative, or negative, feedback. It
reduces the effect of the input signal, which in
turn reduces the strength of the output signal.
You might at first think this is a disadvantage,
but it does have the advantage of increasing the
frequency response of the amplifier. The fre-
quency response of the amplifier is its ability to
amplify equally all the different frequencies fed
to it.

You could see why this is so if you consider
what happens if the amplifier has a tendency to
amplify some frequency or frequencies more
than others. They will appear as a stronger
signal in the output of the stage, meaning that
the feedback would increase. This will reduce
the gain of the stage more than it will in the
case of frequencies that receive less amplifica-
tion. Therefore, the degenerative feedback
tends to equalize the gain of the stage over a
wide range of frequencies.

When amplifiers are connected one stage
after another as they are in Fig.1, we say they
are connected in cascade. The total gain of the
two amplifiers will be equal to the product of
the gain of each stage. If each stage in the

example shown in Fig.l has a gain of 10, the
total gain will be 100. Suppose we feed a signal
of 10 millivolts into the first stage having a gain
of 10. At the output, the signal should have an
amplitude of 10 millivolts times 10 equals 100
millivolts. Now, we feed the 100 millivolts into
the second stage, where it is again amplified by
a factor of 10. We then have 100 millivolts times
10 equals 1000 millivolts or 1 volt.

A Two-Stage PNP Transistor Amplifier

In Fig.2, we've shown a typical two-stage RC
coupled amplifier using pnp transistors. The
operation of this amplifier is basically the same
as the one shown in Fig.l, except that the
power supply connections are reversed and the
carriers through the transistors will be holes
instead of electrons. Notice that we have ob-
tained the forward bias for the emitter-base
Jjunction for each transistor in the same way as
we did for the npn transistors in Fig.l. Also,
notice in Fig.2 that resistors R3 and R7 in the
emitter circuit of each transistor, are used to
prevent thermal runaway.

Even though the operation of this two-stage
amplifier is basically the same as the one
shown in Fig.l, we are going to explain its
operation in considerable detail. Read over the
explanation carefully in order to note the differ-
ences between these two amplifiers.

First, let’s consider what is happening in Q1
under zero signal conditions. Essentially the
same thing is also happening in Q2. Notice that
the emitter of Q1 connects through R3 to the
positive side of the power supply. Electrons
will be attracted from the emitter through R3 to
the positive side of the power supply. The
electrons leaving the emitter will produce holes
that will cross the emitter-base junction if the
base is negative with respect to the emitter.

Notice that the negative side of the power
supply connects through R4 to the collector of
Q1. Electrons can flow from the negative side
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Flgure 2. A two-stage RC coupled amplifier using pnp transistors.

of the power supply through R4 to the collector,
where they will fill holes arriving at the collec-
tor. Some electrons flowing through R4 will
flow through R2 and R1 to the positive side of
the supply. The voltage drop across R1 will
make the.base negative with respect to ground.
By selecting the values of R1 and R2 correctly,
the base can be made negative with respect to
the emitter so we have the correct forward bias
across the emitter-base junction.

It is important to notice that the current
flow through R2 is made up of the current flow
through R1, plus some electrons that will flow
into the base and will fill holes crossing the
emitter-base junction. In the pnp transistor, the
electrons are the minority carriers and some
electrons will cross from the collector to the
base and fill some of the holes that would
normally be filled by electrons flowing through
R2. We have the same condition where thermal
runaway can be produced in the pnp transistor
that we had in the npn transistor. If the transis-
tor current begins to increase because of ther-
mal runaway, the current through R3 will
increase. This will swing the emitter in a nega-
tive direction, which will reduce the change in

potential between the emitter and base, and
reduce any change in the forward bias due to
the transistor heating.

When the input signal fed to Q1 swings in a
positive direction, it will reduce the forward
bias across the emitter-base junction. This will
cause the number of holes flowing through the
transistor to decrease. When this happens, the
current through R4 decreases so the voltage
drop across it decreases. This will cause the
voltage between the collector of Q1 and ground
to swing in a negative direction.

When the input signal swings in a negative
direction, it will add to the forward bias across
the emitter-base junction. The increased for-
ward bias will cause the number of holes
flowing through the transistor to increase, and
therefore the number of electrons flowing
through R4 to fill the holes arriving at the
collector will increase. This will cause the volt-
age drop across R4 to increase so that the
voltage between the collector of Q1 and ground
becomes less negative, or swings in a positive
direction.

Notice that we have the same situation in Q1
in Fig.2 that we had in Q1 in Fig.1. The positive-



going incoming signal causes the voltage be-
tween the collector and ground to swing in a
negative direction. A negative-going input sig-
nal causes the voltage to swing in a positive
direction. In both transistors, we have the 180°
phase reversal.

The signal developed between the collector
of Q1 and ground is coupled to the RC coupling
network consisting of C3 and R5 to the base of
Q2. Here the signal is amplified and once again
we have the 180° phase reversal that we have in
any common-emitter amplifier. The signal at
the output of Q2 has gone through a 180° phase
reversal in Q1 and a second 180° phase reversal
in Q2 and is therefore back in phase with the
input signal.

The coupling capacitor, C3, couples the sig-
nal from the collector of Q1 to the base of Q2 in
the same manner as in the preceding amplifier.
To see how it works, let’s consider the amplifier
first under zero signal conditions.

With no signal applied to the input, there will
be a certain number of holes crossing the
emitter-base junction and the base, and flowing
to the emitter. These holes will be filled by
electrons coming from the negative side of the
power supply and flowing through R4. Elec-
trons flowing through R4 will result in a voltage
drop across it. The collector of Q1 will be
negative with respect to ground. The collector
voltage will be approximately one half the
supply voltage.

Electrons flowing through R8, R6, and R5 will
develop a voltage across R5 so that the base of
Q2 is negative with respect to ground. However,
the collector of Q1 will be much more negative,
so the capacitor C3 will charge with the polarity
shown.

When a signal fed to the input swings in a
positive direction, it will subtract from the
forward bias across the emitter-base junction
of Q1, so the number of holes reaching the
collector will decrease. This means that the
number of electrons flowing through R4 will

decrease causing the voltage drop across R4 to
decrease. The voltage between the collector of
Q1 and ground will swing in a negative direc-
tion so that the voltage between the collector
and ground increases. Capacitor C3 must
charge to this higher voltage. Electrons will
flow from the negative terminal of the power
supply through R4 and into the negative plate of
C3. Electrons will flow out of the positive plate
of C3 through R5 to ground. In flowing through
R5, the electrons will cause a voltage to be
developed across the resistor having a polarity
such that the base end of the resistor will be
negative. Thus the negative voltage swing at the
collector of Q1 appears as the negative voltage
swing at the base of Q2.

When the input signal swings in a negative
direction, it will add to the forward bias across
the emitter-base junction of Q1 so the number
of holes flowing through the transistor to the
collector will increase. This means the number
of electrons flowing from the negative side of
the supply through R4 to the collector to fill
these holes will increase. The increase in cur-
rent through R4 will cause the voltage drop
across it to increase. Thus the negative voltage
between the collector of Q1 and ground de-
creases. Now C3 must discharge to this lower
value. Electrons will leave the negative terminal
of C3 and flow to the collector to fill some of
the holes arriving at the collector of Q1. Elec-
trons will flow from ground through R5 and
into the positive side of C3. Electrons flowing
through R5 will swing the base voltage in a
positive direction. Thus we have the voltage
between the collector of Q1 and ground becom-
ing less negative, or swinging in a positive
direction and a positive-going voltage appear-
ing between the base of Q2 and ground. The
base of Q2 will not swing positive, it will simply
be less negative.

As in the case of the two-stage amplifier
using npn transistors, the gain of the two-stage
amplifier using pnp transistors will be equal to
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Figure 3. A two-stage RC coupled amplifier using JFETSs.

the product of the gain of each stage. For
example, if we have a gain of 10 in each stage,
the overall gain of the two-stage amplifier will
be 100.

A Two-Stage FET Amplifier

Field-effect transistors are not used as fre-
quently as bipolar transistors in low-frequency
voltage amplifiers, but there is no reason why
they can’t be. A typical two-stage RC coupled
amplifier using n-channel FETs is shown in
Fig3.

You will remember that with a junction FET
there must be a reverse bias between the gate
and the channel to prevent current flow from
the channel to the gate. With an n-channel FET,
the gate must be negative with respect to the
channel. In the circuit, R2 is connected between
the source of Q1 and ground, and is used to
provide the required reverse bias between the
gate and the channel. Current flowing from the
negative side of the power supply flows
through R2 to the source. In so doing, a voltage
is developed across the resistor having a polari-

ty such that the source end is positive with
respect to ground. The gate is connected to
ground through R1 and since there will be no
current flow through R1, there will be no volt-
age drop across it. The gate will be at dc ground
potential. Since the source is positive with
respect to ground, it will be positive with
respect to the gate. This means that the gate is
negative with respect to the source and the
channel. R5 is connected between the source of
Q2 and ground for the same reason.

Notice that we have a capacitor, C2, connect-
ed across R2. This is a large capacity capacitor
so it has a very low reactance. Insofar as the
signal is concerned, the source of the transistor
is connected directly to ground. Therefore any
signal fed to the input will be applied directly
between the gate and the source.

When the incoming signal swings in a posi-
tive direction, it will reduce the reverse bias
between the gate and the channel. This will
permit the number of electrons flowing.through
the channel to increase so the voltage drop
across R3 increases. Thus the voltage between
the drain of the FET and ground decreases.
Under zero signal conditions, C3 will be



charged with the polarity shown. When the
voltage between the drain of the transistor and
ground decreases, the level of the charge on C3
must decrease. Electrons will flow from the
negative plate of C3 through R4 to ground, and
will develop a voltage having a polarity such
that the end connected to the gate is negative.
Thus the negative-going voltage appearing be-
tween the drain of Q1 and ground is coupled
through C3 to the gate of Q2. The negative
voltage on the gate of Q2 will increase the
reverse bias between the gate of Q2 and the
channel so that current flow through Q2 will
decrease. This means that the current through
R6 will also decrease so the voltage drop across
it will decrease. The voltage between the drain
of Q2 and ground will increase. Thus we have a
180° phase reversal on Q1 followed by another
180° phase reversal on Q2 so that the voltage at
the output of Q2 is in phase with the voltage at
the input.

When the signal at the input swings in the
negative direction, it will add to the reverse bias
between the channel of Q1 and the gate so the

Figure 4. An IC low-frequency amplifier.

current through Q1 will decrease. This will
cause the voltage between the drain of Q1 and
ground to increase. C3 must charge to this
higher voltage. To charge C3 at a higher voltage,
electrons will flow from ground through R4 and
into the negative plate while electrons will
leave the positive plate of C3 and flow through
R3 to the positive side of the power supply. The
electrons flowing through R4 will develop a
voltage so that the gate end is positive. This will
reduce the reverse bias between the gate and
channel of Q2 so the current flow through the
transistor will increase. The increased number
of electrons flowing through Q2 will result in a
greater voltage drop across R6 so the voltage
between the drain of Q2 and ground will de-
crease. Thus we have a negative-going signal at
the input producing a negative-going signal at
the output.

As in the preceding examples, the overall
gain of the two-stage amplifier is equal to the
product of the gain of the individual stages.
Once again, if each stage has a gain of 10, the
overall gain of the two-stage amplifier will be
100.

A Typical IC Amplifier

Integrated circuits are also used as low-
frequency voltage amplifiers. A typical circuit is
shown in Fig.4. This circuit is actually the input
circuit of one channel of a stereo tape player.
The input circuit for the other channel is con-
tained in the same IC.

The schematic diagram does not indicate
what circuit may be used inside the IC. This is
the only information you will get on the sche-
matic diagram. If you can find out who manu-
factured the IC, the chances are that you can
find out what circuitry is inside the IC. But as a
technician, this information probably won'’t be
of much help to you. You know that the IC
is supposed to take a weak signal applied
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between terminal 2 and ground and produce an
amplified signal between terminal 6 and
ground.

If you encounter a circuit of this type that
fails to work properly, the only thing you can do
is check the input signal at terminal 2 and the
output signal at terminal 6. If the output signal
is much stronger than the input signal, you
know that the IC is working. If you do not get
an amplified signal at terminal 6, you know
there is something wrong with the circuit. With
no amplified output signal, you should check
the voltage on terminal 14 to be sure that you
have 8 volts. If you do, make sure that the
external components used in the circuit are
good. If they are in good condition, the chances
are that the IC is defective, and the only thing
you can do is try a replacement.

You might not expect an amplifier such as
shown in Fig.4 to have a very high gain because
it shows only one block for the IC. However,
there is no way of telling what is inside the
integrated circuit. Usually there will be a num-
ber of stages connected in cascade so that the
amplifier normally has considerable gain. Most
often amplifiers of this type have a gain of 100
or more.

Operational Amplifiers

Operational amplifiers, which are usually
called op amps, are simply a combination of
some of the individual amplifier circuits you
have already studied. A typical op amp may
consist of a differential amplifier directly cou-
pled to an emitter follower, which in turn is
coupled to another differential amplifier that is
coupled to an emitter follower. In most cases,
the device that is used as an operational ampli-
fier has a very high gain, but this gain is
controlled by an external feedback network.

Figure 5 is a diagram of a differential amplifi-
er and an emitter follower. You have already

studied this circuit, but it is so widely used in
op amps we will review it.

Notice there is no forward bias shown across
the emitter-base junction of Q1 and Q2. This is
taken care of in the input circuit. You will
remember that there are two inputs to this type
of amplifier, one marked with a + symbol sign
and the other with a — sign. The input marked
with the + sign is called the noninverting input.
The reason for this is that the phase of the
signal coming out of the emitter follower will
be the same as the phase of the input signal. For
example, if the signal applied to the input of Q1
swings in a positive direction, this will cause
the emitter current through Q1 to increase. This
will increase the voltage drop across R1, swing-
ing the emitters of Q1 and Q2 in a positive
direction. This will reduce the forward bias
across the emitter-base junction of Q2 which in
turn will reduce the collector current of Q2. If
the collector current goes down, the voltage
drop across R2 will go down, so the collector of

@
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Figure 5. A differential amplifier and an emitter-follower
combination forming an operational amplifier.



Q2 will swing in a positive direction. This will
increase the forward bias across the emitter-
base junction of Q3, causing the current
through this transistor.to increase. This will
cause the voltage drop across R3 to increase,
and since current flows from ground to the
emitter, the emitter will become more positive.
Thus, a positive-going signal applied to the base
of Q1 will cause a positive-going signal at the
output.

If a positive-going signal is fed to the invert-
ing input, which is marked with a — sign, the
positive-going signal will be fed to the base of
Q2. This will increase the forward bias across
the emitter-base junction of Q2, so that the
collector current through the transistor will
increase. This will increase the voltage drop
across R2 so that the voltage between the
collector of Q2 and ground will decrease. This
will reduce the forward bias across the emitter-
base junction of Q3, causing the current to go
down. The drop in current will reduce the
voltage drop across R3 so that the output signal
will swing in a negative direction.

In summary, the signal fed into the noninvert-
ing input, which is marked with a + sign, will
cause a signal having the same phase to appear
in the output. A signal fed into the inverting
input, which is marked with a — sign, will cause
a signal 180° out of phase to appear in the
output.

The symbol for an op amp is shown in Fig.6.
Input 1, marked with a — sign, is the inverting
input and input 2, marked with a + sign, is the
noninverting input. The letter A stands for the
gain of the op amp. If we apply an input signal
to the amplifier, an output signal will be gener-
ated. The input signal will be amplified by an
amount equal to the gain A of the amplifier. If
the input signal is very small, it will appear
greatly enlarged at the output because of the
high gain.

If the input signal to an op amp is too high,
the amplifier output will be clipped. For exam-

ple, if we apply a 1 volt input signal to an op
amp with a gain of 10,000, our output would
theoretically be equal to the input multiplied by
the gain, or 10,000 volts. This cannot actually
happen. The output of any amplifier is limited
by the power supply voltages. Most op amps are
powered with both positive and negative volt-
ages. A typical op amp, for example, may use
power supplies of +12 and —12 volts. For this
reason, the output cannot swing any greater
than = 12 volts or no more than 24 volts peak-
to-peak for a sine wave.

Since the gain of an op amp is so high, it can
be used only with very low level signals. Anoth-
er problem with the op amp is that it is very
unstable and its gain may vary considerably
from one amplifier to another. One amplifier
may have a gain of 10,000, and the next one,
which is supposed to be identical, might have a
gain of 15,000. For many applications, this is a
disadvantage.

To overcome this problem we use negative
feedback with op amps by feeding some of the
output voltage from the amplifier back to the
inverting input through a resistor. As you
learned earlier, negative feedback reduces the
overall gain of an amplifier. At the same time, it
stabilizes the amplifier and improves its fre-
quency response.

Figure 7(A) is a diagram of a typical op amp
circuit. Here, the noninverting input to the
amplifier is grounded. This eliminates the dif-
ferential characteristics of the amplifier so we
can use it as a single-ended circuit. Negative

Figure 6. Operational amplifier symbol.
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feedback is provided by resistor R2 connected
between the output and the inverting input.
An input resistor, R1, is also connected to the
inverting input. The free end of R1 is the input
to the circuit. With this circuit, the gain of the
op amp is determined entirely by the ratio of
R2 to R1 rather than A. If this is difficult to see
at first, see Fig.7(B) for an explanation.

Figure 7(B) shows the current and voltages
in the op amp circuit. Current flowing through
Rl is designated 11, while current flowing
through the feedback resistor R2 is designated
I2. The current flowing in the input of the op
amp is designated I3. I3 is generally the base
current of a transistor. The input voltage to this
circuit is labeled El, and the input to the
amplifier is shown as E2. The output voltage is
E,.

Since the gain of the amplifier is A, we know
that the output voltage is equal to A times the
input voltage of the amplifier. We can write this:

E, = E2 X (-A)

We use a — sign because the input signal is
inverted. We can rearrange this formula to find
the input voltage of the amplifier:

E2 = —

To continue our explanation, you will re-
member from earlier lessons that the voltage
across any part is equal to the difference in the
voltages at the ends with respect to ground. For
example, if we measure 10 volts between one
end of the resistor and ground, and 4 volts
between the other end and ground, the voltage
across the resistor is 6 volts.

With this in mind, we can write the formula
for the voltage across R1 and R2. The voltage
across Rl is equal to E1 — E2. The voltage
across R2 is equal to E2 — E,. Knowing the
voltages across the resistance, we can write a

A)

(B)

Figure 7. (A) A standard op amp circuit. (B) Currents
and voltages in the op amp.

simple Ohm’s law expression for the current
through each resistance. For example, current
I1 through resistor Rl is equal to the voltage
across it, which is E1 — E2, divided by R1. The
current through R2 is equal to the voltage
across it, E2 — E, divided by R2.

In Fig.7(B), the current flowing in the amplifi-
er is I3. If we assume that the op amp is a
perfect amplifier and has an infinite impedance,
we can conclude that it will not draw current
from the input source and I3 = 0. In fact, I3 will
be so low that this is a valid assumption. The
entire input current I1 must flow through R2.
This means that I1 must be equal to 12. Now if:

I1=12



then,

El - E2 E2 - E,
RI  R2

Earlier we said that the input voltage E2 is
equal to the output voltage E, divided by the
gain, which is —A. The gain is so high that the
input voltage E2 is extremely small. It is so
small we can call it zero. If we assume a zero
value for E2, we can remove the E2 figure from
the formula. Thus,

El E,

R1 R2

From this we can find that the output voltage is
equal to the ratio of the feedback resistance R2
to the input resistance R1 multiplied by the
input to the circuit.

R2
E, = — — X EIl
© R1

The negative sign indicates inversion.

If you have any difficulty working with these
formulas, don't worry. You don’t have to go
through all the mathematics we have gone
through. We show it only for the benefit of
those who want to see why the gain of the op
amp depends entirely upon the ratio of R2 to
R1. All you need to do is remember this ratio.
The important thing to realize is that the op
amp is capable of a very high gain, and we can
control it so it will be stable by selecting the
correct values of the feedback resistor and the
input resistor.

While operational amplifiers can be made
using discrete components, the operational am-
plifiers you will encounter will be integrated
circuits. Not only is an IC op amp less expen-
sive than one using discrete components, but
the characteristics can be controlled better.

There is also less possibility of running into
some problem, such as feedback that could
cause the amplifier to be very unstable.

Figure 8 is a schematic diagram of one-half of
an IC that contains two operational amplifiers.
The other half consists of another operational
amplifier that is identical to the one shown. The
diodes D1 through D4 are used to help maintain
a constant input voltage to the input transistors,
Q1 and Q2. D5 and D6 are used to help maintain
a constant base voltage to the two constant-
current sources, Q3 and Q6. Notice that the
input to Q1 is the noninverting input, and the
input to Q2 is the inverting input. The output
from Ql connects directly to Q4 and the
output from Q2 connects directly to Q5. The
output from Q5 connects directly to the combi-
nation of Q7 and Q8, which form an emitter-
follower. This type of amplifier has considerable
gain and could be used as an amplifier in a
stereo system, as shown in Fig.4. The amplifier
we have shown will be used in one channel,
while the other identical amplifier in the IC is
used for the other channel.

Even though the gain of the two amplifiers
in one IC should be equal since they are all
formed at the same time, there might be
considerable difference in their gains. How-
ever, since the gain is going to be controlled
primarily by the ratio of the feedback resistor
to the input resistor, by using resistors with a
1% tolerance, you can have two op amps with
practically identical gain. For example, with a
1% tolerance one amplifier might have a gain of
100, and the other would have a gain of no less
than 99 or more than 101.

The op amp is a very flexible amplifier. Since
its gain can be readily controlled by external
resistance, it is a very useful amplifier. In
addition, it lends itself to low-cost mass produc-
tion in ICs so it is widely used in all types of
electronic equipment. The three-terminal volt-
age regulators you studied in a preceding les-
son use an op amp as the error amplifier.

13
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Courtesy Fairchild Semiconductor

Figure 8. Schematic diagram of one operational amplifier in a dual op amp IC.
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Self-Test Questions
Please check your answers on page 47.

1 In the amplifier shown in Fig.1, what is
the phase relationship between the
amplified output voltage and the input
voltage?

2 In the circuit shown in Fig.2, if the
input signal voltage swings in the posi-
tive direction, what will happen to the
collector voltage on Q1?

3 In the circuit shown in Fig.3, what is
the purpose of R5?

4 In the circuit shown in Fig4, if the
voltage applied to terminal 14 is nor-
mal, you have an input signal voltage
on terminal 2 and all other parts check
good, yet there is no output on termi-
nal 6, what should you do?

5 What is the meaning of the + and —
signs on the leads going to the base of
Q1 and Q2 in Fig.5?

6 What type of circuit is used in Q3 of
Fig.5?

7 In Fig.6, what does the letter A in the
center of the triangle indicate?

8 What determines the gain of the circuit
shown in Fig.7?

9 How many differential amplifiers are
there in the circuit shown in Fig.8?
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LOW-FREQUENCY POWER
AMPLIFIERS

After the weak audio signal has been ampli-
fied, it is fed to a power amplifier that develops
the power necessary to operate the loudspeak-
er. Power amplifiers can be divided into three
classes called Class A, Class B, and Class C.

In a Class A power amplifier, the transistor is
biased on the midpoint of its characteristic
curve. Current flows through the transistor
during the entire cycle. We say that current
flows for 360°. Class A power amplifiers can be
used both as low-frequency power amplifiers
and radio frequency power amplifiers.

Class B power amplifiers are biased at cut-
off. Current flows through a Class B power
amplifier only when it is driven into conduc-
tion by the incoming signal. Current flows
for approximately one half-cycle or for 180°.
Class B power amplifiers can be used both as
low-frequency power amplifiers and radio
frequency power amplifiers. However, when a
Class B power amplifier is used as a low-
frequency power amplifier, two transistors
will always be used, one to amplify each half
of the cycle. We call this arrangement a push-
pull amplifier.

A Class C power amplifier is an amplifier that
is biased beyond cutoff so that current flows
through it for less than one half-cycle. Class C
power amplifiers cannot be used as low-
frequency power amplifiers. Their use is re-
stricted to radio frequency power amplifiers. In
a Class C rf power amplifier, current will flow
through the transistor for about 120°.

Low-frequency power amplifiers using a sin-
gle transistor are always Class A power amplifi-
ers. They are called single-ended power
amplifiers. A low-frequency power amplifier
using two transistors may be either a Class A
power amplifier or a Class B power amplifier.
In both cases they are called push-pull amplifi-

ers. Let’s look at single-ended amplifiers first,
then we’ll look at push-pull amplifiers.

Single-Ended Power Amplifiers

A single-ended power amplifier is shown in
Fig9. This amplifier is a Class A amplifier. A
Class A amplifier is biased at the midpoint of its
characteristic curve. This means that the for-
ward bias across the emitter-base junction is
adjusted so that the current flowing through the
transistor is halfway between zero current and
maximum current.

The transistor used in the circuit of Fig.9 is
an npn transistor. Forward bias for the emitter-
base junction is provided by R1 and R2. Current
flowing from ground through R1 will develop a
voltage across the resistor having the polarity
so that the end connected to the base will be
positive. Current flowing through R3 will also
develop a voltage across this resistor so that
the emitter is positive with respect to ground.
However, the values of R1 and R2 are adjusted
so the base is more positive than the emitter.
Thus, the base current will be equal to the
current needed to cause the collector current to
be about halfway between zero and saturation.

When the incoming signal swings in a posi-
tive direction, the base current will increase,
causing the collector current to increase. An
equal swing in the input signal in a negative
direction will cause an equal decrease in base
current and hence an equal decrease in collec-
tor current. As a result, the average current
through the transistor does not change.

The varying collector current flows through
the primary winding of T1, which is called an
output transformer. The output transformer is
a step-down transformer and is used to match
the comparatively high output impedance of
the transistor to the low impedance of the
speaker voice coil. A step-down transformer
will produce a step-up in the current so that a



Figure 9. Schematic diagram of single-ended Class A amplifier using an npn transistor.

relatively high current flows through the sec-
ondary winding of the output transformer and
through the speaker voice coil. This will cause
the speaker voice coil and the speaker cone to
vibrate in and out generating sound.

Capacitor C2 is a large capacitor and there-
fore has a low reactance. As far as the input
signal is concerned, the emitter is connected
directly to ground. Resistor R3, connected be-
tween the emitter of a transistor and ground, is
used to prevent thermal runaway.

Capacitor C3, connected between the collec-
tor of the transistor and ground, is needed to
prevent parasitic oscillations. These are un-
wanted high-voltage signals that might develop
between the collector of the transistor and
ground. These signals can have a high enough
amplitude to arc through the transistor and
destroy it. Capacitors C1 and C2 are relatively
large capacity capacitors that offer little or no
reactance at the frequencies to be amplified. C3

is a much smaller capacitor that has a high
reactance at the frequencies to be amplified,
but a low reactance at the frequency of the
parasitic oscillations that might occur.

Figure 10 shows a single-ended Class A
power amplifier using a pnp transistor. In this
circuit the forward bias across the emitter-
base junction is set by R1 and R2. When the
transistor is operating, electrons are pulled
from the emitter and flow through R3. The
voltage drop across R3 will have a polarity
such that the end connected to the emitter is
negative (less positive) with respect to its
lower end. Current flowing through R1 and R2
will develop a voltage across R2 so that the
base end is more negative (even less positive)
than the voltage on the emitter. To forward
bias a pnp transistor, the base must be
negative with respect to the emitter.

The holes flowing through the transistor will
reach the collector, where they will be filled by
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Figure 10. Schematic diagram of single-ended Class A amplifier using a pnp transistor.

electrons flowing from the negative side of the
supply through the primary winding of the
output transformer to the collector.

In this circuit a positive increase in the input
signal voltage will cause a reduction in the
number of holes flowing through the transistor.
An equal "amplitude negative input voltage
swing will cause an equal increase in the num-
ber of holes flowing through the transistor.

The varying number of holes reaching the
collector due to changes in the input signal will
cause the number of electrons flowing through
the primary winding of the output transformer
to vary. In twrn, this will induce a varying
current in the secondary which is in series with
the speaker voice coil.

Figure 11 is a simplified sketch showing how
the loudspeaker is made. The speaker is made
with a permanent magnet usually made of a
material called alnico. This is an alloy made of
aluminum, nickel, and cobalt that produces a
very strong magnet.

The speaker movement consists of a voice
coil form on which is wound a voice coil. This is
simply a coil consisting of a relatively few
number of turns. The voice coil form fits into a
slot in the permanent magnet. The leads from

the voice coil are cemented to this paper speak-
er cone. Additional flexible leads are connected
to them and they are brought out so they can be
connected to the secondary winding of the
output transformer.

The secondary winding of the output trans-
former is connected in series with the voice
coil. The varying current in the secondary of the
output transformer causes a varying current to

VOICE COIL
LEADS

VOICE COIL
FORM

SPEAKER
CONE

PERMANENT
MAGNET

Figure 11. A sketch of a permanent magnet speaker.



flow through the voice coil. Remember that the
output transformer is a step-down transformer,
so the varying current will be much greater
than the varying current in the primary winding
of the transformer. The varying current flowing
through the voice coil produces a magnetic
field which alternately adds to and opposes the
field from the magnet. This causes the voice
coil form, and hence the speaker cone, to move
in and out at an audio rate. The speaker cone
sets the air around it into vibration to produce
the sound.

Some speakers are much more elaborate
than the simple one shown in Fig.11, but all
permanent magnet speakers operate on the
basic principle described.

Single-ended, Class A power amplifiers are
used in table-model receivers and in most TV
receivers. They are used in table-model receiv-
ers to keep the cost down. They are used in TV
receivers because most people are interested in
the quality of the picture rather than the quality
of the sound. Since they are less expensive than
push-pull amplifiers, you will find them even in
expensive color TV receivers. Push-pull amplifi-
ers, however, can produce a higher output, and
in some cases, such as in portable receivers, are
an advantage because they can be designed to
consume less power.

Push-Pull Amplifiers

The push-pull output stage got its name in the
early days of radio. In this circuit, two tubes are
used so when the current through one in-
creases, the current through the other de-
creases. The increasing magnetic field,
produced in one half of the output transformer,
is aided by the decreasing magnetic field pro-
duced in the other. Thus, you have the effect of
one stage pushing and the other pulling.

A push-pull stage using npn transistors is
shown in Fig.12. In this circuit, forward bias on

the transistors is set so they are operating at
approximately midway between zero current
and saturation. When the input signal causes
the base of Q1 to swing in a positive direction
and the base of Q2 to swing in a negative
direction, the collector current in Q1 will in-
crease while the collector current from Q2 will
decrease. This will cause the current through
the upper half of the primary winding of T2 to
increase and the current through the lower half
to decrease. These two changes cause changes
in the magnetic field produced by the primary
winding of T2, which induces a voltage in the
secondary of T2, which in turn causes a high
current to flow through it and through the
speaker voice coil.

Notice that the resistor R2 in the emitter
circuit of Q1 and Q2 is not bypassed. In single-
ended amplifiers this resistor must be by-
passed. Otherwise, the varying current through
the resistor will produce a varying voltage at
the emitter, which will be in phase with the
signal voltage applied to the base. This will tend
to reduce the net base-to-emitter signal voltage,
and hence, the gain of the stage. However in
this circuit, as the current through Ql in-
creases, the current through Q2 decreases an
equal amount so that the current through R2
remains constant. Therefore, there is no signal
voltage produced across the resistor.

The circuit shown in Fig.12 is a Class A push-
pull amplifier. Class A push-pull amplifiers are
widely used because they produce little distor-
tion. Distortion is any change that occurs in a
signal that is amplified. For example, suppose
a musical instrument is producing a note as a
pure sine wave having a frequency of 300 Hz. If
the signal is picked up by a microphone, fed to
an amplifier, and the signal shape is changed in
the output, we have distortion.

Distortion is also present if any additional
signals are added in the amplifier. One of the
characteristics of amplifier stages is that they
tend to generate harmonics. Harmonics are
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Figure 12. Class A push-pull npn transistors.

signals with frequencies that are multiples of
the original signal frequency. In other words,
when the 300 Hz signal is amplified, a 600 Hz
signal may be produced. Since this signal is
twice the frequency of the original signal, we
call it the second harmonic. In addition, a 900
Hz signal might be produced. This is called the
third harmonic because 900 Hz is three times
the 300 Hz signal.

An amplifier stage can produce many har-
monics but fortunately the second is usually the
strongest, the third weaker, the fourth still
weaker and so on. One of the characteristics of
push-pull amplifiers is that they cancel any
even order harmonics produced in the stage.
Therefore, in a push-pull amplifier there is no
second, fourth, sixth, etc., harmonic distortion.
The most important thing is canceling the sec-

ond harmonic distortion, since this usually has
a much higher amplitude than the higher order
distortion.

A push-pull Class A power amplifier has the
disadvantage that even with no signal present,
it consumes considerable power. As a matter of
fact, in a radio receiver using a Class A push-
pull power amplifier, the push-pull output stage
will consume far more than half the power used
by the entire receiver. This is not a serious
problem in equipment operated from the power
line because the power lost in the stage with no
signal present, is generally never more than 20
or 25 watts. However, in a portable receiver,
this can be a serious consideration. The high
zero signal current consumed by the power
output stage is wasted, and this will tend to run
the batteries down. We can overcome this



problem by using a Class B push-pull amplifier.
In the Class B circuit, the transistors are biased
essentially at cutoff so that with no signal input,
there is very little current through the transis-
tors in the output stage.

A schematic diagram of a Class B, push-pull
power amplifier using pnp transistors is shown
in Fig.13. The circuit is not too different from
the one shown in Fig.12, except there is little or
no forward bias applied to the transistors. Thus,
with zero signal input, there will be very little
current consumed. However when the signal
arrives and drives the base of Q1 positive and
the base of Q2 negative, the number of holes
flowing through Q2 will increase whereas the
number flowing through Q1 will drop to zero.
This will mean that current flowing from

ground through one-half of the winding of the
output transformer to the collector of Q2 will
increase, while the current flowing from ground
through the other half of the primary winding of
the output transformer will drop to zero. This
changing current will set up a changing magnet-
ic field, which will induce a voltage in the
secondary of the output transformer, causing a
varying current in the speaker voice coil.

Eliminating the Output Transformer

The output transformer used in a push-pull
amplifier usually limits the frequency response of
the amplifier. The transformer causes the output
to drop off both at low and high frequencies.

Figure 13. Class B push-pull pnp transistors.
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Figure 14. A complementary symmetry push-pull amplifier.

Transformers can be built that have a reasonably
good frequency response, but these transformers
are expensive. Figure 14 shows a circuit that
eliminates both the input and output transform-
ers in a push-pull stage. This circuit uses a pnp
and an npn transistor, and is called a comple-
mentary symmetry push-pull amplifier. To
make this circuit work, you need an npn transis-
tor and a pnp transistor that have essentially
identical characteristics. Let’s see how this cir-
cuit works.

First, notice that there is no negative connec-
tion from the power supply shown. This con-
nection is simply omitted to simplify the
diagram. When the diagram is drawn this way,
you know that the negative connection from
the power supply is to ground. Also, notice that
at the input, we’ve shown only one input termi-
nal. You know that the input signal is applied
between this terminal and ground. Again, the
second input is omitted for simplicity.

The stage preceding this push-pull output
stage is a pnp driver stage. It is direct-coupled
to the push-pull amplifier. Electrons flow from
the negative side of the supply to ground,
through the speaker, through the 270 ohm
resistor R3, and through diode D1 and resistor
R1, to the collector of the driver stage, where
they fill holes arriving at the collector. This
current flow through the speaker and through
R3 develops the forward bias needed across the
emitter-base junction of Q2. Notice that Q2 is a
pnp transistor, so its base must be negative
with respect to the emitter. The emitter con-
nects through R2 to the emitter of Q1, which is
an npn transistor. The collector of Q1 is in turn
connected to the plus side of the power supply.

The emitter of Q2 will be positive with re-
spect to ground. The base will also be positive
with respect to ground but it will be less
positive than the emitter, so we’ll have a for-
ward bias across the emitter-base junction. The



diode D1 and R1 are in the circuit to ensure that
the base of Q1 will be positive with respect to
its emitter in order to forward bias the emitter-
base junction of this transistor.

With zero signal, since both transistors
are forward biased, electrons will flow from
ground to the collector of Q2 where they will
fill holes arriving at the collector terminal.
Meanwhile, electrons will be leaving the
emitter of Q2 creating the holes that flow
through the transistor. The electrons leaving
the emitter flow through R2 to the emitter of
Q1. Since Q1 is an npn transistor, the elec-
trons flow through it to the collector and to
the positive side of the supply.

This current flow will develop a voltage so
that the emitter of Q1 is positive. Electrons will
flow through the speaker into the plate of C1
marked with a — sign and out of the positive
plate to charge C1 to the voltage between the
emitter of Q1 and ground.

When the input signal swings in a positive
direction, the current flow from ground through
the speaker, through R3 and D1, and through
R1, will increase. This will swing the base of Q2
in a positive direction, reducing the forward
bias across the emitter-base junction of the
transistor. Therefore, the number of holes flow-
ing through the transistor will decrease, which
means the number of electrons leaving the
emitter of Q2 will decrease. At the same time,
the base of Q1 will swing in a positive direction,
increasing the forward bias across the emitter-
base junction of this transistor. Therefore, the
current through Q1 must increase. This will
cause electrons to flow from ground through
the speaker and into the negative plate of Cl,
and out of the positive plate to Q1. This in-
crease in current through the speaker produces
a magnetic field in the speaker voice coil.

When the input signal swings in the negative
direction, the current flow from ground through
the speaker, R3, D1, and R1 will decrease. This
will decrease the voltage drop across R3 so that

the base of Q2 will become less positive. This
will increase the forward bias across the emitter-
base junction of Q2. At the same time, the
reduced current flow will reduce the positive
voltage at the base of Ql, reducing the forward
bias across the emitter-base junction of this
transistor, causing the number of electrons
flowing through it to decrease. Here, we have
the opposite situation to what we had before in
that we have the electron current through Q1
decreasing, but the hole current through Q2
increasing.

The increased number of holes flowing
through Q2 will result in more electrons flow-
ing from ground to the collector of Q2 and
additional electrons flowing out of the emitter
of Q2. Since the current of Q1 has dropped,
these electrons will flow through R2 and into
the positive plate of C1, and will begin to
discharge this capacitor. Electrons will then
flow out of the negative plate of C1 and through
the speaker voice coil in the opposite direction.
This change in the direction of current flow
through the speaker will set up a magnetic field
around the speaker voice coil that has the
opposite polarity. This changing magnetic field
will cause the speaker voice coil to move in and
out and will set the air in front and back of the
speaker in motion. It is this motion of air
columns that produce sound.

Inverse Feedback

We have already briefly mentioned inverse
feedback. It is negative feedback that reduces
the output. It also reduces distortion and im-
proves the frequency response of an amplifier.

Negative feedback can be applied to the
single-ended Class A power amplifiers shown in
Figs.9 and 10 by omitting C2. C2 is the emitter
bypass in the circuit.

In the circuit in Fig.9, if the input signal
swings the base of Q1 in a positive direction,
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it will increase the forward bias across the
emitter-base junction of the npn transistor. This
will cause the number of electrons flowing
through the transistor and through R3 to in-
crease. This will increase the voltage drop
across R3, driving the emitter end in a positive
direction, which will tend to reduce the forward
bias across the emitter-base junction. This will
tend to reduce the net effect of signal voltage
between the base and the emitter and reduce
the gain of the stage.

In the circuit in Fig.10, if the input signal of
Q1 swings in a negative direction, it will in-
crease the forward bias across the emitter-base
Jjunction of the pnp transistor. This will cause
the number of holes that are crossing the
emitter-base junction to increase, which will
cause the electrons leaving the emitter and
flowing through R3 to the positive side of the
power supply to increase. This will increase the
voltage drop across R3, driving the emitter end

in a negative direction, which will tend to
reduce the forward bias across the emitter-base
junction.

In both cases, this negative, or degenerative,
feedback tends to reduce the gain of the stage.
If either stage amplifies some particular fre-
quency in the band more than it does another
frequency, this feedback will be greatest at this
frequency or band of frequencies. Therefore,
the gain will be reduced most for these frequen-
cies. This will tend to keep the overall gain of
the amplifier constant over a wider frequency
range.

A more elaborate feedback system where the
signal is fed back three stages is shown in
Fig.15. In this system, if the base of Q2 (an npn
transistor) is driven positive by the signal, the
feedback signal drives the emitter positive,
reducing the net effect of change in emitter-
base forward bias. Similarly, when the base of
Q2 swings negative, the feedback signal drives

Flgure 15. A three-stage negative feedback system.



the emitter negative, which again reduces the
effect of change in the emitter-base bias. Let’s
trace the signal through the amplifier.

If the incoming signal swings the base of Q1
negative, current through Q1 will decrease so
the voltage drop across the 6.8k load resistor
will decrease. This causes the collector of Q1
and the base of Q2 to swing in a positive
direction. When the base of Q2 swings positive,
it will increase the forward bias across the
emitter-base junction of the transistor so the
current through Q2 will increase. This will
cause the voltage drop across the 1k collector
resistor to increase so that the collector of Q2
will swing in a negative direction. Since Q3 is a
pnp transistor, the increased voltage drop
across the 1k resistor will increase the forward
bias across the emitter-base junction of Q3.
This will cause the collector current to in-
crease. The collector current for this transistor
flows from ground through the speaker,
through the 100 ohm resistor, through the diode
D1, and through the 10 ohm resistor to the
collector, where the electrons fill holes arriving
at the collector. This increased current flow
will drive the base of Q4, which is an npn
transistor, in a positive direction. This will
cause the current flow through this transistor
to increase so that the current will flow through
the speaker, into the 1000 pF capacitor,
through the 0.47 resistor, and through the tran-
sistor. This causes the voltage across the capac-
itor to increase so that a positive signal is fed
through the 2.2k resistor and back to the emit-
ter of Q2. This will reduce the effect of the
positive-going signal on the base of Q2.

When the input signal drives the base of Q1
positive, it will cause the current through this
transistor to increase so the voltage drop
across the 6.8k collector resistor will increase,
swinging the collector of Q1 and the base of Q2
in a negative direction. This will cause the
current flow through Q2 to decrease so that the
voltage drop across the 1k resistor in the collec-

tor circuit decreases, which in turn decreases
the forward bias across the emitter-base junc-
tion of the pnp transistor Q3. This causes the
current through it to decrease, so that the
current through the speaker, the 100 ohm resis-
tor, D1, and the 10 ohm resistor decreases. This
will increase the forward bias across the emit-
ter-base junction of Q5 and reduce the forward
bias across the emitter-base junction of Q4, so
that the current through Q4 will go down but
the current flow through Q5 goes up. This will
cause the electrons that are leaving the emitter
of Q5 to flow into the 1000 wF capacitor to
reduce the charge on the capacitor. In other
words, the voltage swings in the negative
direction. This voltage is fed through the
2.2k resistor, back to the emitter of Q2. This
will reduce the effect of the negative voltage
applied to the base of Q2 by attempting to
increase the forward bias across the emitter-
base junction of the transistor. Overall feed-
back of this type tends to flatten out the
frequency response of the amplifier.

Another feedback circuit is shown in Fig.16.
Notice that in this circuit we have no output
transformer but we do have an input transform-
er. Also notice that all three transistors are pnp
transistors.

We are not going through all of the details of
this circuit, but briefly with no input signal, the
transistors Q2 and Q3 are biased so that the
current flow through them is equal. Therefore,
electrons will enter the negative terminal, and
flow to the collector of Q2 where they will fill
holes arriving there. Electrons will leave the
emitter of Q2, flow through R9 and over to the
collector of Q3 where they will fill holes arriv-
ing there. Electrons will leave the emitter of Q3
and flow through R10 to the positive side of the
power supply. With zero signal applied, there
will be no current flow through the speaker and
the collector of Q3 will be at ground potential.

The windings of T1 are phased so that with a
positive input to Q1, we’ll get a negative signal
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Figure 16. Three transistor amplifiers where there is no output transformer.

on the base of Q2 and a positive signal on the
base of Q3. Current through Q2 will increase;
current through Q3 will decrease. Electrons
will leave the negative terminal of the power
supply to fill holes arriving at the collector of
Q2. Some of the electrons leaving the emitter of
Q2 will flow through R9 to the collector of Q3,
but most will flow through the speaker, making
terminal A of the speaker negative. This nega-
tive voltage is fed through C3 and C2 and R4 in
parallel, back to the base of Q1 where it tends
to reduce the input signal.

When the base of Q1 swings in the negative
direction, the base of Q2 will swing in a positive
direction and the base of Q3 in the negative

direction. The number of holes flowing through
Q3 will be greater than the number of holes
flowing through Q2. Electrons will leave the
negative terminal supply to fill holes arriving at
the collector of Q2. Electrons will leave the
emitter of Q2 and flow through R9 to the
collector of Q3 to fill holes arriving there.
However, there will not be enough electrons
leaving the emitter of Q2 to fill all the holes
arriving at the collector of Q3 so electrons flow
from ground through the speaker to terminal A
and then to the collector of Q3. This will make
terminal A of the speaker positive. This voltage
is fed back to the base of Q1 to reduce the
negative voltage fed to the base of Q1.



Feedback of this type from the output back
to Q1 tends to make up for any lack of flat
frequency response in T1. Sometimes trans-
formers have a peak where a certain signal
frequency will receive considerably more am-
plification than other signals. If this happens,
the output signal will increase, resulting in
increased feedback to Ql, which will tend to
flatten out the frequency response. Transform-
ers also have a tendency of falling off at low
frequencies. They just don’t work as well. When
this happens, the feedback signal will decrease,
and once again will tend to improve the fre-
quency response of the amplifier.

IC Amplifiers

When ICs were first used in audio systems,
they were used as voltage amplifiers and the
output of the IC was then fed to a power
amplifier. Now, ICs are available that contain

the entire audio system including the power
amplifier. The one shown in Fig.17 is an exam-
ple of such an IC.

This circuit is taken from an automobile
receiver. In automobile receivers, compact size
is very important. This particular receiver is a
stereo receiver, which means there has to be
two audio amplifiers. Therefore, any simplifica-
tion that can be made in the amplifier helps to
keep the receiver as small as possible.

In the circuit shown, the signal is taken from
the volume control and fed through a 3.3 pF
capacitor to terminal 9, which is the input to the
integrated circuit. The output is taken off termi-
nal 14 and fed through a 1500 uF capacitor to
the speaker. The diagram shows all connec-
tions to the integrated circuits, but the manu-
facturer’s service information does not show
what is in it. As a technician, you will run into
circuits of this type. If the amplifier fails to
work, all you can do is check for the input

Figure 17. IC voltage amplifier and power amplifier.
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signal to terminal 9. If it is normal, then check
the components associated with the integrated
circuit. If they are all good, you have to assume
that the integrated circuit is defective and re-
place it.

In this particular integrated circuit, there are
two differential amplifiers used as voltage am-

plifiers, and the output from the last one is fed
to a power amplifier made up of an npn and a
pnp transistor connected as shown in Fig.14. All
of this circuiftry is inside the IC. If anything goes
wrong with one of the components or transis-
tors inside the IC, there is nothing you can do
except replace the entire unit.

Self-Test Questions

10 In Figs.9 and 10, is T1 a step-up or a
step-down transformer?

11 Is the signal current in the secondary
of T1 in Fig.9 greater or less than the
primary signal current?

12 When a signal is applied to Q1 and Q2
in the circuit shown in Fig.12, what
happens to the current through R2?

13 What is the advantage of using a
Class B push-pull power amplifier
such as shown in Fig.13 in a portable
transistor receiver?

14 What are two advantages of elimi-
nating the input and output audio
transformers shown in Fig.13?

15 In Fig.14, if the input signal causes
the current through Q1 to increase
and the current through Q2 to de-
crease, where does the extra current
required by Q1 come from?

16 In Fig.15, if the input signal causes
the cuwrrent through Q5 to increase,
what is the polarity of the feedback
signal back to the emitter of Q2?

17 If you have normal input to an IC
amplifier such as shown in Fig.17, all
operating voltages are normal, and
the parts are good, but there is no
output from the speaker, what should
you do?




RADIO FREQUENCY
AMPLIFIERS

Radio frequency amplifiers are generally re-
ferred to as rf amplifiers. RF amplifiers can be
divided into two types: voltage amplifiers and
power amplifiers. The rf amplifiers in radio and
television receivers will all be voltage amplifi-
ers, whereas the rf amplifiers found in radio
and TV transmitters will be power amplifiers.

In the amplifiers that you studied in the
preceding sections, we found that we had a
load in the output circuit of each stage. The
load was in the collector circuit of the amplifi-
ers using transistors and in the drain circuit of
the amplifiers using FETs. In the case of voltage
amplifiers, the load is usually a resistor, where-
as in the case of power amplifiers, the load is
usually either the output transformer or the
speaker. You will find a load in the output

circuit of rf amplifiers, but in this case, the load
is usually a resonant circuit. Most often, the
resonant circuit will be a parallel-resonant cir-
cuit,

Four basic loads that you might run into in rf
amplifiers are shown in Fig.18. In the one
shown at (A), the load is a parallel-resonant
circuit made up of L1 and C1. L1 is inductively
coupled to L2 in order to feed the signal to the
next stage.

In the circuit shown at (B), the load is L1. In
this case it is not a resonant circuit but an
inductance. However, L1 is inductively coupled
to L2, which along with C1 makes up a resonant
circuit.

In the circuit shown in Fig.18(C), we have
two resonant circuits. L1 and C1 will be in the
output circuit of the rf amplifier, and they form
a parallel-resonant circuit. L1 is inductively
coupled to L2 so that voltage is induced in
series with each turn of L2. Since the voltage is

Figure 18. Four basic loads that might be found in rf amplifiers.
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induced in series with the various turns of the
coil, L2 and C2 form a series-resonant circuit.
At first glance, you might think the circuit is a
parallel-resonant circuit because it looks like
the circuit made up of L1 and Cl. Remember
that the determining factor, whether the circuit
is series-resonant or parallel-resonant, is how
the voltage is applied to the circuit. The voltage
is applied in parallel across L1 and Cl1, but it is
induced in series with the turns of L2, which
makes the circuit L2-C2 a series-resonant cir-
cuit,

In the circuit in Fig.18(D), we have a parallel-
resonant circuit made up of Cl1 and L1 as the
load. The parallel-resonant circuit will act as a
high resistance so that considerable signal volt-
age will be developed across it. This voltage is
coupled through C2 to the following stage. You
will run into all four types of loads shown in
Fig.18 in rf amplifiers and related circuits.

Some rf amplifiers are designed to operate
over a band of frequencies. For example, the rf

amplifier in the input of a radio receiver must
be able to amplify signals over the entire AM
broadcast band from 550 kHz to 1600 kHz. As
you tune the radio across the band, the rf
amplifier is tuned to operate at the frequency of
the broadcast stations you wish to receive.
Some rf amplifiers, on the other hand, are
designed to operate at only one frequency.
Before studying rf amplifiers in detail, let’s
learn a little more about resonant circuits.

Resonant Circuits

When we say a circuit is resonant, we mean
that the inductive reactance in the circuit is
exactly equal to and canceled by the capacitive
reactance in the circuit. In the case of a parallel-
resonant circuit, the tank current will be at a
maximum but the circuit itself will act like a
high resistance. As a result, the current supplied

Figure 19. A response curve showing the two 70.7% points. The bandwidth extends 20 kHz on each side of the

resonant frequency.
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Figure 20. The response curves at (C) show the effect of loading a parallel resonant circuit as at (B).

to the resonant circuit by a generator connected
across it will be at a minimum.

In the case of a series-resonant circuit, the
resistance of the circuit will be at a minimum so
that the current flow through it will be at a
maximum. Current flow in a resonant circuit
does not drop to zero immediately above and
below the resonant point, but rather declines
slowly as shown in Fig.19. Here we have a
circuit that is resonant at 1000 kHz. Below the
resonant point, the current drops off until at 900
kHz it is almost zero. Above resonance, it also
drops off so that at 1100 kHz it is almost zero.
Since a resonant circuit responds to a band of
frequencies around the resonant point, we say
that this circuit has a bandwidth. Engineers
have arbitrarily fixed the bandwidth of the
circuit as the point where the voltage and
current drop to 70.7% of the value at resonance.
This is called the half-power point. In the
response curve shown in Fig.19, the half-power
points are 980 kHz and 1020 kHz. The band-
width of the circuit on each side of resonance is
20 kHz, so the total bandwidth of the circuit is
40 kHz.

You might wonder how this gets the name
half-power point. At resonance, the power is
equal to E X 1. At the 70.7% point the power is
equal to:

P =0707E X 0.707 I

since,

0.707 X 0.707 = 0.5
then

P=0.707 X 0.707 X E X I
=05 XEXI=05X%XP

where P is the power at resonance.

We can change the bandwidth of a resonant
circuit by loading the circuit. This is usually
done by connecting a resistor across the circuit.
In Fig.20(A), we have shown a resonant circuit
and curve 1 of Fig.20(C) represents the re-
sponse curve of the circuit. In Fig.20(B), we’ve
shown the same resonant circuit with a resistor
connected across it and curve 2 of Fig.20(C)
shows the response curve of the circuit with
the resistor in parallel with it. The resistor
lowers the peak of the response curve, and
broadens the band of frequencies over which
the response will be at least 70.7% of that at
resonance.

In some applications, we may want a sharp
response and a narrow bandwidth. In most
communications receivers, we need a sharp,
narrow response curve in order to separate
stations operating close together. However, in
TV, the response curves must be designed to
pass a band of frequencies several MHz wide.

The coupling between resonant circuits will
affect the response of the circuit. For example,
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in Fig.21 we have shown two resonant circuits.
The resonant circuit made up of C1 and L1 is a
parallel-resonant circuit. However, L2 and C2
form a series-resonant circuit, since L2 is induc-
tively coupled to L1 so that the voltage is
induced in series with the turns of the coil. The
voltage is induced in L2 by placing it near L1 so
that the magnetic lines of force set up around
L1 cut the turns of L2. If L2 is some distance
from L1, so that only some of the magnetic lines
of force set up by L1 cut L2, we say that the
circuits are undercoupled or loosely coupled.
This will produce a response curve in the
output like the one shown in Fig.22(A). If we
bring L2 closer to L1, so that eventually we
reach a point that all of the flux from L1 is
cutting the turns of L2, we get a response curve
like the one shown in Fig.22(B). We call this
point critical coupling. At critical coupling, all
the lines of flux produced by L1 are cutting L2.

If we bring the coils still closer together, we
reach a point that is called overcoupled. By this
we mean that the coupling is tighter than
critical coupling and we’ll get the double hump
response curve shown in Fig.22(C). It is readily
apparent that the bandwidth of the curve at (C)
is wider than the bandwidth of the curve at (B).

Figure 21. A schematic diagram of a double-tuned rf
transformer.

If we want a still wider bandwidth, we can
push the coils still closer together and then
adjust one resonant circuit until it is resonant
slightly below the original resonant point, and
adjust the other resonant circuit so that it is
resonant slightly above the original resonant
point. This will give us a response curve like the
one shown in Fig.22(D).

In Fig.22(E), we have superimposed the four
response curves so you can see what they look
like in relation to each other. Notice that curve
1 is quite sharp, but its amplitude is less than
curve 2. There are applications where it is
worthwhile to take this drop in output to get a
sharp response curve.

Normally the coils will be adjusted at least to
critical coupling as shown by curve 2, and in
several cases overcoupled as in curve 3. As an
example, the response curve 2 might be ade-
quate for AM broadcasting, but overcoupled
coils like that shown at 3 might be required for
FM because the FM signal requires a wider
bandwidth than an AM signal.

In TV applications where an even wider
bandwidth is needed, overcoupling and detun-
ing the two circuits is used to get the wide
bandwidth that is needed. Even though this
results in a lower output as shown by curve
4 in Fig.22(E), we must resort to this tech-
nique in order to amplify all of the frequencies
in the TV signal. We then make up for the
drop in output by using additional amplifier
stages.

As a technician, you will not have to be
concerned about the coupling between coils in
resonant circuits. The engineers that designed
the set will take care of this in the design.
However, if you have to replace an rf transform-
er such as the one shown in Fig2l, it is
important that you get either an exact duplicate
replacement or a replacement that has the
same characteristics as the original transform-
er. Otherwise, you'll change the bandwidth and
gain of the amplifier.



Figure 22. (A) An example of undercoupling, (B) critical coupling, (C) and (D) overcoupling, and (E) a superimposi-
tion of the curves.

Transistor RF Amplifiers

A typical rf amplifier that might be found in a
radio receiver is shown in Fig.23. The circuit
uses an npn transistor in a common-emitter
circuit.

L1 is a coil wound on a ferrite rod. A ferrite
rod is a rod made of a powdered iron-type
material held together by a suitable binder. L2

is wound on the same rod and is inductively
coupled to L1. This particular part is called a
loopstick. In the first radios built with an inside
antenna, the coil in the input to the rf amplifier
stage was wound in the form of a loop. The
passing signal from the broadcast station cut
the turns of the loop and induced a voltage in
each turn. This voltage was then fed to the rf
amplifier. The antenna was called a loop antenna.
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Figure 23. A transistor rf ampilifier.

The ferrite rod with the two coils wound on it
replaced the loop antenna. Since this device
looked like a stick and replaced the loop, the
name loopstick came into use.

In the loopstick, the passing radio signals
induced a voltage in the turns of L1. L1 is tuned
to resonance by C1 so that the voltage induced
at the resonant frequency will cause a much
higher current to flow in the resonant circuit
than other frequencies. This in turn will mean
that maximum signal voltage at the resonant
frequency will be induced into L2.

L2 is inductively coupled to L1. L2 has fewer
turns than L1 so there will be a current step-up,
meaning that the current flowing in L2 will be
higher than the current flowing in L1. This
serves two useful purposes, it provides a higher
current for the emitter-base circuit of the tran-
sistor Q1, and it prevents the transistor from

loading the resonant circuit. If current through
QI did load the resonant circuit excessively, it
would lower the Q, broadening the circuit’s
response curve and reducing the selectivity.

The signal induced in L2 is applied to the
base of the transistor and to the emitter
through C2. C2 is selected to have a low react-
ance at the signal frequency. The varying emitter-
base current produced by the signal produces a
high signal collector current, which is fed to the
parallel-resonant circuit consisting of L3 and
C5.

Notice that the collector voltage is applied to
a tap on L3 through R4. C6 is connected be-
tween the tap and ground which holds the tap
at signal ground potential. There will be a small
voltage induced in the lower half of the coil
which will be 180° out of phase with the signal
voltage at the collector. This voltage is fed



through C4 and back to the base. This is a
neutralizing voltage and C4 is called a neutraliz-
ing capacitor.

We feed this signal back through C4 to
prevent QI from oscillating. When a transistor
oscillates, it begins generating a signal of its
own. Q1 will oscillate because there is a high
signal voltage developed across L3 between
the collector and ground. There is a certain
capacitance between the collector and base of
the transistor. Some of this signal will be fed
back into the base. The signal will be strong
enough to develop a signal of its own. Thus, the
signal fed from the collector to the base causes
the base-emitter circuit to generate a signal,
which in turn is fed to the collector and from
the collector back to the base. Thus, the stage
begins to oscillate and produces its own signal.
To prevent this, we feed a signal that is 180° out
of phase with the signal at the collector
through C4 and back into the base. This
cancels or neutralizes the signal being fed from
the collector to the base through the internal
collector-base capacitance of Q1.

L4 is inductively coupled to L3 so that the
amplified output from the rf amplifier is fed on
to the next stage.

Figure 24 is a schematic diagram of an rf
amplifier using a junction field-effect transis-
tor. Notice that the signal is picked up by the
antenna and fed to L1, which is inductively
coupled to L2. L2 and Cl form a series-
resonant circuit. Cl is adjusted so that the
combination is resonant at the frequency of
the desired station. The capacitance of C2 is so
large that as far as the rfis concerned, it can be
ignored. It is used to block the agc (automatic
gain control) voltage from ground so that it
will not be shorted out. The agc voltage is a
negative voltage that is applied to the gate of
the transistor. This voltage will vary to control
the gain of the transistor, becoming more
negative on strong signals and less negative on
weak signals.

The varying signal applied between the gate
and ground causes the current flow from the
source to the drain of the transistor to vary.
This small varying signal fed to the gate con-

Figure 24. An rf amplifier using a junction field-effect transistor.
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Figure 25. An rf amplifier using an insulated-gate field-effect transistor.

trols a large varying current flow from source
to drain, and this current in turn flows through
L3. L3 is inductively coupled to L4 which is
tuned to resonance by C3. The amplified signal
voltage appearing at the output is then fed on to
the next stage.

In the circuit shown in Fig.24, there will be
some reverse current flow across the junction
of the transistor. This will have the effect of
lowering the input resistance of the transistor,
which in turn will lower the Q of the resonant
circuit. This can be overcome by using an
insulated-gate field-effect transistor in the cir-
cuit such as shown in Fig.25. The circuit here
shows an n-channel depletion-type, insulated-
gate, field-effect transistor.

In the circuit shown, current flows from the
negative side of the power supply, through R2
to the source of the transistor. It flows through
the transistor to the drain, and then through L3
back to the positive side of the voltage source.
The gate is connected to the negative automatic
gain control voltage through L2. The negative
voltage applied to the gate will limit the width

of the channel and control the resistance of the
channel.

In operation, the rf signal is applied to Ll.
This may be from another rf amplifier or direct-
ly from the antenna. The signal current flowing
through L1 induces a voltage in series with L2.
L2 and C1 form a series-resonant circuit. The
resonant signal voltage is applied to the gate of
the transistor and this voltage is applied in
series with the negative agc voltage so it varies
the negative voltage on the gate at an rf rate.
The varying signal voltage causes the resistance
of the channel to vary, causing the current
flowing from the source through the transistor
to the drain to vary. L3 and C5 form a parallel-
resonant circuit. This high-impedance circuit
develops a high signal voltage due to the vary-
ing current flowing through it. L3 is inductively
coupled to L4, and the output from 14 is fed to
the following stage.

A p-channel transistor can be used as well as
an n-channel transistor in a circuit of this type.
Also the enhancement type of insulated-gate
transistor could be used. However, it is likely



that most rf amplifiers using an insulated-gate
field-effect transistor will be depletion-type n-
channel transistors. Dual gate IGFETS are widely
used as rf amplifiers. The signal is fed to one
gate and the agc voltage to the other.

One of the disadvantages of the insulated-
gate transistor is that it is easily damaged.
Simply removing or inserting the transistor in
the circuit when the voltages are applied could
destroy the transistor. High peak voltages build
up in the gate circuit due to the very high
resistance of the gate. Since the gate is actually
insulated from the drain source by means of a
layer of insulation, the input resistance of the
gate is very high. Pickup from a nearby power
line can induce a high enough voltage in a gate
to destroy the transistor if the circuit is open.

I-F Amplifiers

Modern radio and television receivers are
called superheterodyne receivers. In a super-
heterodyne receiver, the incoming signal is fed
to an rf amplifier such as shown in the block
diagram in Fig.26. The signal is amplified and
fed to a mixer stage where it is mixed with a
locally generated signal. This produces two
new signals, one equal to the sum of the fre-
quencies of the two signals and one equal to the

OSCILLATOR

difference. The difference frequency is fed to an
amplifier called an intermediate frequency am-
plifier which is abbreviated i-f amplifier. The
signal is still a radio frequency signal, but it has
a lower frequency than the actual received
signal. The signal is then fed to a detector,
which separates the audio signal from the rf
carrier. The detector gets its name, second
detector, because in the early days of radio, the
mixer was called the first detector. The audio
signal from the second detector is then fed to
low-frequency voltage amplifiers and finally to
a power amplifier.

The reason for converting the incoming sig-
nal to a low-frequency signal is to improve the
receiver selectivity. Consider two stations, one
operating on 1500 kHz and the other on 1450
kHz. The frequency difference is 50 kHz, which
is just a little more than 3% of 1500 kHz. After
the two signals have been converted to a lower
rf frequency (455 kHz is a common i-f frequen-
cy), the 50 kHz separation between the two
stations represents a frequency difference of
almost 11%. The i-f amplifier can separate the
two signals, whereas an rf amplifier operating
at 1500 kHz would not be able to do so.

All modern receivers are superheterodyne
receivers. AM broadcast receivers today use an
i-f of 455 kHz. Automobile receivers frequently

LOW

= SECOND .
MIXER 1 ;

FREQUENCY

Figure 26. A block diagram of a typical super-heterodyne receiver.
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Figure 27. A typical transistor i-f amplifier using a pnp transistor.

use an i-f of 262 kHz. Some older home-type
receivers use this frequency, and 175 kHz was
also used at one time. The important thing to
remember is that an i-f amplifier is an rf amplifi-
er operating at a low fixed frequency.

A typical i-f amplifier using a pnp transistor is
shown in Fig27. Cl1 and L1 form a parallel-
resonant circuit that is resonant at the interme-
diate frequency. They are part of the collector
circuit of the mixer stage. L2 is inductively
coupled to L1 so a signal is induced in L2 that is
applied to the base of the transistor and to the
emitter through C2, which has a low reac-
tance at the i-f frequency.

The signal applied between the base and
emitter causes the number of holes flowing
through the transistor to vary. This causes the
number of electrons flowing from the negative
terminal of the power supply through R4 and
the upper half of L3 to the collector, to fill the
holes arriving at the collector to vary. L4 is

inductively coupled to L3, so a signal is induced
in this winding that can be fed to a second i-f
amplifier or to the detector stage. C4 provides
neutralization that feeds a signal back into the
base, which is 180° out of phase with the signal
fed from the collector, to the base through the
internal collector-to-base capacitance. The
neutralizing signal cancels the feedback
through the collector-to-base capacitance and
prevents oscillation in the stage.

Electrons leaving the emitter of the transistor
to form holes flow through R3 to ground. In
doing so, they develop a voltage drop across R3
having a polarity such that the emitter is nega-
tive with respect to ground. You will remember
that this resistor is put in the circuit for bias
stabilization to prevent thermal runaway of the
transistor. R2 and R1 are selected so that the
junction of the two resistors is more negative
than the emitter of the transistor. The base of
the transistor connects to the junction of Rl



Figure 28. Transistor i-f amplifier using an npn transistor.

and R2 through L2 so the base will be negative
with respect to the emitter, which places a
forward bias across the emitter-base junction
of the transistor.

Another transistor i-f amplifier is shown in
Fig.28. This amplifier uses an npn transistor
whereas the one shown in Fig.27 uses a pnp
transistor. In addition to the different transistor
types, the method of obtaining neutralization is
somewhat different. Notice the resistor in the
emitter circuit, R2. This resistor is not by-
passed; therefore, a signal voltage will be devel-
oped across it. The signal voltage is fed through
C2 into the lower end of the coil L2. The center
tap of L2 is at signal ground potential because

C3 has a low reactance at signal frequency.
The lower end of L2 is inductively coupled to
the upper end so that a voltage is induced in the
upper end of the coil 180° out of phase with
the signal fed into the lower end through C2.
This voltage is fed to the base, neutralizing any
signal voltage fed from the collector back to the
base through the transistor itself.

Notice that the collector is connected to a tap
on coil L3. The output resistance of the transis-
tor is comparatively low, and by feeding the
collector into a tap in the coil in this manner,
we prevent loading of the parallel-resonant
circuit made up of L3 and C4. Loading would
reduce the selectivity of the circuit.
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IC Amplifiers

You might wonder if integrated circuits are
used as rf and i-f amplifiers. The answer to this
is yes. As a matter of fact, they are widely used
in both radio and TV receivers.

In Fig.29 we show what can be accomplished
with a single integrated circuit. Here, we have a
14-pin IC that is used as the rf amplifier, the
mixer-oscillator, the i-f amplifier, the agc detec-
tor, and the agc amplifier. In fact, this IC could
be used along with a diode as a detector and the
IC shown in Fig.17 to form a complete receiver.

The coils L2-L3, L4, and L5 are all adjustable
by a single adjustment. Changing these coils
tunes the receiver across the standard AM
broadcast band.

The signal picked up by the antenna is fed to
the parallel-resonant circuit consisting of L2
and Cl. The high circulating current in L2
induces a voltage in L3, which is fed to terminal
3 of the rf amplifier. The signal is amplified and
fed through L4 to terminal 14 of the mixer
oscillator. Also notice that a signal from the

output of the rf amplifier is fed through C3 back
to the input to neutralize the rf amplifier. In the
mixer stage, the incoming signal is converted to
455 kHz, which is the i-f. The i-f signal is fed to
pin 8 of the IC, where it is amplified and fed
to the parallel-resonant circuit made up of C13
and L8. L9 is inductively coupled to L8, so a
strong circulating signal is induced in the series-
resonant circuit made up of L9 and Cl4.
This signal can then be fed to the second
detector.

Part of the signal from the output of the i-f
amplifier is fed from pin 9 through C11 to the
agc detector and amplifier. In this stage a
negative signal voltage, which depends upon
the strength of the incoming signal, is devel-
oped, amplified, and fed back to the rf amplifier
to control the gain of it. The stronger the signal,
the greater the negative voltage developed and
the more the gain of the rf amplifier is reduced.

ICs such as the one shown in Fig.29 are
widely used because they are relatively inex-
pensive to manufacture. The assembly of the
equipment is simple because the one part re-
places a number of discrete parts.

i V RF AMP

MIXER OSCILLATOR

I-F AMP

CEEN—

Figure 29. In the circuit shown, a single IC contains the rf amplifier, the mixer-oscillator, the i-f amplifier, and the agc.



Summary

The rf amplifiers we discussed in this
section are all voltage amplifiers. They are
designed to take a weak radio frequency
signal and amplify it into a stronger signal.
RF amplifiers have a load in the output
circuit. In most cases, the loads will be
some form of resonant circuit. An i-f am-
plifier is an intermediate frequency ampli-
fier. It is an amplifier that operates at a
relatively low radio frequency. In addition,
since all incoming signals picked up by the
radio are converted to the same intermedi-
ate frequency, the i-f amplifier is designed
to operate at a fixed frequency. Its pur-
pose is to improve the selectivity of the
receiver. Selectivity is the ability of the
receiver to separate signals operating on
frequencies relatively close together.

Self-Test Questions

18

19

20

21

22

23

24

25

26

27

28

29

What do we mean by the bandwidth
of a circuit?

Name two methods that can be used
to increase the bandwidth of the cir-
cuit.

What do we mean by critical cou-
pling?

What is the name given to C4 in the
circuit shown in Fig.23?

Why is C4 necessary in the circuit
shown in Fig.23?

What do the letters agc in the circuit
shown in Fig.24 stand for?

What is the advantage of using an
insulated-gate field-effect transistor
as an rf amplifier when compared to a
junction field-effect transistor?

What is the i-f frequency used in the
modern AM broadcast receiver?
What is the i-f used in many automo-
bile receivers?

In the circuit shown in Fig.27, what
purpose does C4 serve?

In the circuit shown in Fig.28, why is
the collector fed to a tap on L3?
How many integrated circuits are
used in the circuit shown in Fig.29?
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LOGARITHMS AND DECIBELS

If we feed a signal of 1 microvolt into an
amplifier stage and we have a signal of 100
microvolts in the output, the gain of the stage is
100 divided by 1 = 100. This is one way of
measuring the gain of a stage. Another method
is to measure it in units called the decibel. The
decibel is a logarithmic ratio. It is a ratio that is
based on logarithms. Therefore, before we can
understand what a decibel is, we must first
learn something about logarithms.,

There are two important types of logarithms
in use today. One is called a common logarithm
and the other a natural logarithm. Common
logarithms are based on the number 10. This is
the type of logarithms that you will study and
use now.

The Theory of Logarithms

The basic idea of logarithms come from the
fact that any number can be expressed as the
power of another number. The power of a
number is the product of a number multiplied
by itself a given number of times. The first
power of a number is the number itself; the
second power is the number multiplied by
itself; the third power is the number multiplied
by itself twice, and so forth.

This is easiest to understand by taking an
example. In the system of common logarithms,
we express all numbers as a power of ten.
Therefore, we will use 10 as our example. The
number 10 itself is equal to 10 to the first
power. This can be written 10'. The number 100
is equal to 10 X 10. This is 10 to the second
power and can be written 10°. Similarly, 1000 is
equal to 10 x 10 X 10, which is 10 to the third
power and can be written 10>. The number
10,000 is 10%. Since 10 x 10 X 10 X 10 is equal
to 10,000, or 10°.

Now, as we have said, 100 is 10 to the second
power. The logarithm of 100 is simply the
power to which 10 must be raised to give us
100. The number 10 must be raised to the
second power (10%) to give us 100. Therefore,
the logarithm of 100 is 2. Similarly, the loga-
rithm of 1000 is 3, and the logarithm of 10,000 is
4. The logarithm of 10 is 1.

This is not very complicated when the num-
ber is an exact power of 10. But let us consider
the numbers between 10 and 100. It is a little
more difficult to see how a number between 10
and 100 can be expressed as a power of 10.
Actually, this is quite difficult to work out
mathematically, but it can be done. Fortunately,
all these values have been worked out and are
available in tables called logarithm or log ta-
bles. If you want to know the logarithm of a
number, you simply refer to the table. For
example, the logarithm of the number 2 is 0.301.
This means that if it were possible to multiply
the number 10 by itself 0.301 times, the product
would be 2. This can be written 10%3°!. The
exponent (or power) 0.301 is called the loga-
rithm.

Now let’s take the numbers 20 and 200. The
logarithm of 20 is 1.301 and the logarithm of 200
is 2.301. Notice that in the three logarithms for
2, 20, and 200, the figures to the right of the
decimal point remain the same. The figures to
the left change. The logarithm can be divided
into two parts. The part to the left of the
decimal point is called the characteristic, and
the part to the right of the decimal point is
called the mantissa.

For any number having the same digits, the
mantissa does not change. For example, the
mantissa of 2, 20, 200, 2000, 20,000, and 200,000
is always 0.301. However, the characteristic
changes. The characteristic for 2 is 0, for 20 is 1,
for 200 is 2, for 2000 is 3, and for 20,000 is 4.
Notice that the characteristic is always one
number smaller than there are whole numbers
in the original number. For example, in the
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Figure 30. The characteristics of numbers from 1 to
999,999.

number 2000 there are four numbers and the
characteristic is 3.

The chart given in Fig.30 gives you the char-
acteristics of the numbers you are likely to
encounter.

We mentioned earlier that you can find the
logarithm of a number by looking it up in a
table of logarithms. You will find a table of
logarithms in any good math reference book. A
log table generally lists the numbers from 10 to
99 in the left column, which is usually headed
with the letter N. To the right, there will be 10
additional columns with headings from 0 to 9. If
you want to look up the logarithm of the
number 25, you find the number 25 in the N
column and then look in the first column which
will be headed 0 and find that the logarithm is
0.3979. If you want to look up the logarithm of
the number 255, you find the number 25 in the
N column, and then move over to the column
under the heading 5, and find that the logarithm
is 0.4065. Notice that the log table gives only the
mantissa of the number. You have to determine
the correct characteristic yourself. This is easy
to do because the characteristic is always one
less than the number of whole numbers in the
number. Also, the table given in Fig.30 will tell
you that for numbers from 100 to 999, the
characteristic is 2. Therefore, the characteristic
for the number 255 is 2.

You can also find the logarithm of a number
using a slide rule that has an L scale. However,

this is not as accurate as using a log table, but
often it is satisfactory. Today, with the availabil-
ity of low-cost hand-held scientific calculators,
both the log table and the slide rule are obso-
lete. Most scientific calculators have provisions
for giving you the logarithm of a number rapidly
and more accurately than you can get it from a
log table.

The Decibel

Many years ago, engineers working on tele-
phone installations introduced the unit of pow-
er measurement called the bel This unit of
measurement is named for Alexander Graham
Bell, the inventor of the telephone. The bel was
introduced as a unit of measurement because
engineers and scientists discovered that the
human ear responds to variations of loudness
in a logarithmic manner. Therefore, it is conve-
nient to have a unit that can be used to express
the ratio between the power of two signals in a
logarithmic manner. The bel is simply the loga-
rithm of the ratio of the power of two signals.
For example, if we have a signal power of 100
watts and another signal power of 10 watts, and
we wish to express the ratio of these two
signals in bels, we would use the formula:

1
bels = log gz-

Substituting 100 watts for P1 and 10 watts for
P2, we would get:

100
bels = log E

= log 10

Now, the log of 10 is 1, so this power ratio is
equal to 1 bel. In other words, a power ratio of
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100 watts to 10 watts, which is a ratio of 10to 1,
is equivalent to 1 bel. Thus, the power ratios of
10 watts to 1 watt and 1000 watts to 100 watts
are both power ratios of 10 to 1, so they also
represent a change in power of 1 bel.

The bel proved to be too large a unit to
handle easily, so another unit, 1/10 the size of
the bel, was introduced. This unit is called the
decibel, which is abbreviated dB. Thus, the
commonly used measuring unit is the decibel;
the prefix deci means 1/10. A power ratio in
decibels is defined as:

Pl
dB = 10 logﬁ

which simply means that the ratio of two
powers expressed in decibels is equal to 10
times the logarithm of the ratio of the two
powers.

You will notice that the above relationship
refers to power ratios only. It is common in
electronic work to use voltage ratios, especially
when calculating or discussing the gain of
amplifiers. When the ratio between two volt-
ages is calculated in decibels, we must modify
the decibel equation to take care of the fact that
the power ratios are proportional to the squares
of the voltage ratios, since P = E?> + R. The
formula to express voltage ratios in decibels is:

El
dB = 20 logﬁ

It is important to keep in mind that the voltage
formula can be used only when the resistances
of the two circuits being compared are equal. If
we are frying to compare voltages developed
across resistors of unequal value, we must
convert the voltages to the power developed
across the resistor and then use the power
formula.

Using the Decibel

It so happens that the smallest amount of
change in sound level that can be distinguished
by the average human ear is 1 dB with a sine
wave input or 3 dB on complex waves such as
the average human voice.

Because the decibel is such a convenient unit
for expressing changes in sound level, manufac-
turers of audio equipment have for some time
used it in describing the response of their
amplifiers. This practice has generally spread
into describing the performance of many ampli-
fiers.

Let us see how the decibel can be used to
describe the response of an amplifier. You will
remember that we said that engineers arbitrari-
ly selected the 0.707 voltage points, or the half-
power points, to describe the bandwidth of an
amplifier. At the half-power point, we have a
ratio of 1 to 0.5 because 0.5 is half of 1. In dB
this is:

1
dB = 10 log = = 10 log 2

The log of 2 is 0.301; thus, the power ratio is:
dB = 10 X 0.301 = 3 (approximately)

Thus, at the half-power point, the power in the
circuit is down 3 dB from what it is at the
maximum power or resonant point.

Another way in which the decibel is used is in
expressing attenuation of certain signals. For
example, we mentioned that amplifiers fre-
quently generate harmonics. While this is a
problem in audio amplifiers because it intro-
duces distortion, it is an even greater problem
in radio frequency transmitters because it re-
sults in an extra or spurious signal being trans-
mitted. For example, suppose a radio station
transmitting in the standard broadcast band has
a power output of 1000 watts. Suppose further



that the second harmonic radiation is down 30
dB. This means that the second harmonic radia-
tion is 30 dB less than the fundamental radia-
tion. But just how much is 30 dB? It actually
represents the power ratio of 1000 to 1. This
means that if the power output on the funda-
mental is 1000 watts, the power output in the
second harmonic is actually only 1 watt.

The table in Fig.31 gives the decibel values
corresponding to voltage and power ratios.
From this you can see that if an amplifier has a
voltage gain of 40 dB, the output signal will be
100 times the input signal.

If your primary intention is to go into radio-
TV servicing, you will seldom, if ever, have to
calculate decibel values corresponding to volt-
age or power ratios. However, if you intend to
g0 into communications or industry as an elec-
tronics technician, you should be able to calcu-
late both voltage gain and power ratios in
decibels.

Voltage Ratio dB Power Ratio dB
1 0 1 0
2 6.0 2 3.0
3 9.6 3 48
4 12.0 4 6.0
5 14.0 5 7.0
6 15.6 6 78
7 16.8 7 84
8 18.0 8 9.0
9 19.2 9 9.6
10 20.0 10 10.0
20 26.0 20 13.0
30 29.6 30 148
40 320 40 16.0
50 34.0 50 17.0
60 35.6 60 17.8
70 36.8 70 184
80 38.0 80 19.0
90 39.0 20 19.6
100 40.0 100 20.0
1,000 60.0 1,000 30.0
10,000 80.0 10,000 40.0

Figure 31. Decibel values corresponding to voltage and
power ratios.
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30
31

32

33

Self-Test Questions

What is a common logarithm?

What is the part of the logarithm to
the left of the decimal point called?
What is the part of the logarithm to
the right of the decimal point called?
What is the characteristic of numbers
from 100 to 999?

35
36

If the logarithm of 7 is 0.8451, what is
the logarithm of 700?

What is the decibel?
If the power output from an amplifier

drops from 1000 watts to 100 watts,
what is the change in decibels?




ANSWERS TO SELF-TEST QUESTIONS

They are in phase. The signal under-
goes a 180° phase shift in each stage
so the total phase shift is 360°, result-
ing in the output signal being in phase
with the input signal.

It will swing in the negative direction.
There will be a 180° phase shift in Q1.
R5 is used to develop a reverse bias
between the gate and the channel.
The current flowing through R5 will
develop a voltage having a polarity
such that the source end is positive.
This means the entire channel will be
positive with respect to ground. The
gate connects to ground through R4
and there is no current flow through
R4 and no voltage drop. This means
the channel will be positive with re-
spect to the gate, or in other words,
the gate will be negative with respect
to the channel.

Replace the IC.

The + sign indicates a noninverting
input. That means the signal fed into
this input will produce an output sig-
nal that is in phase with it. The — sign
indicates an inverting input. The out-
put signal will be 180° out of phase
with the input signal fed into this
input.

Q3 is an emitter follower.

The letter A indicates the gain of the
amplifier.

The gain of the circuit is determined
by the ratio of R2 to R1.

Two. Q1 and Q2 form one differential
amplifier and Q4 and Q5 form a sec-
ond.

10

1

12

13

14

15

16

17

18

Step-down transformers. Step-down
transformers are used to match the
high impedance of the output stage to
the low impedance of the speaker
voice coil.

In a step-down transformer the sec-
ondary current is always greater than
the primary current.

It remains constant. If the current
through QI increases, the current
through Q2 will decrease an equal
amount so that the current through
R2 remains essentially constant.
When the input signal is zero, the
transistors Q1 and Q2 draw little or
no power. This will result in im-
proved battery life.

The frequency response of the ampli-
fier will be improved and the cost will
be reduced by the elimination of the
two transformers.

From Cl. C1 simply charges to a
higher voltage and supplies the extra
electrons needed by Ql.

Negative. If the current through Q5
increases, the electrons must come
from the 1000 pF capacitor, which
will tend to discharge the capacitor
and produce a negative signal, which
is fed back to the emitter of Q2.

Replace it. If the input signal is nor-
mal and all parts and operating volt-
ages are correct, the IC must be
defective.

The bandwidth of the circuit is gener-
ally defined as the frequency between
which the output voltage is 0.707 or
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19

20

21
22

23

24

70.7% of the maximum voltage ob-
tained at resonance.

The bandwidth can be increased by
overcoupling and by loading the reso-
nant circuits.

Critical coupling is that point where
the lines of flux produced in the pri-
mary winding of the transformer cut
the turns of the secondary winding of
the transformer.

C4 is a neutralizing capacitor.
Energy from the collector of Q1 will
be fed back to the base through the
collector-to-base capacity. This signal
could cause Q1 to begin generating
its own signal, which we call oscillat-
ing. The signal fed through C4 has the
opposite polarity to the signal fed
from the collector to the base of Q2
through the collector-to-base capaci-
ty and cancels it.

AGC stands for automatic gain con-
trol.

There is no current flow through the
gate of the insulated-gate field-effect
transistor, and therefore, it does not
load the resonant input circuit. There
is some current flow to the gate of a
Jjunction field-effect transistor, which
will have some loading effect on the
resonant circuit, which will reduce
the selectivity of the circuit.

25
26
27
28

29

30

31

32

33

35

36

455 kHz.

262 kHz.

C4 is a neutralizing capacitor.

To reduce the loading on the reso-
nant circuit.

1.

A logarithm is the power to which 10
must be raised to express another
number.

The part of the logarithm to the left of
the decimal point is called the charac-
teristic.

The part of the logarithm to the right
of the decimal point is called the
mantissa.

Two. The characteristic of a number
is one less than the total digits in the
number.

2.8451. Both 7 and 700 will have the
same mantissa in their logarithm. The
difference is in the characteristic.
Since 700 has three digits, the charac-
teristic must be 2.

The decibel is 1/10th of a bel. A bel is
the logarithm of the ratio between
two numbers.

The ratio of 1000 watts to 100 watts is
10 to 1. Thus, 1000 + 100 is 10. The
logarithm of 10 is 1; therefore, this
change represents a change of 10
decibels.




LESSON QUESTIONS

This is Lesson Number 2230.

Make sure you print your name, student num-
ber, and lesson number in the spaces provided
on the Lesson Answer Form. Be sure to fill in
the circles beneath your student number and les-
son number.

Reminder: A properly completed Lesson An-
swer Form allows us to evaluate your answers
and speed the results and additional study mate-
rial to you as soon as possible. Do not hold your
Lesson Answer Forms to send several at one
time. You may run out of study material if you
do not send your answers for evaluation
promptly.

1. During the negative half-cycle of a sine
wave signal fed to the amplifier in Fig.l,
which way will the collector voltage of Q1
and Q2 swing?

a. QI negative, Q2 negative.
b. QI positive, Q2 positive.
c. QI negative, Q2 positive.
d. Q1 positive, Q2 negative.

2. During the negative half-cycle of a sine
wave signal fed to the amplifier in Fig.2,
which way will the collector voltage of Q1
and Q2 swing?

a. Q1 negative, Q2 negative.
b. QI positive, Q2 positive.
c. QI negative, Q2 positive.
d. Q1 positive, Q2 negative.

@@@@@@.@

. If in the operational amplifier circuit shown

in Fig.7(A), A equals 1000, R1 equals 5000
ohms, and R2 equals 50,000 ohms, the gain
of the amplifier is:

a. 10.
b. 100.
c. 1000.
d. 10,000.

. When a signal is applied to a class A power

amplifier such as shown in Fig.9, the aver-
age collector current:

a. Increases.

b. Decreases.

c. Remains the same.

d. Drops to zero.
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. What is the advantage of the class B push-

pull amplifier shown in Fig.13 over the class
A push-pull amplifier shown in Fig.12?

a. Has higher power output.

b. Uses pnp transistors.

c. Has lower distortion.

d. Has lower power consumption.

. A positive-going signal fed to the input of

the circuit shown in Fig.14 will cause the
current through:

a. QI and Q2 to increase.

b. Q1 and Q2 to decrease.

c. QI to increase, Q2 to decrease.

d. QI to decrease, Q2 to increase.

. The most important effect noticed when the

coupling between the coils of an rf trans-
former is increased beyond critical cou-
pling is that:

The output will increase.

The output will decrease.

The bandwidth will decrease.

The bandwidth will increase.

fan o

8.

10.

Transistor rf amplifiers are usually neutral-
ized to:

a. Increase the gain.

b. Decrease the gain.

c. Prevent oscillation.

d. Reduce power consumption.

. In the circuit shown in Fig.29, which stage

is neutralized?

a. The rf amplifier.

b. The mixer-oscillator.

¢. The i-f amplifier.

d. The agc detector amplifier.

The input and output impedance of a cer-
tain amplifier are both 500 ohms, and the
gain of the amplifier is 20 dB. If an input
signal of 1 volt is fed into the input, what
would you expect to find in the output?

a. 1 volt.

b. 10 volts.

c. 20 volts.

d. 100 volts.
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THE ERROR OF HASTE

The fable of the hare and the tortoise is more than an interesting
childhood story — it carries an important message we sometimes
forget in this age of speed.

The hare, you will recall, started off in great haste. Soon it was so far
ahead of the slow-plodding tortoise that it became overconfident and
took a nap. The tortoise kept going steadily and won the race.

Haste does not always mean progress. Too often it leads instead to
errors, to actual waste of time and energy, and even to complete fail-
ure, as in the case of the hare.

We must learn to work and wait. Take time for all things, because
time often achieves results that are obtainable no other way. Shake-
speare expressed it thus: “Wisely and slow; they stumble who run
fast.” More emphatic still was Benjamin Franklin, who said:
“Great haste makes great waste.”

Don’t risk the dangers of haste. Keep going steadily like the tortoise,
and you’ll approach your goal steadily, inevitably.
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An oscillator circuit is used to generate an ac signal. It takes the dc from the power supply
and converts it to ac. The frequency of the ac signal may be anywhere from a few hertz to
thousands or even millions of hertz. The exact frequency at which the oscillator operates will
depend upon the oscillator circuit and the values of the parts used in the circuit.

Oscillators can be divided into two types: LC and RC. LC oscillators use inductance and
capacitance in the frequency-determining circuits. RC oscillators use resistance and capacitance
in the frequency-determining network.

Both LC and RC oscillators work on the same basic principle, that of feeding some of the signal
from the output circuit back into the input circuit. This signal is called the feedback signal and
enables the oscillator to go on generating its own signal. The amount of signal that must be fed
back into the input depends upon a number things, but it must always be strong enough to enable
the oscillator to produce a signal that can overcome the losses in the oscillator circuit.

In addition to feeding enough energy from the output circuit back into the input circuit of the
oscillator, the feedback signal must also be of the correct phase. This will enable the oscillator to
produce a signal that will reinforce the signal in the oscillator output. If the feedback signal is not
of the correct phase, it will oppose the signal in the output instead of aiding it, and the oscillator

will stop oscillating.

RESONANT CIRCUITS

LC oscillators are used to generate high-
frequency signals. Perhaps the most important
part of an LC oscillator is its resonant circuit.
Before we start studying LC oscillators, let’s
briefly review resonant circuits and learn some
more important facts about them.

Damped Waves

If we connect a battery across a capacitor,
the capacitor will charge to the battery voltage.
If we disconnect the battery from the capacitor,
the capacitor will remain charged until we
provide a circuit through which it can dis-
charge.

If we connect a coil across the charged
capacitor, at the instant we connect the coil, the
voltage across it will be equal to the capacitor
voltage, but the current flow in the circuit will
be zero as shown in Fig.1(A). Immediately after
the coil is connected across the capacitor,

the capacitor will begin to discharge through
the coil. The excess of electrons on side A of
the capacitor will attempt to flow through the
coil to get to side B. As a result, a current flow
will be set up in the circuit, as shown in
Fig.1(B).

Remember that a coil opposes a change in
the current flowing through it. So the capacitor
cannot discharge instantly through the coil, but
rather must build up a current in the coil, which
in turn builds up a magnetic field around the
coil. Eventually, the capacitor will build up a
current flow in the coil and enough electrons
will leave plate A and get to plate B to discharge
the capacitor.

The instant the capacitor is completely dis-
charged, the current does not stop flowing. This
is due to the inductance of the coil. Remember,
inductance is the quality of a coil that opposes
any change in the current flowing through it.
The capacitor has built up a current flow in the
coil in an effort to discharge.

The current flowing in the circuit not only
discharges the capacitor, but continues flowing
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Figure 1. How oscillation takes place in a resonant circuit.

in the same direction, charging the capacitor
with the opposite polarity, as shown in Fig.1(C).
Here you see the current flowing through the
coil in the same direction as it was in Fig.1(B).
Now plate B of the capacitor is building up a
surplus of electrons, and hence a negative
charge. Electrons are being pulled out of plate
A of the capacitor, which produces a shortage
of electrons in this side of the capacitor, and
hence a positive charge.

Of course, the charge that is being placed on
the capacitor eventually builds up to a point
where it can stop the current flowing through
the coil. When the current flow through the coil
drops to zero, the capacitor begins to discharge
through the coil in the opposite direction as
shown in Fig.1(D). Now electrons are leaving
plate B of the capacitor and flowing through the
coil in the opposite direction to get to plate A,
which has a shortage of electrons.

Once again, when the capacitor is dis-
charged, the coil current does not stop flowing
instantly, so the capacitor is charged with the
original polarity, as shown in Fig.1(E). Here we
have electrons flowing out of pate B of the
capacitor, resulting in a shortage of electrons
on this plate, and into plate A, producing
a surplus of electrons on this plate. Again,
the current will eventually drop to zero and the
capacitor will once again begin discharging
through the coil in the opposite direction, this
time with electrons flowing from plate A to
plate B, as shown in Fig.1(F).

Notice that in Fig.1(F), we have the same
situation as in Fig.1(B). In other words, we have
gone through a complete cycle of events. The
capacitor is charged with one polarity. This
produces a current flow through the coil, which
eventually charges the capacitor with the oppo-
site polarity. The capacitor then begins to
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Figure 2. A damped wave.

discharge through the coil in the opposite direc-
tion, which builds up a charge on it having the
same polarity as the original charge placed on
the capacitor. This charge on the capacitor
begins the cycle of events all over again by
attempting to discharge through the coil.

If we had a perfect coil and a perfect capaci-
tor, this oscillation or current flow back and
forth would continue indefinitely once it start-
ed. But since there are losses both in the coil
and in the capacitor, instead of a continuous
oscillation, we would get a damped wave,
which is sometimes called a wave train, as
shown in Fig.2. The amplitude of each cycle of
the wave is a little less than the amplitude of
the preceding cycle. Eventually, due to the
losses in the tank circuit, the oscillation will
stop. But if we were able to momentarily
connect the battery across the capacitor at the
peak of each cycle, we could keep the oscilla-
tion going indefinitely. We do this electroni-
cally in an oscillator circuit.

Factors Affecting Resonant Circuits

There are several other things we should
know about resonant circuits. For example, we
should know the frequency at which oscillation
takes place. We should also know how many
cycles there will be in a damped wave. We
should also know what is meant by the period
of a resonant circuit.

Frequency. We already know that resonance
occurs when the inductive reactance of the coil
is equal to and canceled by the capacitive
reactance of the capacitor. Thus, at resonance:.

XL = Xc

We know that the inductive reactance of a coil
Xy is given by the formula:

XL=628xfxL

and the capacitive reactance of a capacitor is
given by the formula:

1

Xc= 628 xfx C

Now, since resonance occurs when X; equals
Xc, we have:

1

SBXIXL=Gamxtx0

This can be manipulated to give us:

1
(6282 X L X C

Now, if we take the square root of both sides of
the equation we get:

2=

1

f=
628 X VL x C
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In this formula the times sign is usually omitted
so you will usually see it written as:

1
f= ———
6.28 VIC

It is a good idea to memorize this formula
because it tells you a great deal about the
frequency of a resonant circuit. The formula
says that the frequency of a resonant circuit
varies inversely as the square root of the LC
product. When one factor varies inversely with
the other, we have a situation where making
one bigger makes the other smaller. This means
that increasing the size of either L or C will
reduce the frequency at which the resonant
circuit oscillates, and reducing the size of either
L or C will increase the frequency at which the
resonant circuit oscillates. We can express this
simply by saying: larger L or C, lower frequen-
cy; smaller L or C, higher frequency.

In using this formula, the frequency of oscil-
lation will be given in hertz and the value of L
and C used must be in henrys and farads,
respectively.

When dealing with radio-frequency signals,
the inductors used will be measured in micro-
henrys rather than in henrys and the capacitors
in microfarads or picofarads. We can simplify
the basic formula for the frequency of a reso-
nant circuit to

This formula can be used to find the frequency
of a resonant circuit with the inductances given
in microhenrys and capacitances in microfar-
ads.

Period. The period of a resonant circuit is
the time it takes the resonant circuit to go
through one complete oscillation. Thus, if we

have a circuit that is resonant at a frequency of
1000 hertz, its period would be 1/1000 of a
second.

The period of a resonant circuit is given by
the formula:

P=

= | —

where P represents the period of a resonant
circuit in seconds, and f is the frequency in
hertz.

Since in electronics we are usually dealing
with comparatively high frequencies, the period
of most resonant circuits will be only a very
small fraction of a second. As a matter of fact,
the period of many resonant circuits will be
only a small fraction of a microsecond.

To simplify things, the microsecond is used
in electronics work as the unit of time. The
microsecond, abbreviated pusecond or us, is
one millionth of a second. Thus, if a resonant
circuit has a period of five millionths of a
second, we would say it has a period of 5
microseconds, or 5 us.

The Q Factor. The number of cycles that will
occur when the resonant circuit is shock-excit-
ed depends almost entirely upon the Q of the
coil. The higher the Q, the more cycles that will
occur.

The Q of a coil tells us how good a coil we
have. A coil that has a high Q has a high
inductive reactance compared to the resistance
of the coil. A coil with a low Q has a high
resistance compared with the inductive reac-
tance. You will remember that the Q of a coil is
expressed by the formula:

X

=R

If we examine this formula and remember that
Xy varies directly as the frequency and the
inductance, we see that Q will vary directly as



the frequency and the inductance. You might
think that increasing the frequency of a reso-
nant circuit by using a smaller capacitor in
combination with a larger coil will result in a
higher Q. This will often happen, but the in-
crease in Q is not as great as might be expected
because the resistance of the coil is determined
by the ac resistance rather than the dc resis-
tance. The ac resistance of a coil actually
represent ac losses in the coil, which varies
directly as the frequency varies. Increasing the
frequency of a resonant circuit increases the
inductive reactance of the coil, but at the same
time it increases the losses, so that Q normally
does not increase as fast as you might expect.

In a resonant circuit with a high-Q coil, there
will be a large number of cycles of a damped
wave train set up by shock-exciting the reso-

nant circuit. In other words, the amplitude of
one cycle will be almost equal to the amplitude
of the preceding cycle. But if the Q of the coil is
low, the losses in the coil will be high so that
the amplitude of each cycle will be substantial-
ly less than the amplitude of the preceding
cycle. This means that the oscillation will be
damped out quite rapidly, and the number of
cycles that will occur when the circuit is shock-
excited will be limited.

In most oscillator circuits, a high-Q coil is
used. This means that only a small amount of
energy must be supplied to the resonant circuit
in order to sustain oscillation. On the other
hand, if the coil has a low Q, the losses in the
resonant circuit will be high, with the result
that a large amount of energy must be supplied
to keep the oscillation going.

Self-Test Questions
Please check your answers on page 25.

1 When a capacitor in a tank circuit is
charged, what will cause the current to
continue flowing in the tank circuit
after the capacitor has discharged?

2 Write the formula for the frequency of
a resonant circuit with the inductance
in microhenrys and the capacity in
microfarads.

3 Write the formula for the period of a
resonant circuit.

4 What is a high-Q coil?
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LC OSCILLATORS

If a tank circuit such as shown in Fig.l is
shock-excited by momentarily connecting a
battery across it, a damped wave such as shown
in Fig.2 will be produced. The number of cycles
in the wave train will depend upon the Q of the
coil. The higher the Q, the more cycles we get.

If, instead of allowing the wave train to damp
out as in Fig.2, once each cycle we supply a
pulse that is timed to occur at the peak of the
oscillation, as shown in Fig.3, we can reinforce
the wave train and maintain the oscillation
indefinitely.

In an oscillator circuit, this is exactly what
we do. We use a transistor to supply a burst of
energy at the correct time to make up for losses
in the tank circuit so that the oscillation will
continue.

In an oscillator circuit some energy is fed
from the output back into the input to make up
for losses that occur in the circuit. We call the
energy fed from the output back to the input
Jeedback, and since it is timed to aid the oscilla-
tion, it is called regenerative feedback. There
are two basic types of feedback used in oscilla-
tor circuits: inductive and capacitive. Let’s look
at inductive feedback first.

Oscillators Using Inductive Feedback

One of the most important and widely used
inductive feedback oscillators is the Hartley
oscillator. It gets its name from the man who
invented the circuit. The original Hartley oscil-
lator circuit was developed for use with a
vacuum tube, but an almost identical circuit,
which bears the same name, is now used with
transistors.

A typical Hartley oscillator is shown in Fig.4.
Notice the oscillator coil L1. The entire coil is
wound on a single form with a tap at terminal 2.
Since the turns of the coil are on the same form
and close together, the portion of the coil
between terminals 1 and 2 is inductively cou-
pled to the portion of the coil between termi-
nals 2 and 3.

Resistor R2 places a positive voltage on the
base of Q1 so that, when the oscillator is turned
on, current will begin to flow through the
transistor and through the part of the coil
between terminals 1 and 2. The changing mag-
netic field produced by the current between
terminals 1 and 2 of L1 will set up the field that
cuts the turns of the coil between terminals 2
and 3 and induces a voltage in this part of the
coil. The voltage will have a polarity such that

Figure 3. The oscillator pulse is timed to occur at the peak of the oscillation in the tank circuit to reinforce the

oscillation.
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Figure 4. A typical Hartley oscillator.

terminal 3 of the coil is positive with respect to
terminal 1. Thus capacitor C1 will be charged
so that the plate connected to the R1/C2 junc-
tion of the coil will be positive and the other
plate negative. The value of C2 is chosen so that
its reactance is practically zero at the oscilla-
tion frequency; therefore, the base of the tran-
sistor is in effect connected directly to Cl.
Similarly, the positive voltage on the plate of C1
is in effect applied directly to the base of QI.
This causes the current through the transistor
to increase still further, causing the positive
potential of terminal 3 of the coil and on the
plate of C1 to increase still more. This in turn
makes the base of Q1 still more positive.

While the base of Q1 is positive, some of the
electrons crossing the emitter-base junction
will leave the transistor at the base and flow
into C2, charging it with the polarity shown. As
the base is driven further positive, the base
current increases until eventually there is a
substantial charge on C2.

Eventually a point is reached where the
positive voltage on the top plate of C1 cannot
cause any further increase in the transistor

collector current. When this happens, the cur-
rent flowing through the coil between terminals
1 and 2 will no longer be changing; therefore,
there will be no further voltage induced in the
coil between terminals 2 and 3. When this
happens, the voltage across the coil will begin
to decrease and the capacitor C1 will begin to
discharge. Now the negative voltage on C2 cuts
off the transistor so there is no current flowing
through it. C1 continues to discharge until it is
completely discharged, but by this time there is
a high current flowing in the tank circuit con-
sisting of L1 and C1. This currrent doesn’t drop
to zero the instant C1 is discharged, but contin-
ues to flow to charge Cl1 with the opposite
polarity. The current will eventually drop to
zero, but C1 will be charged and now must
discharge. In doing so, it will swing past the
point where it is completely discharged and the
upper plate will once again start to become
positive. Eventually a point is reached where
the positive voltage is great enough to over-
come the negative voltage across C2. This will
cause the transistor to start conducting and
once again we get a burst of current through
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the coil between terminals 1 and 2, which will
once again make terminal 3 of the coil still
more positive and cause a sharp burst of cur-
rent through the transistor.

The transistor will conduct in bursts like this
once every cycle. The burst of energy, supplied
to the tank circuit by the transistor, is timed
correctly to overcome the losses in the tank
circuit, so the oscillation will continue indefi-
nitely.

When the transistor is not conducting, C2
discharges through R1. This maintains a nega-
tive bias across the emitter-base junction. The
sole purpose of R2 is to start the oscillator
oscillating. When the oscillator is first turned
on, R2 places a small positive voltage on the
base of the transistor so that there will be a
forward bias across the emitter-base junction.
This causes the current to start flowing from
ground, through the lower portion of the coil,
through R3 to the emitter, and then across the
emitter-base junction, where a few electrons
leave the base, but the majority flow on to the
collector. Once the oscillation starts, this resis-

tor is no longer necessary because the voltage
built up across Cl1 is sufficient to drive the base
positive, making the transistor conduct at the
correct time during each cycle.

We mentioned earlier that the Hartley oscilla-
tor was originally developed for use with vacu-
um tubes. One of the big differences between a
transistor and a vacuum tube is that a transistor
is a low-impedance device, whereas a vacuum
tube is a high-impedance device. Thus, some-
times the transistor may load the tank circuit so
heavily that the losses become excessively
high, and the Q is lowered so that the stability
of the oscillator is affected. In some applica-
tions, you will find that the base of the transis-
tor is connected to a tap on the oscillator coil as
shown in Fig.5. The purpose of connecting the
base to the tap is to reduce the loading effect of
the transistor on the tuned circuit. The opera-
tion of this circuit is essentially the same as the
circuit shown in Fig4.

The problem of overloading the resonant
circuit can be overcome by the field-effect
transistor. A Hartley oscillator using a junction-
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Figure 5. Connecting the base to a tap on the oscillator coil will reduce the loading effects of the transistor.



c2 (o}
I 14
Cl T~ R1
L1

R2

Flgure 6. A Hartley oscillator using a junction-type, n-channel field-effect transistor.

type, n-channel field-effect transistor is shown
in Fig.6.

When the equipment is first turned on, cur-
rent begins to flow from the negative side of the
power supply to terminal 1 of the oscillator coil
L1, through the lower part of the coil to termi-
nal 2, and then to the source of the transistor. It
will flow through the n-channel to the drain and
then through R2 back to the positive side of the
power supply.

The current flowing through the lower por-
tion of L1 will induce a voltage in the upper part
such that terminal 3 of the coil will be positive
with respect to terminal 1. The voltage across
L1 will charge C1 so the grounded plate will be
negative and the upper plate positive. C2 is a
large-capacity capacitor, so it has a low reac-
tance at the oscillator frequency; thus the posi-
tive pulse on the upper plate of Cl is fed
through C2 to the gate of the transistor. This
positive pulse has two effects. It attracts elec-
trons across the gate junction and charges
the capacitor C2 with the polarity shown. At
the same time, it reduces the resistance of the
channel, allowing a higher current to flow
through the channel from the source to the
drain.

The positive pulse fed to the gate of Q1 will
appear for only a short portion of the cycle.
When the positive pulse disappears, the nega-
tive voltage on C2 will be applied directly to the
gate, and will cut off the flow of current through
the channel of the transistor. Meanwhile, C2
will begin discharging through R1 and L1. The
time constant of C2 and Rl is long enough so
that C2 discharges very little before the next
positive pulse comes along and recharges C2, at
the same time it allows a burst of current to
flow through the transistor. This burst of cur-
rent supplies sufficient energy to the tank cir-
cuit to make up for any losses, and thus
oscillation is maintained.

Oscillators Using Capacitive Feedback

There are a number of different oscillator
circuits that use capacitive feedback instead of
inductive feedback to sustain oscillation. Let’s
look at some of them now.

The Colpitts Oscillator. The most important
of the oscillators using capacitive feedback is
the Colpitts oscillator shown in Fig.7. When the
equipment is first turned on, current flows
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through L2, which is a small rf choke used to
complete the emitter circuit. R3 is used to place
a small positive voltage on the base of the
transistor, forward biasing it in order to start it
conducting when the equipment is first turned
on.

Current flowing through L2 develops a volt-
age drop across the coil which charges capaci-
tor C2. The charge on the capacitor C2 will start
an oscillation in the tank circuit, which consists
of L1 and capacitors C1 and C2. Remember that
when we have two capacitors connected in
series they will act like one capacitor as far as
the coil is concerned, and the circuit will start
to oscillate. The voltage developed across C1 is
the feedback voltage. It is applied between the
base and emitter of the transistor.

When the voltage across Cl swings in a
positive direction, it makes the end of Cl
connected to C3 positive and the other end
negative. This will increase the current flow
through the transistor, causing an increase in
current flow through L2, which charges C2 still
further. This in turn causes the current flow
through L1 to increase, charging C1 still further
and driving the base of the transistor still
further positive, building up the oscillation.

At the same time, the positive voltage applied
to the base of the transistor through C3 causes
base current to flow in the transistor. This
charges C3 with the polarity shown. Eventually
a point is reached where there is no further
increase in current through the transistor.
When this happens, C1 and C2 begin discharg-
ing and current begins flowing through L1 in
the opposite direction. Meanwhile, the charge
built up on C3 places a reverse bias across the
emitter-base junction of the transistor so that it
stops conducting.

The transistor will be cut off during the
remainder of the cycle, and will remain cut off
until the next cycle begins. When the voltage on
C1 builds sufficiently in a positive direction to
overcome the negative voltage across C3, the
transistor will start conducting once again.
When this happens, the burst of current
through the transistor will build up a voltage
across L2, which will recharge C1 and make up
for any losses in the circuit.

Notice that during the entire half-cycle when
the voltage across C1 has a negative polarity so
that a negative voltage is fed to the transistor,
the transistor will be cut off. Also, during a
portion of the other half-cycle, when the
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Figure 7. A Colpitts oscillator.



voltage on Cl1 is positive, the transistor will not
conduct until the voltage is sufficiently high to
overcome the negative bias voltage across C3.
Thus the transistor is conducting for considera-
bly less than one-half cycle. It is operating as a
Class C amplifier. Current flows through it only
during a small portion of each cycle. However,
this burst of current supplies enough energy to
the tank circuit to make up for any losses in the
tank circuit so that the oscillation will continue.

The amount of feedback voltage supplied to
the transistor depends upon the ratio of C1 to
C2.If C1 is large compared to C2, the reactance
of C1 will be low and the reactance of C2 will
be high. Most of the voltage developed across
the two capacitors will be developed across the
higher reactance, which in this case is C2. This
means that the feedback voltage applied to the
input of the transistor will be low. However, if
Cl is small compared to C2, the reactance of C1
will be high compared to the reactance of C2,
and the feedback voltage applied to the input of
the circuit will be high.

The ratio of C1 and C2 can be altered to
provide the required feedback to the input

circuit to sustain oscillation. If the value of C1
is increased and the value of C2 decreased by
the correct amount, the total capacitance in the
circuit formed as a result of the two capacitors
in series remains the same, and hence the
resonant frequency of the oscillator does not
change.

In some Colpitts oscillators, an additional
capacitor is connected directly across L1. This
is done to provide some convenient means of
changing the resonant frequency so we can
vary the frequency at which the oscillator oper-
ates. It isn’t practical to try to vary both C1 and
C2 at the same time and maintain the same
voltage divison across them. However, a sepa-
rate capacitor placed across the coil can be
varied, which will change the resonant frequen-
cy of the oscillator without changing the feed-
back. This is due to the fact that the values of
C1 and C2 remain constant and they will still
form a voltage divider. Part of the total voltage
developed across the two capacitors in series
will be fed back to the input of the circuit.

Again, resistor R3 in the circuit shown in
Fig.7 is used to place a small starting bias

a1

?
TNE

0,

s,

"A'AY

B

c2 R1
L1 c1?£ I ﬂ kic i

4

B- B+

Figure 8. A variation of the Colpitts oscillator.
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across the emitter-base junction of Q1 to get
the current flow through the transistor started.
Once the oscillation begins, R3 could be re-
moved from the circuit and the oscillation
would continue.

There are a number of variations of the
Colpitts oscillator circuit. Any time you run into
an oscillator where the feedback is controlled
by a capacitive voltage divider, such as C1 and
C2 in the circuit shown in Fig.7, you can be sure
that it is some form of Colpitts oscillator. The
Colpitts oscillator can be designed with excel-
lent frequency stability. By this we mean that
once the oscillator is adjusted to operate at a

certain frequency, it will not drift from that
frequency very much. Some oscillators, on the
other hand, do not have good frequency stabil-
ity and will drift appreciably.

One variation of the Colpitts oscillator is
shown in Fig.8. Here we have capacitor C1
connected across L1, in addition to the voltage
divider capacitors C2 and C3. Notice that in the
circuit, the collector of the transistor is fed
back directly to L1, C1, and C3. The choke coil
has been removed from the emitter circuit and
the emitter is connected directly to ground.

In the circuit when current begins flowing
through the transistor, there will be a voltage

Figure 9. (A) The ultra-audion circuit. (B) The same circuit with internal transistor capacities added.



developed across the rf choke, L2, and this
voltage will charge C3. Once the capacitor is
charged, oscillation starts in the circuit just as
in the Colpitts oscillator shown in Fig.7.

The Uitra-Audion Oscillator. A modified
form of the Colpitts oscillator that is frequently
used in the vhf region is shown in Fig9. This
circuit is called the ultra-audion oscillator.
When the circuit was first developed, it was
thought to be a new type of oscillator. However,
careful analysis shows that it is really a Colpitts
oscillator similar to the one shown in Fig.8.

Figure 9(A) is the schematic diagram of an
ultra-audion oscillator and Fig.9(B) shows the
ultra-audion oscillator with the transistor ca-
pacitances, drawn in dashed lines, that exist
between the collector and emitter, and between

Summary

An oscillator is a circuit used to develop
an ac signal. It takes dc from the power
supply and changes it into ac.

There are two basic types of LC oscilla-
tors, one uses inductive feedback and the
other uses capacitive feedback. In both
types current flows through the transistor
in bursts that last for less than one-half
cycle so they are in effect Class C amplifi-
ers. In the Colpitt's oscillator the amount
of feedback can be varied by varying the
size of the voltage divider capacitors
across the tank coil.

the base and emitter. We have used the same
designations to identify the parts in the circuit
shown in Fig.8 and Fig.9(A) so that you can see
the similarity between the two circuits. The
capacitors represented by the dashed line con-
nections in Fig.9(B) are the internal capacities
of the transistor which are not added into the
circuit as external parts. However, in the vhf
region, these capacitances are large enough to
take the place of the actual capacitors used in
the low-frequency oscillator shown in Fig.8.
You should learn to recognize this circuit as a
form of the Colpitts oscillator because it is
widely used at high frequencies. Of course,
manufacturers do not draw the internal transis-
tor capacitors on schematic diagrams, so the
circuit looks like Fig.9(A) rather than Fig.9(B).

Both types are self regulating: the ener-
gy supplied to the tank circuit makes up
for losses in the tank circuit.

The ultra-audion oscillator is a modified
Colpitts oscillator. In this circuit, the ex-
ternal voltage-divider capacitors connect-
ed across the coil are omitted. These are
not needed because in the vhf region
where the circuit is used the capacity
between the collector and emitter takes
the place of one capacitor and the capaci-
ty between the base and the emitter of the
transistor replaces the other capacitor.

Self-Test Questions

§ What do we mean when we refer to an
oscillator as a “self-regulating oscilla-
tor?”

6 What two types of feedback are used in
LC oscillators?

7 What type of feedback is used in the
Hartley oscillator?

8 What type of feedback is used in the
Colpitts oscillator?

9 What type of oscillator is the ultra-
audion oscillator?

13
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CRYSTAL OSCILLATORS

The oscillator in a radio or TV broadcast
station, the color oscillator in a TV receiver,
various oscillators in video cassette recorders,
and other oscillators in critical applications
must be held to a very close frequency toler-
ance. LC oscillators can be designed with very
good frequency stability but their frequency
stability is not good enough for many applica-
tions. Usually, crystal oscillators are used in
applications where the frequency must be held
to a very close tolerance. In this section of the
lesson, you will study crystal oscillator circuits
and learn how they work.

The Piezoelectric Effect

The operation of a crystal oscillator depends
on a peculiar effect shown by quartz crystals
that is known as the piezoelectric effect. Be-
cause of this effect, a crystal that has been
suitably cut from a piece of quartz and placed in
a suitable holder can be substituted in place of
an LC resonant circuit. Now let’s see what the
piezoelectric effect is and how the crystal oscil-
lator works.

In its natural state, a quartz crystal has a
hexagonal cross section and pointed ends like
the one shown in Fig.10. An imaginary line
drawn between the two apexes is called the Z
axis. The axis is shown in Fig.10. There are two
other sets of axes labeled the X axis and the Y
axis. Notice that there are three X axes and
three Y axes. Both the X axes and the Y axes are
perpendicular to the Z axis. The X axes pass
through the corner of the crystal, whereas the Y
axes are perpendicular to the face of the crys-
tal.

Small pieces of crystal, usually about %"
square and of varying thicknesses, can be cut
from a natural quartz crystal. If the crystal is
cut perpendicular to the Y axis, it is called a Y-
cut crystal, and if it is cut perpendicular to the

X axis, it is called an X-cut crystal. These are
shown shaded in Fig.10.

X-cut crystals have been widely used in crys-
tal oscillators, but other cuts are also used. Two
of these are the AT cut and the BT cut, both of
which are cut perpendicular to the Y axis, but at
an angle to the Z axis.

It is the peculiar property of a crystal that if
an electric stress is applied in the direction of
the X axis, a mechanical stress is produced in
the direction of the Y axis, and if a mechanical
stress is placed along the Y axis, it will cause an
electrical stress on the X axis. The electrical
stress produced by mechanical force is termed
the piezoelectric effect.

For use in crystal oscillators, crystals are cut
into small squares of varying thicknesses. The

Figure 10. Major axes in a quartz crystal.
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Figure 11. A crystal and its holder.

crystal is then mounted between two metal
plates which will make contact with the two
large surfaces of the crystal. The plates are
usually held in contact at the surface by

springs. The entire assembly is put in a contain-
er and hermetically sealed to prevent changes
in humidity from affecting the frequency of the
crystal. A drawing of the crystal is shown in

15
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Fig.11(A), and the side view of the crystal is
shown in Fig.11(B). The complete crystal inside
of the hermetically sealed holder is shown in
Fig.11(C).

When an ac voltage is applied between the
plates and across the quartz crystal, the crystal
can be made to vibrate. When a crystal is
ground to the proper thickness so that mechan-
ical resonance exists at the frequency of the ac
voltage, the amplitude of the vibrations will be
quite large.

The equivalent electrical circuit of the crystal
is shown in Fig.12. Cl represents the capaci-
tance formed by the plates. The crystal itself is
represented by L1, C2, and R1. The crystal may
be operated as either a series- or a parallel-
resonant circuit. When operated as a series-
resonant circuit, the resonant frequency of the
circuit is then determined only by L1 and C2.
The impedance of the crystal will be lowest at
the series-resonant frequency. When operated
as a parallel-resonant circuit, the combination
of L1 and C2 has the net effect of an inductance
because the inductive reactance of L1 is much
larger than the capacitive reactance of C2. The
resonant frequency of a parallel circuit is deter-
mined by Cl and the net inductance of the
series combination of L1 and C2. The imped-
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Figure 12. The equivalent electrical circuit of a crystal
and its holder.

ance of the crystal is highest at the parallel-
resonant frequency. In a parallel-resonant
configuration, the resonant frequency of the
circuit is determined by both the crystal and the
externally connected circuit components. Crys-
tals are manufactured for use either as a series-
resonant or a parallel-resonant circuit. A crystal
that has been manufactured for a series-reso-
nant application normally cannot be used in
parallel-resonant applications.

Simple Crystal Oscillators

To help see how a crystal oscillator works,
look at the LC oscillator shown in Fig.13. This
oscillator is called a tuned-base, tuned-collector
oscillator. It is easy to see where it gets its
name, since there are resonant circuits in both
the base and the collector circuits.

The oscillator works because of the transis-
tor's collector-base capacitance between the
output circuit and the input circuit. When a
resonant circuit in the output is tuned to a
frequency slightly lower than the operating
frequency, it will act like an inductance. Under
these conditions, the phase of the signal that is
fed from the output back to the input is correct
to aid the voltage in the input tank circuit
consisting of L1 and Cl1, and thus oscillation
occurs.

The crystal oscillator shown in Fig.14 is a
simple modification of the oscillator shown in
Fig.13. Here the crystal has been substituted for
the resonant circuit in the input circuit of the
oscillator. The crystal acting as a parallel-reso-
nant circuit is the equivalent of the circuit that
has been removed. Therefore, the crystal oscil-
lator operates in exactly the same way as the
oscillator shown in Fig.13. The crystal oscillator
has the advantage of excellent stability over the
LC oscillator. The stability of the oscillator can
be further improved by keeping the tempera-
ture of the crystal constant at all times. In



Figure 13. A tuned-base, tuned-collector oscillator.

broadcast transmitters, the crystal is placed
inside an oven that is kept at a constant tem-
perature.

Another example of a crystal oscillator is
shown in Fig.15. In this application, the crystal
is used as a series-resonant circuit; it is in the
path between the collector circuit of the tran-
sistor and the base. The crystal provides a low

impedance at the resonant frequency so that
energy at this frequency is readily fed through
the crystal from the collector and back to the
base. At frequencies above and below the fre-
quency of the crystal, the impedance of the
crystal increases so that energy cannot be fed
back at these frequencies. Thus the crystal
basically controls the frequency at which the

Figure 14. A simple crystal oscillator.

17
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Figure 15. Transistor crystal-controlled oscillator using a series-resonant crystal.

oscillator operates. You will find crystal oscilla-
tors used in both parallel applications, as
shown in Fig.14, and series applications, as
shown in Fig.15.

Problems in
Servicing Crystal Oscillators

Crystal oscillators present some special ser-
vicing problems. Sometimes the crystal simply
won’t oscillate. Most of the crystals you are
likely to encounter will be hermetically sealed
units; and if the crystal fails to oscillate, there is
nothing you can do but replace it, providing
everything in the circuit checks satisfactorily. If
the crystal is the type that can be dismantled,
sometimes you can dismantle it and inspect the
crystal to find the trouble. You may find that

there is a corner chipped or the crystal has
been cracked. In either case the crystal should
be replaced.

But often there is no apparent defect. This is
one of the peculiarities of crystals; sometimes
they simply fail to oscillate. Usually when you
encounter this, the only thing you can do is
replace the crystal.

Sometimes the operation of the crystal be-
comes erratic. When the power is applied to the
oscillator, it may start oscillating one time and
another time it will not oscillate. This may be
due to dirt in the crystal or to a cracked crystal.
Again, in the case of a hermetically sealed unit,
which is the type you will encounter most
frequently, there is nothing you can do with the
unit but replace it.

Another problem often encountered with
crystals is that the frequency at which they
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oscillate becomes erratic. You may turn on the
crystal-controlled oscillator and find that it is
operating at some frequency other than the
frequency for which it has been ground. The

Summary

Crystal oscillators are used in applica-
tions where better frequency stability is
needed than can be obtained with an LC
oscillator. The frequency of crystal oscilla-
tors is controlled by a quartz crystal that
has been cut to the thickness that provides
the required operating frequency. There
are three major axes of a quartz crystal:
the Z axis, the X axis, and the Y axis. An
effect known as the piezoelectric effect
makes the use of crystals possible in a
resonant circuit. This is the electrical
stress produced in the crystal along one
axis when a mechanical stress is placed
along another axis.

Crystals can be used both as parallel-
resonant circuits or as series-resonant cir-
cuits. Crystals made for use in parallel-
resonant circuits have a high impedance,
whereas crystals used in series-resonant
applications have a low impedance. Usual-
ly a crystal cut for one mode of operation
cannot be used in the other.

next time you turn on the equipment, it might
oscillate at the correct frequency. When you
encounter this problem in the crystal, the only
thing you can do is discard it.

Self-Test Questions

10 What are the three major axes of a
quartz crystal?

11  What is the piezoelectric effect?

12 What two types of circuits may a
crystal form?

13 What is the chief advantage of a crys-
tal oscillator over an LC oscillator?

14 If a hermetically sealed crystal starts
oscillating sometimes when the
equipment is turned on, but fails to
oscillate at other times, how is the
problem remedied?
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RC COUPLED OSCILLATORS

The oscillators that we have studied so far
have been LC oscillators. Now we will study RC
oscillators, so called because they use resis-
tance and capacitance.

The most common RC oscillator is the
multivibrator. It is a two-stage oscillator.
During the first half-cycle, one stage is turned
full on — it is passing maximum current. The
other stage is cut off. During the other half-
cycle, the status of the two stages reverses. The
stage that was cut off goes into maximum
conduction and the stage that was conducting
during the first half-cycle is now cut off.

You have already studied the multivibrator
known as a flip-flop. The flip-flop is a bistable
multivibrator. Bistable means it has two stable
states. It rests in one of the states until it
receives a trigger pulse. When triggered, the
flip-flop changes state and remains in the new
condition until triggered again.

Another type of multivibrator is the monosta-
ble multivibrator. This multivibrator has one
stable state. When it receives a trigger pulse, it
generates a single output pulse. One output
pulse is produced for each trigger pulse. Upon
receiving a trigger input, it switches to the semi-
stable state for a fixed period of time and then
returns to its stable condition to wait for anoth-
er trigger pulse.

A third type of multivibrator is the astable, or
free-running, multivibrator. This type of multivi-
brator is also an oscillator; once it starts run-
ning, it continues to run. In this section of the
lesson, we are going to deal with the free-
running multivibrator.

A Collector-Coupled Multivibrator

A schematic diagram of a collector-coupled
multivibrator is shown in Fig.16. The multivi-

brator gets its name from the fact that the
output signal from Q1 is coupled from the
collector through C1 to the base of Q2, and
the output from Q2 is coupled from the collec-
tor to the base of Q1 through C2.

In the circuit shown in Fig.16, one of the
transistors will start conducting first or slightly
faster than the other. Let’s assume that Ql
starts conducting first. As the current through
Q1 increases, the voltage drop across R1 will
increase. This will cause the voltage at the
collector of Q1 to swing in a negative direction.
Electrons will flow through the transistor Q1
to the one plate of Cl, charging it with the
polarity shown. At the same time, electrons
leave the positive plate and flow through R3
back to B+. In flowing through R3 they set up a
voltage drop across the resistor having a polari-
ty such that the base end is negative. The
negative voltage across R3 drives the base of
the transistor Q2 negative with respect to the
emitter of Q2 so Q2 will be cut off. The transis-
tor will be cut off as long as Cl is charging
through R3. It will be developing a voltage
across R3 great enough to overcome the for-
ward bias that the power supply is applying
through R3 to the base of the transistor.

Eventually C1 will be charged and the cur-
rent flow from it through R3 will stop. Now the
power supply voltage is fed through R3 to the
base of Q2, turning this transistor on. When this
happens, current will begin to flow through Q2
and R4, causing the voltage on the collector of
Q2 to drop. Now C2 will charge with the
polarity shown, causing electrons to leave the
positive plate of C2 and flow through R2. This
will develop a voltage drop across this resistor
having a polarity such that the base end is
negative. This will completely cut off Q1. Once
Q1 is cut off, there will be no current flow
through R1 and no voltage drop across it.

Meanwhile, the positive plate of Cl is con-
nected to the base of Q2. With Q2 conducting,
the resistance between the emitter and base is
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Figure 16. A collector-coupled multivibrator.

low so that Cl, which is charged with the
polarity shown, is connected directly from B—
to B+. The capacitor must discharge and
charge with the opposite polarity. Electrons
will flow from B— to the emitter of Q2 across
the emitter-base junction, out of the base, into
the plate of C1 marked with a + sign and out of
the plate marked with a — sign through Rl to
B+. Since practically all of the electrons flow-
ing to the base of Q2 are being used to charge
C1, there will be little or no voltage drop across
R3. Thus the potential on the base of Q2 will
attempt to swing highly positive, driving this
transistor into saturation. The transistor re-
mains in this condition until C2 is completely
charged, at which time Q1 will begin conduct-
ing again.

When this happens, the voltage at the collec-
tor of Q1 drops, and C1 begins discharging and
charging with the polarity shown. To do this,
electrons will flow out of the positive plate of
C1 through R3, developing a potential such that

the base end of R3 is negative. This will cut off
Q2 and cause the collector voltage to rise to the
B+ value. Now C2 must discharge and charge
with the opposite polarity; in doing so, it will
tend to pull the base of Q1 highly positive,
causing Q1 to saturate almost instantly. This
action of first one transistor conducting and
then the other, will go on indefinitely. Thus the
multivibrator is free-running.

Transistors are particularly well-suited for
this type of application because they can be
switched from saturation, or maximum current
condition, to cutoff very rapidly. In many appli-
cations, this rapid change from one state to the
other is desirable.

An Emitter-Coupled Multivibrator
Another widely used multivibrator is the

emitter-coupled multivibrator. A schematic dia-
gram of this type of multivibrator is shown in
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Fig.17. The operation of this multivibrator is
somewhat different from the operation of the
collector-coupled multivibrator.

Resistors R1 and R2 place a forward bias
across the emitter-base junction of Ql and
resistors R4 and R5 place a forward bias across
the emitter-base junction of Q2. When the
equipment is first turned on and both transis-
tors start to conduct, the capacitor C1 must
charge. To charge the capacitor, electrons will
flow from ground through R5, R7, and the
emitter-base circuit of Q2, into one plate of C1
and out of the other, and then through R3 to
B+. The electrons flowing through R5 set up a
voltage drop across this resistor having a polar-
ity such that the base end of the resistor is
positive. This causes Q2 to conduct heavily and
develop a voltage drop across R7 such that the
emitter end is positive. This positive voltage
will overcome the forward bias on Q1 and cut
Q1 off. Once this happens, there will be no
current flow through R3 from Q1 so that C1
must charge to almost the full supply voltage.
This causes additional electrons to flow

through R5 in parallel with R7 and the
emitter-base circuit Q2. Q2 goes into satura-
tion, creating a high positive voltage across R7.

As long as Cl1 is charging, Q2 will be conduct-
ing heavily. But as soon as Cl1 is charged, the
bias across the emitter-base junction of Q2 will
drop, causing the current flow through the
transistor to drop. When this happens, the
voltage across R7 will drop and Q1 will begin to
conduct. Once Q1 starts to conduct, there will
be a voltage drop across R3, and C1 must
discharge. When C1 discharges, electrons will
flow through R4, developing a voltage across
this resistor with a polarity such that the base
end is negative. This will cut off Q2 so that
current flow through R7 from Q2 will drop to
zero. When this happens, the forward bias
across the emitter-base junction of Q1 will
increase, causing it to conduct more heavily.
The voltage drop across R3 will increase, caus-
ing C1 to discharge further. Eventually a point
is reached where C1 is discharged, the negative
voltage on the base of Q2 due to the voltage
drop on R4 will disappear and Q2 will start

R1 R3

Figure 17. An emitter-coupled muttivibrator.



Figure 18. Output from a symmetrical multivibrator.

across R7 which will cut off Ql, and C1 will
once again charge through R5 and R3, driving
Q2 into saturation. This oscillation of first Q1
and then Q2 conducting will continue indefi-
nitely.

Multivibrator Output Signals

Multivibrators are called symmetrical multi-
vibrators when each transistor conducts for
the same length of time. In the circuit shown in
Fig.16, this is what happens if C1 is equal to C2
and R2 is equal to R3. Under these conditions,
Q1 will conduct for a certain period of time and
then be cut off. Q2 will conduct for an equal
period of time while Q1 is cut off. Under these
circumstances, the output from the multivibra-
tor will resemble a waveform shown in Fig.18.

In the circuit shown in Fig.16, C2 discharging
through R2 keeps Ql cut off for a certain
period. Similarly, C1 discharging through R3
keeps Q2 cut off. As long as the time constant of
C2 and R2 is equal to the time constant of Cl
and R3, the output from the multivibrator will
be symmetrical. However, by changing the time
constants of these two networks we can obtain
an asymmetrical output as shown in Fig.19. In
the circuit shown in Fig.16, if Q2 conducts
longer than Q1, we’ll have an output like the
one shown in Fig.19(A). On the other hand, if
Q1 conducts longer than Q2, we can get an
output as shown in Fig.1%(B). .

The value of the RC network used in coupling
the transistors in Fig.16 will not only determine
the waveshape of the output of the circuit; it
will also affect the frequency at which the
oscillator operates. For example, if the time
constant of C1 and R3 or the time constant of
C2 and R2 is decreased, the frequency at which
the oscillator operates will increase. Similarly,
if the time constant of the network is increased,
the frequency at which the oscillator will oper-
ate is decreased. This type of multivibrator can
be made to operate over a wide range of
frequencies by selecting the time constant of
the RC coupled networks.

In the multivibrator shown in Fig.17, Q2
conducts when C1 is charging and Q1 conducts
when it is discharging. The charging path for C1
is through R5 in parallel with R7 and the
emitter-base junction of Q2 and R3. The resis-
tance of R5 in parallel with R7 and the emitter-
base junction of Q2 is so low when compared to
the resistance of R3 that it can be ignored.
Therefore, the time constant of the charging
network is primarily the time constant of Cl
and R3.

C1 discharges through R7, Ql, and R4. The
resistance of R7 in series with Q1 is so low

Figure 18. Output from an asymmetrical multivibrator
with (A) having a shorter pulse width than (B).
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when compared to the resistance of R4, they
can be ignored. Therefore the discharge time is
primarily the time constant of C1 and R4. Thus,
if we make R3 equal to R4, the output from the
multivibrator will be symmetrical.

But in most cases R4 is much larger than R3.
This means that the discharge time of C1 will be
much longer than the charge time. Therefore,
Q2 will be cut off for a period greater than the

Summary

The most common RC oscillator is the
multivibrator. There are three types of
multivibrators. The monostable multivi-
brator has one stable state. The bistable
multivibrator, often called a flip-flop, has
two stable states. The astable multivibra-
tor is a free-running multivibrator.

There are two basic types of astable
multivibrators, the collector-coupled mul-
tivibrator and the emitter-coupled multivi-
brator. The shape of the output signal and
the frequency at which the multivibrator
operates can be controlled by controlling
the RC time constant of the coupling net-
works.

time it is conducting, and the output will be like
Fig.19(B).

Again, the time constant of C1 and R3 and the
time constant of C1 and R4 determine the
frequency at which the multivibrator operates.
To increase the frequency of the multivibrator
operation, we can decrease the value of C1. To
decrease the multivibrator frequency, we can
increase the capacity of C1.

Self-Test Questions

15 Which components primarily deter-
mine the frequency at which the mul-
tivibrator shown in Fig.16 operates?

16 If Cl1 equals C2 and R2 equals R3 in
the circuit shown in Fig.16, will the
output from the multivibrator be sym-
metrical or asymmetrical?

17 In the circuit shown in Fig.16, if the
value of C2 and R2 is decreased, how
will the frequency of the multivibra-
tor be affected?

18 In the circuit shown in Fig.17, if R3 is
equal to R4, will the output be sym-
metrical or asymmetrical?

19 What is a bistable multivibrator?

20 What is a monostable multivibrator?
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ANSWERS TO SELF-TEST QUESTIONS

The inductance of the coil causes the
current to continue flowing after the
capacitor has discharged. Inductance
is the quality of a coil that opposes
any change in the current flowing
through it.

f=159,000
vLC
1

P=1

A high-Q coil is a coil in which the
ratio of the inductive reactance of the
coil to the resistance of the coil is
high.

When we say that an oscillator is self-
regulating, we mean that the energy
supplied to the tank circuit is just
what is needed to make up for losses
in the tank circuit.

Inductive feedback and capacitive
feedback.

The Hartley oscillator uses inductive
feedback.

The Colpitts oscillator uses capaci-
tive feedback.

The ultra-audion is a form of the
Colpitts oscillator that is used at very
high frequencies.

The three major axes of a quartz
crystal are the X axis, the Y axis, and
the Z axis.

11

12

13

14
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17
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The piezoelectric effect is the pecu-
liar property of a crystal whereby, if
an electrical stress is applied in the
direction of the X axis, a mechanical
stress will be produced in the direc-
tion of the Y axis. If a mechanical
stress is placed along the Y axis, it
will cause an electrical stress on the
X axis.

Crystals may be used in series-
resonant or parallel-resonant circuits.
The chief advantage of a crystal oscil-
lator over an LC oscillator is excel-
lent frequency stability.

When the performance of the crystal
is erratic, the only solution is to re-
place the crystal.

The frequency at which the oscillator
shown in Fig.16 operates is deter-
mined by C2-R2 and C1-R3.

The output will be symmetrical.

The frequency of the multivibrator
will increase.

The output will be symmetrical.

A bistable multivibrator is a multivi-
brator with two stable states. A flip-
flop is a bistable multivibrator.

A monostable multivibrator is a mul-
tivibrator with only one stable state.
A pulse may cause it to change to the
unstable state, but it will return to the
stable state, and remain there until
another pulse occurs.
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LESSON QUESTIONS

This is Lesson Number 2231.

Make sure you print your name, student number, and les-
son number in the space provided on the Lesson Answer
Form. Be sure to fill in the circles beneath your student
number and lesson number.

Reminder: A properly completed Lesson Answer Form
allows us to evaluate your answers and speed the re-
sults and additional study material to you as soon as pos-
sible. Do not hold your Lesson Answer Forms to send
several at one time. You may run out of study material if
you do not send your answers for evaluation promptly.

1. A damped wave is a wave that:

.
§
g

N
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a. Describes a wet oscillator coil. Q1 is conducting:

b. Increases in frequency. a. All the time.

c. Decreases in frequency. b. For more than half a cycle.
d. Decreases in amplitude. c. For one-half cycle.

d. For less than half a cycle.

2. The period of a circuit that is resonant at a

5. In the oscillator shown in Fig4, transistor

frequency of 1 MHz is:
a. 1000 microseconds.
b. 100 microseconds.
c. 10 microseconds.
d. 1 microsecond.

. If the capacity in an LC circuit is increased,

the resonant frequency of the circuit will:
Remain the same.

Increase.

Decrease.

Become unstable.

aoop

. If the capacity in an LC circuit is cut in half

and the inductance is doubled, the resonant
frequency will:

a. Remain the same.

b. Increase.

c. Decrease.

d. Become unstable.

. In the oscillator circuit shown in Fig.7, after

the oscillator has started operating, R3 is
removed from the circuit. When this hap-
pens, the oscillator will:

a. Stop oscillating.

b. Continue oscillating.

c. Increase in frequency.

d. Decrease in frequency.

. The ultra-audion oscillator is a form of the:

a. RC-coupled oscillator.
b. Colpitts oscillator.

c. Hartley oscillator.

d. None of the above.

. A crystal in a crystal oscillator may act as:

a. A parallel-resonant circuit.

b. A series-resonant circuit.

c. Either a series-resonant or a parallel-
resonant circuit.

d. None of the above.



9. An astable multivibrator is a multivibrator  10. In the circuit in Fig.16, which part affects
that: the frequency of the multivibrator?

a. Has one stable state. a. Ql.
b. Has two stable states. b. Q2.
c. Is free-running. c. RI.
d. Is none of the above. d. Cl.




NOTES

Please use this page to record any notes
you may want to review during your studies.
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BELIEVE IN YOURSELF

Here are a some statements made by famous, successful people on
the subject of believing in yourself. I quote them just to show you
how important self-confidence really is:

“Anything that you have a real desire to do, you have the capacity to
do. Believe that and act upon your belief. There are no dreams that
can’t come true.”

“Believe in yourself. Believe in humanity. Believe in the success of
your undertakings. Fear nothing and no one. This way, you cannot
fail.”

“I CAN IF I THINK I CAN! Write these words in letters an inch
high and put them where you can see them every day. Memorize
and repeat them — aloud and to yourself — a dozen times a day.”

&
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Objectives

In this training manual, you will use your Digital
Multimeter to...

Connect and test a power transformer secondary circuit.
Construct and test a full-wave bridge rectifier.

Add a ripple filter and observe its action.

Construct and test a shunt Zener regulator.

Construct and test an IC series regulator.

Construct and test a common-emitter amplifier.

Construct and test a two-stage IC amplifier.



Overview

In this training manual, you will put your
knowledge of analog electronics to work. You
will construct several circuits on your Discov-
ery Lab and verify their operation. By identify-
ing, handling, connecting, and testing real
electronic components, you will make circuit
theory come to life.

In each of the following sections, you will
be instructed to wire a circuit, using both
schematic and pictorial diagrams. After you
finish connecting each circuit, you will apply
power and make some measurements with
your digital multimeter. You will deduce from
these measurements how the circuit performs.

At the end of this training manual, on page 29,
is an examination consisting of 10 multiple-
choice questions. Each of the questions per-
tains to one of the following experiments. The
questions are in the same order as the experi-
ments. There are four questions about basic
power supplies and two questions each about
voltage regulators, amplifiers, and oscillators.
As you perform each of the experiments, you
will be instructed to turn to the examination
and answer the relevant question. When you
are finished with all 10 questions, follow the
instructions at the beginning of the examina-
tion to fill in your answer card for this train-
ing unit.




ANALOG ELECTRONICS

Experiment 1:

Transformer Operation

Introduction

Almost all electronic circuits and equip-
ment need to operate from a low voltage dc
source. Electrical power is distributed in the
form of a relatively high ac voltage, so a
power supply section or module is used to
change the voltage level and convert from ac
to dc. In this section, you will construct and
test a power supply similar to that used in
most modern electronic equipment.

If you were constructing a complete power
supply, one of the first things you would do
would be to arrange the wiring between the
power transformer’s primary winding and
the ac power line. Your Discovery Lab already
has the primary connections in place, both
for convenience and to prevent you from
having to deal with the dangerous ac power
line.

Materials Needed

For this experiment, you'll need your
Discovery Lab, Digital Multimeter, and a
length of hook-up wire.

Procedure

Using your Discovery Lab as a base, con-
nect the center-tapped transformer secondary
leads to the breadboard strip as shown in
Figure 1-1.

Step 1. For your personal safety and that
of the equipment, unplug the Discovery Lab’s
power cord before you make these connections.

Step 2. Prepare three 6” lengths of solid
hook-up wire by removing 4" of insulation
from each end of each wire.

Step 3. Connect the leftmost terminal of
the power transformer secondary (marked
15VAC) to point C on the breadboard strip,
as shown in Figure 1-1.

When you insert the wire ends into the
breadboard strip’s holes, stop just short of
full insertion so that enough bare wire is ex-
posed for your meter lead to make good con-
tact.

Step 4. Connect the center terminal of the
power transformer secondary (marked with a
ground symbol) to point B on the breadboard
strip.
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Figure 1-1. Connecting the power transformer secondary leads.

Step 5. Connect the rightmost terminal of
the power transformer secondary (marked
15VAC) to point A on the breadboard strip.

Step 6. Check your wiring to make sure it
is correct and then apply power and turn on
the Discovery Lab’s power switch.

Step 7. Set your digital multimeter to
measure about 50 Vac and measure the trans-
former’s output voltages. Use point B as a
common point; you should find about 15
volts ac at either point A or point C. Now
shift the common lead to point A and meas-
ure the voltage at point C. Use this measure-
ment to answer Examination Question 1.

Step 8. After you take your measurements,
remove the wire connecting point C to the
transformer secondary.

Results

You verified the operation of the power
transformer; you found that half of the sec-
ondary winding can be used to provide one
voltage, or the entire winding can be used to
provide twice as much voltage to circuits that
need that much.
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Experiment 2:

Rectifier Operation

Introduction

Now you will add a full-wave bridge rectifier
to the power transformer. This will convert the

ac voltage from the transformer into dc voltage.

Materials Needed

For this experiment, you'll need your
Discovery Lab with the wiring in place from
the previous experiment, your digital mul-
timeter, four IN4002 diodes, and one 10k
resistor.

Procedure

Add a full-wave bridge rectifier to the power
transformer as Figure 2-1 shows in sche-
matic form. All rectifier diodes are 1N4002
or equivalent and are rated at 1 amp (A),

100 volts (V) piv. Place the components as
shown pictorially in Figure 2-2.

Step 1. For your personal safety and that
of the equipment, again unplug the Discovery

Lab’s power cord before you make these con-
nections.

Step 2. Connect a rectifier diode as D1
from point A to point -.

Step 3. Connect a rectifier diode as D2
from point B to point -.

Step 4. Connect a rectifier diode as D3
from point B to point +.

Step 5. Connect a rectifier diode as D4
from point A to point +.

Step 6. Connect a 10k (brown-black-
orange) resistor as the load (RL) from point -
to point +.

Step 7. Check your wiring to make sure it
is correct and then apply power and turn on
the Discovery Lab’s power switch.

A SR

8 mi/\ D4
c | < K—w
D3 §RL

7
D2

Figure 2-1. Schematic of the full-wave bridge rectifier. ‘
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Figure 2-2. Wiring the full-wave bridge rectifier.

Step 8. Set your digital multimeter to its
50-V scale and measure the dc voltage at the
rectifier’s output. Connect the digital multime-
ter's minus (-) jack to point — as a common
point. Record your reading in the upper-left
space of Figure 2-3.

Step 9. Set your digital multimeter to
measure about 50 Vac and measure the ac
ripple voltage at the rectifier’s output. Connect
the digital multimeter’s minus (-) jack to point
— as a common point. Record your reading in
the upper-right space of Figure 2-3. Use these
measurements to answer Examination
Question 2.

Results

You constructed a full-wave bridge rectifier

‘ circuit and observed its operation without

any ripple filter. You should have observed
that, while dc output voltage is present, there
is also a large ac component at the output.

DC VOLTS AC VOLTS
WITHOUT
FILTER
EXP. 2, STEP 8 EXP 2, STEP 9
WITH C1
ADDED
EXP. 3, STEP 4 EXP. 3, STEP 5
WITH FULL
AC INPUT
EXP 4, STEP 5 EXP. 4, STEP 6

Figure 2-3. For the full-wave bridge rectifier experiment,
enter your measured values in this voltage chart.
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Experiment 3:
Filter Operation

Introduction

Now you will add a filter capacitor to the
power supply circuit. This will smooth the
ripple from the pulsating dc voltage and
produce one more pure dc output voltage.

Materials Needed

For this experiment, you'll need your
Discovery Lab with the wiring in place from
the previous experiment, your digital mul-
timeter, and one 100-microfarad (pF), 50-V
electrolytic capacitor.

Procedure

Now add a 100-pF, 50-V electrolytic capaci-
tor to the circuit as Figure 3-1 shows in sche-
matic form. Orient the capacitor as shown
pictorially in Figure 3-2.

Step 1. For your personal safety and that
of the equipment, again unplug the Discovery

Lab’s power cord before you make these con-
nections.

Step 2. Connect the filter capacitor from
point - to point +. Note that the + end of the
capacitor must be on point +, and vice versa.
Electrolytic capacitors like this are polarity-
sensitive and will not work if connected back
wards!

Step 3. Check your wiring to make sure it
is correct and then apply power and turn on
the Discovery Lab’s power switch.

Step 4. Set your digital multimeter to
measure about 50 V and measure the dc volt-
age at the rectifier’s output. Connect the digi-
tal multimeter’'s minus (-) jack to point — as a
common point. Record your reading in the
center-left corner of Figure 2-3.

- A

8 ‘/{04

C
NC
+
~C1

_ 4 |

Figure 3-1. How a filter capacitor is added to the circuit. ‘
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You added a filter capacitor at the output

of the full-wave bridge rectifier circuit and
in the ac ripple voltage when you installed the

observed its effect on dc and ac output voltage.
filter capacitor.

You should have noticed a dramatic decrease

Results

Figure 3-2. While connecting the filter capacitor, observe polarity.

30VAC

REGULATED
POWER SUPPLY
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Step 5. Set your dgital multimeter to meas-

ure a low ac voltage and measure the ac rip-
ple voltage at the rectifier’s output. Connect

— as a common point. Record your reading in
the center-right corner of Figure 2-3. Use these
readings to answer Examination Question 3.

the digital multimeter’s minus (=) jack to point
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Experiment 4:

Increasing Circuit Voltage

Introduction

Now you will increase the ac voltage applied
to the rectifier circuit by using the entire
transformer secondary winding rather than
just half of the winding, as before.

Materials Needed

For this experiment, you'll need your Dis-
covery Lab with the wiring in place from the
previous experiment and your digital mul-
timeter.

Procedure

Now connect the power transformer to the
rectifier circuit to use the entire secondary
winding instead of only half.

Step 1. For your personal safety and that
of the equipment, again unplug the Discovery
Lab’s power cord before you make these con-
nections.

Step 2. Disconnect the wire connecting
point B with the Discovery Lab’s center power
transformer terminal.

Step 3. Connect point B instead to the left-
most transformer terminal (marked 15VAC).

Step 4. Check your wiring to make sure it
is correct and then apply power and turn on
the Discovery Lab’s power switch.

Step 5. Set your digital multimeter to
measure about 50 V and measure the dc volt-
age at the rectifier’s output. Connect the digi-
tal multimeter’s minus (-) jack to point — as a
common point. Keep your fingers away

Jrom the circuit conductors to avoid getting
a shock. Record your reading in the bottom-
left corner of Figure 2-3.

Step 6. Set your digital multimeter to
measure a low ac voltage and measure the ac
ripple voltage at the rectifier’s output. Connect
the digital multimeter’s minus (-) jack to point
— as a common point. Again, keep your fingers
away from the circuit conductors to avold get-
ting a shock. Record your reading in the bottom-
right corner of Figure 2-3. Use these readings
to answer Examination Question 4.




Step 7. If you are finished with the power
supply experiments, unplug the Discovery
Lab’s ac power cord and remove the wires
and components you added for these experi-
ments. Save them for later use in other
experiments.

Results

In this experiment, you doubled the amount
of ac voltage applied to the input of the full-
wave bridge rectifier circuit. You should have
observed that the dc output voltage was
doubled as a result.
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Experiment 5:

Shunt Regulation with a Zener Diode

Introduction

In this experiment, you will use one of
your Discovery Lab's variable dc¢ outputs to
demonstrate the operation of a simple shunt
Zener diode voltage regulator.

Materials Needed

For this experiment, you'll need your
Discovery Lab, your digital multimeter, one
100-ohm (), 1-W (W) resistor, two 1Kk resis-
tors, one 6-V, Yo-watt (W) Zener diode, and a
length of hook-up wire.

Procedure

Using your Discovery Lab as a base, con-
struct the circuit that is shown in schematic
form in Figure 5-1. Wire the components as
shown in Figure 5-2:

Step 1. For your personal safety and that of
the equipment, unplug the Discovery Lab's
power cord before you make these connections.

Step 2. Prepare two 6” lengths of solid
hook-up wire by removing 4" of insulation
from each end of each wire.

Step 3. With one of the wires, connect the
Discovery Lab's +20-V output to point A on
the breadboard strip.

Step 4. Use the other wire to connect the
Discovery Lab's ground to point B on the
breadboard strip.

Step 5. Connect a 100 Q, 1-W resistor (R1)
from point A to point C on the breadboard
strip.

Step 6. Connect a 6-V, Y2-W Zener diode
from point C to point B on the breadboard
strip. Make sure that the Zener's cathode
(striped end) is connected to point C.

R
® 1000 ©
+ o ANW—+- 1
|
INPUT ZENER REGULATED LOAD
VOLTAGE ™ DIODE VOLTAGE 1k
| |
o—— — — &

Figure 5-1. The Zener diode shunt regulator circuit.
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Figure 5-2. Wiring the Zener diode shunt regulator circuit.

\

Step 7. Connect a 1k, Y4-W resistor from
point C to point B on the breadboard strip.
This resistor is the load (RL) and is connected
in parallel with the Zener shunt regulator.

Step 8. Check your wiring to make sure it
is correct and then apply power and turn on
the Discovery Lab’s power switch.

Step 9. Connect your digital multimeter’s
negative lead (the black probe) to point B
(ground) on the breadboard strip. Leave this
connection in place for all of the following
steps.

Step 10. Set your digjital multimeter to
measure about 50 V and measure the voltage
at point A. This is the input to the regulator
circuit. Note that you can vary this voltage
from less than 2 V to about 20 volts. For now,
set it to about 15 V and leave it there. Record
your reading in the top-left corner of Figure 5-3.

Step 11. Set your digital multimeter to
measure about 10-V scale and measure the
voltage at point C. This is the input to the regu-
lator circuit. Since the regulator circuit uses a
6-V Zener, you should find a regulated voltage
at point C. Record your reading in the top-
right corner of Figure 5-3.

INPUT ® ouTPUT ©

1 k LOAD

500 1 LOAD

Figure 5-3. For the Zener diode shunt regulator experi-
ment, enter your measured values in this voltage chart.
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Step 12. Now connect another 1k, Y4-W
resistor from point C to point B on the bread-
board strip. This resistor is in parallel with
the existing load and will double the load
current, since it's the same value as the origi-
nal load resistor. Again measure the voltage
at point C and record your reading in the
bottom-right corner of Figure 5-3. If the
regulator is working, the voltage won't change
much when you add the extra load. This
shows that the regulator has excellent load
regulation. Use these measurements to answer
Examination Question 5.

Step 13. Measure the input voltage at point
A and record your reading in the bottom-left
corner of Figure 5-3. Since the Discovery
Lab’s adjustable dc outputs are regulated,
you shouldn’t notice much difference with or
without the extra load resistor.

Step 14. While the extra load resistor is
connected, run the input voltage up and down
and notice that it has little, if any, effect on the
output voltage, until you turn it down to about
half of your preset +15 volts. This shows that
the regulator has excellent line regulation.

Step 15. When you finish checking your re-
sults, turn off the Discovery Lab and remove
the components you installed in steps 5-12
above.

Results

You constructed and analyzed a Zener diode
shunt regulator. You checked for load regula-
tion by changing the amount of load resistance
applied to the circuit. You also checked for
line regulation by changing the input voltage
with the Discovery Lab’s variable output

power supply.

12




Experiment 6:

IC Series Regulator

Introduction

In this experiment, you will use one of your
Discovery Lab's variable dc outputs to demon-
strate the operation of a three-terminal IC
series voltage regulator.

Materials Needed

For this experiment, you'll need your Dis-
covery Lab with the wires left in place from
the previous experiment, your digjital multime-
ter, one 7805 voltage regulator IC, two 1 uF ca-
pacitors, two 100 Q resistors, and a length of
hook-up wire.

Procedure

Again, using your Discovery Lab as a base,
construct the circuit shown in schematic form
in Figure 6-1. Wire the components as shown
in Figure 6-2, on the next page.

Step 1. For your personal safety and that
of the equipment, unplug the Discovery Lab'’s
power cord before you make these connec-
tions.

Step 2. Prepare a 2” length of solid hook-up
wire by removing Y4” of insulation from each
end.

Step 3. Connect this wire from point A to
point D on the breadboard strip.

Step 4. Bend the leads of a 7805 voltage
regulator IC, as shown in Figure 6-3, on the
next page. Bend the center (ground) lead
toward the front (marked side) of the IC,
and bend the outer leads toward the back of
the IC.

UNREGULATED
FILTERED
DC INPUT
THREE n
PR | [Pty S ©
_l_ REGULATOR
c1 == 3 ~c2
, LOAD
— §k
® _

Figure 6-1. The three-terminal IC series regulator circuit.
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Figure 6-2. Wire the three-terminal IC voltage regulator.

Step 5. Carefully insert the three leads of
the 7805 IC into the breadboard so that the
center lead contacts point B, the left (IN) lead
contacts point D, and the right (OUT) lead
contacts point C. You may find it helpful to
use a pair of longnose pliers to insert the
leads into the socket.

-

Figure 6-3. Bend the leads of the 7805 voltage regulator
IC as shown.

Step 6. Connect a 1 uF capacitor from
point A to point B on the breadboard socket.
Make sure the positive (+) lead of the capaci-
tor is connected to point A.

Step 7. Connect another 1 uF capacitor
from point C to point B on the breadboard
socket. Make sure the positive (+) lead of the
capacitor is connected to point C.

Step 8. Connect a 100 Q, 1-W resistor (RL)
from point C to point B on the breadboard
socket.

Step 9. Once again connect your digital
multimeter’s negative lead (the black probe)
to point B (ground) on the breadboard strip.
Leave this connection in place for all of the fol-

lowing steps.
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Step 10. Set your digital multimeter to
measure about 50 V and measure the voltage
at point A. This is the input to the regulator cir-
cuit. Note that you can vary this voltage from
less than 2 V to about 20 volts. For now, set it
to about 15 V and leave it there. Record your
reading in the top-left corner of Figure 6-4.

Step 11. Set your digital multimeter to
measure about 10 V and measure the voltage
at point C. This is the input to the regulator
circuit. Since the regulator circuit uses a_
7805 IC, you should find nearly a regulated
voltage at point C. Record your reading in the
top-right corner of Figure 6-4. Use this read-
ing to answer Examination Question 6.

Step 12. Now connect another 100 Q, 1-W
resistor from point C to point B on the bread-
board strip. This resistor is in parallel with
the existing load and will double the load

INPUT B ouTPUT ©

100 0 LOAO

50 0 LOAD

Figure 6-4. For the IC series regulator experiment, enter
your measured values in this voltage chart.

current, since it's the same value as the origi-
nal load resistor. Again, measure the voltage
at point C and record your reading in the
bottom-right corner of Figure 6-4. If the regu-
lator is working, the voltage won't change
much when you add the extra load.

Step 13. Measure the input voltage at point
A and record your reading in the bottom-left
corner of Figure 6-4. Since the Discovery
Lab'’s adjustable dc outputs are regulated, you
shouldn’t notice any difference with or without
the extra load resistor. This shows that the
regulator has excellent load regulation.

Step 14. While the extra load resistor is
connected, run the input voltage up and down
and notice that it has little, if any, effect on the
output voltage, until you turn it down to about
half of your preset + 15 volts. This shows that
the regulator has excellent line regulation.

Step 15. When you finish checking your re-
sults, turn off the Discovery Lab and remove
the components you installed in steps 2-12
above.

Results

You constructed and analyzed an IC series
regulator. You checked for load regulation by
changing the amount of load resistance ap-
plied to the circuit. You also checked for line
regulation by changing the input voltage with
the Discovery Lab’s variable output power

supply.
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Experiment 7:

NPN Transistor Voltage Amplifier

Introduction

In this experiment, you will construct a
common-emitter amplifier stage using an
npn transistor and analyze its dc operation.

Materials Needed

For this experiment, you'll need your
Discovery Lab, your digital multimeter, one
2N3904 transistor, two 100 Q resistors, two
1k resistors, and a length of hook-up wire.

Procedure

Using your Discovery Lab as a base, con-
struct the circuit shown in schematic form in
Figure 7-1. Wire the components as shown in
Figure 7-2.

Step 1. For your personal safety and that
of the equipment, unplug the Discovery Lab’s
power cord before you make these connec-
tions.

Step 2. Prepare three 6” lengths of solid
hook-up wire by removing 4" of insulation
from each end of each wire.

Step 3. With one of the three 6” wires, con-
nect the Discovery Lab’s GND point to point
A on the breadboard strip.

Step 4. With another of the three 6” wires,
connect the Discovery Lab’s +12-V output to
point B on the breadboard strip.

12 v POINT (B
o - T e —
glk §1k
10 4

1000 gloon

o - + —
GROUND _L PONTQ®)

Figure 7-1. An NPN transistor connected in a common-
emitter amplifier circuit.
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Step 5. With the last of the three 6” wires,
connect the Discovery Lab’s —12 V output to
point C on the breadboard strip.

Step 6. Prepare three 9” lengths of solid
hookup wire by removing %4” of insulation
from each end of each wire.

Step 7. With one of the three 9” wires, con-
nect the left terminal of the Discovery Lab’s
1k pot to point D on the breadboard strip.

Step 8. With another of the three 9” wires,
connect the right terminal of the Discovery
Lab'’s 1k pot to point E on the breadboard
strip.

= S
~—
f REGULATED .
POWER SUPPLY .
°"°,,.L ‘ \ \
+20VDc -20Vpc \
~ o | |
{(:)> @ /:“’*1 ——<aizasan| soaa: saiiT nssan saiin sni:
-12| - /K HHCZE ::][::::::::::::::::::::::::::::
| E I e A I
. EeEEE +13i J S :Eci:n:ffﬂﬁi:n:_":_"i:_:"":":":::'
ey prias o e BRI
:
]
;\ TRANSISTOR
3904| LEAD 1D
ON = OFF ) /]\c

€ B
Figure 7-2. Wiring the common-emitter amplifier.

Step 9. With the last of the three 9” wires,
connect the center terminal of the Discovery
Lab’s 1k pot to point F on the breadboard
strip.

Step 10. Connect a 1k resistor from point B
to point D on the breadboard strip.

Step 11. Connect a 100 Q resistor from
point E to point A on the breadboard strip.

Step 12. Connect a 1k resistor from point
B to point G on the breadboard strip.

Step 13. Connect a 100 Q resistor from
point H to point A on the breadboard strip.

17
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Step 14. Install the 2N3904 NPN transistor
on the breadboard strip. Connect the collec-
tor to point G, the base to point F, and the
emitter to point A of the breadboard strip.

Step 15. Connect the negative (-) lead of
your digital multimeter to point A of the
breadboard strip.

Step 16. Connect the positive (+) lead of
your digital multimeter to point B of the
breadboard strip.

Step 17. Set the digital multimeter to its
50-V range.

Step 18. Check your wiring to make sure it
is correct and then apply power to the
Discovery Lab and turn on its power switch.
The digital multimeter should immediately
register about 12 V. If there is no reading,
quickly turn off the power and recheck your
connections.

Step 19. Assuming the +12-V power supply
is working properly, make the following tests
with the power on.

Step 20. Read the dc voltage at points F
(input) and G (output) of the breadboard strip.
Take each reading with the 1k pot fully clock-
wise, centered, and fully counterclockwise.
Record your readings in the table in

Figure 7-3.
Step 21. Turn the 1k pot fully clockwise
and again read the voltage at point G (the

collector of the transistor). Use this measure-
ment to answer Examination Question 7.

Step 22. When you finish checking your re- ‘
sults, turn off the Discovery Lab and remove

the components you installed in steps 10-14

above. Leave in place the six wires you in-

stalled in steps 3-9.

Resulits

You constructed a typical amplifier circuit
and analyzed its operation under static (dc)
conditions. You built and tested a common-
emitter npn transistor voltage amplifier and
checked it for normal operation. You should
have observed that the output voltage swings
were opposite in direction to those at the in-
put, since this is an inverting amplifier circuit.

BASE COLLECTOR

POT
Ccw |

POT
CENTERED

POT
CCw

Figure 7-3. For the common-emitter amplifier experiment,
enter your measured values In this voltage chart.
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Experiment 8:

IC Operational Amplifier

Introduction

In this experiment, you will construct a two-
stage amplifier using an IC dual op amp. You
will configure one of the two op amp circuits
as an inverting amplifier and the other op
amp as a voltage follower. You will then ana-
lyze the dc operation of the two-stage amplifier.

Materials Needed

For this experiment, you'll need your
Discovery Lab with the wires left in place from
the previous experiment, your digital multime-
ter, one 1458 dual op amp IC, one 10k resis-
tor, one 100k resistor, and a length of
hook-up wire.

Procedure

Using your Discovery Lab as a base, con-
struct the circuit shown in schematic form
in Figure 8-1, on the next page. Wire the
components as shown in Figure 8-2, on the
next page.

Step 1. For your personal safety and that
of the equipment, unplug the Discovery Lab’s
power cord before you make these connec-
tions.

Step 2. Make sure the six wires installed
in steps 3-9 of the previous experiment are
still in place.

Step 3. Install the 1458 dual op amp IC on
the breadboard strip as shown. Be careful to
avoid bending any of the eight leads under
the chip.

Step 4. Prepare six 1” and two 3” lengths
of solid hook-up wire by removing %" of
insulation from each end of each wire.

Step 5. Connect one of the 3” wires from
Pin 8 of the 1458 IC to point B on the bread-
board strip.

Step 6. Connect another of the 3” wires
from Pin 4 of the 1458 IC to point C on the
breadboard strip.

Step 7. Connect one of the 1” wires from
Pin 3 of the 1458 IC to point A on the bread-
board strip.
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Figure 8-1. A 1458 dual op amp IC used as a two-stage amplifier. The first stage has a gain of 10; the second stageis a

voltage follower, which provides a low impedance output,
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Figure 8-2. Wiring the two-stage IC amplifier circuit.
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Step 8. Connect another of the 1” wires
from Pin 6 to Pin 7 of the 1458 IC.

Step 9. Connect another of the 1” wires
from Pin 1 to Pin 5 of the 1458 IC.

Step 10. Connect a 10k resistor from point F
to Pin 2 of the 1458 IC.

Step 11. Connect a 100k resistor from Pin 2
to Pin 1 of the 1458 IC.

Step 12. Connect the negative (=) lead of
your digital multimeter to point A of the
breadboard strip.

Step 13. Connect the positive (+) lead of
your digital multimeter to point B of the
breadboard strip.

Step 14. Set the digital multimeter to read
about 50 V.

Step 15. Check your wiring to make sure it
is correct and then apply power to the
Discovery Lab and turn on its power switch.
The digital multimeter should immediately
register about 12 V. If there is no reading,
quickly turn off the power and recheck your
connections.

Step 16. Assuming the +12-V power sup-
ply is working properly, make the following
tests with the power on. Measure the input
(point F) and output (point G) voltages with
the 1k pot turned fully clockwise, centered,
and fully counterclockwise. Remember to re-
verse the leads for negative voltages when us-
ing an analog meter. Record your readings in
the table in Figure 8-3.

Step 17. Again measure the output voltage
at point G with the 1k pot turned fully coun-
terclockwise. Use this reading to answer
Examination Question 8.

Step 18. When you finish checking your
results, turn off the Discovery Lab and remove
all the wires and components from the bread-
board strip.

Results

You constructed a typical two-stage IC
amplifier circuit and analyzed its operation
under static (DC) conditions.

You built and tested an inverting amplifier
and a voltage follower, each implemented with
half of a dual op amp IC. You programmed
the inverting amplifier for a voltage gain of 10
with the resistor values you used. The two
amplifiers were cascaded so that the output
of the x10 inverting amplifier fed the input of
the voltage follower. As was also the case with
the transistor amplifier, you should have
observed that the output voltage swings were
opposite in direction to those at the input,
since this is an inverting amplifier circuit.

INPUT OUTPUT

POT

POT
CENTERED

POT
CcCw

Figure 8-3. For the two-stage IC amplifier experiment,
enter your measured values in this voitage chart.
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Experiment 9:

NPN Transistor Multivibrator

Introduction

In this experiment, you will construct a type
of oscillator circuit called a multivibrator.
You will build this circuit around two npn
transistors and study its operation.

Materials Needed

For this experiment, you'll need your
Discovery Lab, two 2N3904 transistors, two
1Kk resistors, two 10Kk resistors, two 100 uF
capacitors, two LEDs, and a length of hook-
up wire.

Procedure

Using your Discovery Lab as a base, con-
struct the circuit shown in schematic form in
Figure 9-1. Wire the components as shown in
Figure 9-2.

Step 1. For your personal safety and that
of the equipment, unplug the Discovery Lab’s
power cord before you make these connec-
tions.

Step 2. Make sure all wires and compo-
nents are removed from the breadboard
strip. As needed, re-use the cut lengths of
solid hook-up wire from previous experi-
ments.

Step 3. Connect a 6” piece of hook-up wire
from the Discovery Lab’s +5 terminal to point A
on the breadboard strip.

—y—— -+ +——o
| +5 Vv
R1§ R2 é R3 §
1K 10k 10k
R4
l lk§
c1
—tk -4
100 uf — 4 ——
Q1 c2 | Q2 |
o1 WA = D2 !/
100 uf

Figure 9-1. Two npn transistors connected as an astable
muitivibrator.
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Figure 9-2. Wiring the astable multivibrator circuit.

Step 4. Connect another 6” piece of hook-
up wire from the Discovery Lab’s GND termi-
nal to point B on the breadboard strip.

Step 5. Insert two 2N3904 transistors and
orient them as shown. We will call the transis-
tor on the left Q1 and the one on the right Q2.

Step 6. Connect a 1” piece of hook-up wire
from the emitter (left lead) of Q1 to ground
point B.

Step 7. Connect another 1” piece of hook-
up wire from the emitter (left lead) of Q2 to
ground point B.

Step 8. Connect a 10k resistor from the
base (center lead) of Q1 to +5 point A.

Step 9. Connect another 10k resistor from
the base (center lead) of Q2 to +5 point A.

Step 10. Connect a 1k resistor from the
collector (right lead) of Q1 to +5 point A.

Step 11. Connect another 1k resistor from
the collector (right lead) of Q2 to +5 point A.

Step 12. Connect a 100 uF capacitor from
the collector of Q1 to the base of Q2. The plus
(+) lead goes to the base of Q2.

Step 13. Connect another 100 uF capaci-
tor from the collector of Q2 to the base of Q1.
The plus (+) lead goes to the base of Q1.

Step 14. Connect an LED as D1 from the
collector of Q1 to ground. The cathode (flat)
side goes to ground.

Step 15. Connect an LED as D2 from the
collector of Q2 to ground. The cathode (flat)
side goes to ground.
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Step 16. Check your wiring to make sure
it is correct and then apply power to the
Discovery Lab and turn on its power switch.
LEDs D1 and D2 should begin flashing
immediately. If they don't, quickly turn off the
Discovery Lab and check your wiring.

Step 17. Observe the operation of the flash-
ing lights. Each one is displaying the state of
one of the two transistors. When Q1 is con-
ducting, its collector voltage is very low, so
LED D1 is dark. When Q1 is cut off, its
collector voltage increases, and so LED D1
is lit. Use your observations to answer Exami-
nation Question 9.

Step 18. When you finish checking your re-
sults, turn off the Discovery Lab and remove
all the wires and components from the bread-
board strip.

Results

Using two npn transistors, you constructed
and tested an astable multivibrator, which
generates complementary (equal, but opposite)
square wave outputs. Since the oscillation
frequency is very low, you were able to see
the oscillator’s complimentary outputs driv-
ing the two LEDs.
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Experiment 10:

IC Function Generator

Introduction

In this experiment, you will construct a
function generator using an IC dual op amp.
You will configure one of the two op amp cir-
cuits as an integrator and the other op amp
as a voltage comparator. You will connect
these circuits so that each one’s output feeds
the other's input. You then will observe the
output of this oscillator circuit.

Materials Needed

For this experiment, you'll need your Dis-
covery Lab with all the wires from previous
experiments removed, one 1458 dual op-amp
IC, one 1k resistor, one 4.7k resistor, four
10k resistors, one 47k resistor, one 10 pF
capacitor, an LED, and a length of hook-up
wire.

Procedure

Using your Discovery Lab as a base, con-
struct the circuit shown in schematic form in
Figure 10-1, on the next page. This circuit is
quite a bit more complex than others you
have built so far. Be very careful to make the
connections exactly as shown and position
the wiring, especially the resistor leads, to
avoid short circuits. Wire the components as
shown in Figure 10-2, on page 27.

Step 1. For your personal safety and that
of the equipment, unplug the Discovery Lab’s
power cord before you make these connec-
tions.

Step 2. Make sure all wires and compo-
nents are removed from the breadboard strip.
As needed, re-use the cut lengths of solid
hook-up wire from previous experiments.

Step 3. Connect a 6” piece of hook-up wire
from the Discovery Lab’s GND terminal to
ground point A on the breadboard strip.
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Figure 10-1. A 1458 dual op amp IC used as a function generator. The integrator is on the left, and the comparator is

on the right.

Step 4. Connect another 6” piece of hook-
up wire from the Discovery Lab’s +12 termi-
nal to point B on the breadboard strip.

Step 5. Connect another 6” piece of hook-
up wire from the Discovery Lab’s —12 termi-
nal to point C on the breadboard strip.

Step 6. Install the 1458 dual op amp IC on
the breadboard strip as shown. Be careful to
avoid bending any of the eight leads under
the chip.

Step 7. Connect a 3” piece of hook-up wire
from point B on the breadboard strip to Pin 8
of the 1458 IC.

Step 8. Connect another 3” piece of hook-
up wire from point C on the breadboard strip
to Pin 4 of the 1458 IC.

Step 9. Connect a 10k resistor from
ground point A on the breadboard strip to
Pin 3 of the 1458 IC.

Step 10. Connect a 4.7k resistor from
ground point A on the breadboard strip to
Pin 6 of the 1458 IC.

Step 11. Connect a 10k resistor between
pins 2 and 7 of the 1458 IC.

Step 12. Connect another 10k resistor
between pins 5 and 7 of the 1458 IC.

Step 13. Connect another 10k resistor
between pins 1 and 5 of the 1458 IC.

Step 14. Connect a 47k resistor from
point B on the breadboard strip to Pin 6 of
the 1458 IC.
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Figure 10-2. Wiring the function generator circuit.

Step 15. Connect a 1k resistor from Pin 7
of the 1458 IC to the anode of the LED.
Connect the cathode (flat) side of the LED to
ground.

Step 16. Connect a 10 pF capacitor from
Pin 1 to Pin 2 of the 1458 IC. The positive (+)
lead should connect to Pin 2.

Step 17. Connect the center terminal of
the 100k pot to Pin 6 of the 1458 IC.

Step 18. Connect the right terminal of the
100k pot to point C on the breadboard strip.

Step 19. Check your wiring to make sure it
is correct and then apply power to the Dis-
covery Lab and turn on its power switch.
Rotate the 100k pot from one extreme to
another. LED D1 should begin flashing and
remain flashing over much of the pot's range.
If it doesn’t, quickly turn off the Discovery
Lab and check your wiring,

Step 20. Observe the operation of the flash-
ing LED. The lamp is connected to the function
generator's square wave output. Rotate the
100k pot from one extreme to the other and
note its effect on the flashing LED. Use your ob-
servations to answer Examination Question 10.
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Step 21. When you finish checking your re-
sults, turn off the Discovery Lab and remove
the all the wires and components from the
breadboard strip.

Results

You built and tested a basic function
generator circuit around a 1458 dual op amp
IC. You connected one half of the IC (one
complete op amp) as an integrator and the

other half as a comparator. By connecting
these two circuits back-to-back, so that the
output of each one feeds the input of the
other, you formed a function generator
circuit.

The output of the integrator circuit is a
triangle waveshape, while the output of the
comparator is a square wave. The frequency
of both outputs is the same. You used an LED
indicator to observe the square wave output
and to study the result of changing the value
of one of the circuit’s resistors.
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Examination Questions

This is Examination Number 4489.

Make sure you print your name, student
number, and examination number (Lesson
Number) in the space provided on the Answer
Form. Be sure to fill in the circles beneath your
student number and examination number
(Lesson number).

Reminder: A properly completed Answer
Form allows us to evaluate your answers and
speed the results and additional study mate-
rial to you as soon as possible. Do not hold
your Answer Forms to send several at one
time. You may run out of study material if you
do not send your answers for evaluation
promptly.

1. In Step 7 of Experiment 1, when I meas-
ured the voltage across the transformer’s
secondary winding with the digital mul-
timeter’s black lead on point A and the me-
ter's red lead on point C, I found about:

a. 15 Vac.
b. +15V.
c. 30 Vac.
d. +30V.

2. In Step 9 of Experiment 2, when [ meas-
ured the voltage across Ry, I found about:
a.

go o

[ |
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+25 V and 0 Vac.
+12 Vand 7 Vac.
+50 V and O Vac.
+50 V and 30 Vac.
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3. In Step 5 of Experiment 3, when I measured 8. In Step 17 of Experiment 8, when I meas- ‘
the voltage across Ry, with the filter capacitor ured the IC voltage follower’s output volt-
connected, I found about: age with the 1k pot turned fully
a. +20 Vand O Vac. counterclockwise, I found about:

b. +20 V and 15 Vac. a. -12V.

c. +40V and O Vac. b. OV.

d. +40V and 30 Vac. c. +12V.
d. +20V.

4. In Step 6 of Experiment 4, when I meas-
ured the voltage across Ry with increased 9. In Step 17 of Experiment 9, when I ob-
input voltage, and with the filter capacitor served the operation of the two LEDs
still connected, I found about: driven by the multivibrator, I saw that:

a. +20 V and O Vac. a. LED D1 was lit when LED D2 was

b. +20 V and 15 Vac. dark, and vice versa.

¢. +40V and O Vac. b. Both LEDs flashed on and off together.
d. +40 V and 30 Vac. c. Only LED D1 flashed.

d. Only LED D2 flashed.
5. In Step 12 of Experiment 5, when I meas-

ured the Zener-regulated voltage across 10. In Step 20 of Experiment 10, when I ob-

the load resistor, I found about: served the operation of the LED driven

a. +0.7 V. by the function generator, I saw that I

b. +6 V. could:

c. +25V. a. Change the LED's brightness by

d. +50 V. adjusting the 100k pot.

b. Start and stop the oscillation of the

6. In Step 11 of experiment 6, when I meas- function generator by adjusting the

ured the IC-regulated voltage across the 100k pot.

load resistor, I found about: c. Not change the oscillator’s operation

a +0.7V. by adjusting the 100k pot.

b. +5V. d. Change both the brightness and blink-

c. +6 V. ing rate by adjusting the 100k pot.

d. +25V.

7. In Step 21 of Experiment 7, when I meas-
ured the transistor amplifier's output volt-
age with the 100k pot turned fully
clockwise, I found about:

a. +1 V.

b. +2 V.
c. +10V.
d. +20V.
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Objectives

Upon completion of this lesson you will:

Configure components using schematic diagrams and
measure the voltage, resistance, and current within the
circuits.

Determine open and shorted components using a multi-
meter.

Configure components in a circuit to observe effects of a
bleeder resistor.

Determine the power factors of a circuit by taking appro-
priate measurements throughout the circuit.

Determine best range to use when measuring resistance
with an ohmmeter.

Determine the status of a transistor as it operates within a
circuit.




Overview

This training manual contains your digital
multimeter, complete with test leads, operat-
ing manual, and electronic parts to be used
in the experiments. Your first step in perform-
ing the experiments is to study the section in
this manual on using the digital multimeter.
If you are already familiar with digital multi-
meters, the information and instructions pro-
vided will serve as a review.

This training manual features practical
experiments that demonstrate some of the
electronic fundamentals discussed in your les-
sons. Each experiment is an actual working
demonstration. The principal objective of this
training manual is to provide you with hands-
on experience that illustrates basic electronic
concepts. Another goal is to develop your abil-
ity to visualize a circuit and wire it using only
a schematic diagram as your guide.

As you perform each experiment, try to
understand what happens in the circuit. For
example, if an LED (light-emitting diode)
glows brighter when you change the amount
of resistance in a circuit, what basic circuit
characteristic changed and why? Did the
applied voltage change? Did the current
change? Does the circuit configuration also
affect the result? If you learn to ask yourself
these types of analytical questions, you can

gain a better understanding of electronics
and electronics troubleshooting,

The best way to complete this training
manual is to perform each experiment in se-
quence. Don’t hurry to finish any experiment,
even if you feel you already know what the re-
sults will be. We also encourage you to review
your regular lesson materials for additional
information on each subject discussed in this
manual.

This training manual also contains a sol-
dering project, the purpose of which is to pro-
vide you with soldering practice. You may
assemble your soldering project whenever
you like. However, most students prefer to
wait until they have completed all of the ex-
periments in this training manual before they
work on the soldering project.

Preparing for the Experiments

You will build circuits with resistors, ca-
pacitors, a transistor, LEDs, and a coil. Nine-
volt batteries (included) supply power for the
breadboard on which you will connect the
circuits. The battery clip leads and the coil
leads are stranded wire. They don't plug into
the breadboard easily. To make attaching the
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stranded-wire leads easier, solder a length of
hook-up wire to them. Since hook-up wire is
solid, it can be inserted easily into the holes
of the breadboard socket.

Cut three pieces of white hook-up wire
and three pieces of black hook-up wire in 3”
lengths. Strip 4" of insulation from the ends
of these wires. Also strip Y4 of insulation
from the battery clip and coil leads. Splice
the black hook-up wire pieces with the black
leads of the battery clips and the white hook-
up wire to the red leads. Solder these joints
together as shown in Figure 1.

Solder the remaining black and white wire
pieces to the leads of the coil. Since the coil is
not polarized, it makes no difference what
color hook-up wire you use for each lead.

Using the Breadboard Socket

You will build the experimental circuits on
a breadboard that is similar to the bread-
board shown in Figure 2 on the next page. A
breadboard provides a large number of mul-
tipin wire-sockets that allow you to connect

Figure 1. Splice hook-up wire to the leads of the battery clip.

electronic circuit components together with-
out using solder. The design of the bread-
board also lets you add or change
components easily.

On the breadboard, notice the two rows at
the top and bottom labeled with a + and -
sign. The wire-sockets in each of these four
rows are connected. This type of connection
is called a bus, and it comes in handy for con-
venient connections to power supply voltages.
Each hole in the top row (blue) is connected
to every other hole in the row. Likewise, all
the holes in the second row (red) are con-
nected to each other. The red and blue rows,
however, are not connected to each other. You
could, for example, connect the positive and
negative leads from a battery to the red and
blue rows and have access to voltage along
the length of the breadboard.

Refer to Figure 3 on the next page. The
center section of the breadboard holds 126
five-slot connectors, arranged in two rows of
63 connectors each. Each of the five-hole col-
umns is separate from the others, but the five
holes in each one are connected. In fact, the
back side of the breadboard is a collection of
slots, each filled with a conductive spring-clip
that covers five holes. Most of your experi-
ments will use the center section of the bread-
board, while power supply (battery) connec-
tions typically insert into the blue and red
buses.

Using Your Digital Multimeter (DMM)

Your DMM has multiple functions, plus a
diode test position. It can measure AC and
DC voltages and AC and DC current, as well
as resistance. The rotary switch in the center
of the DMM selects all functions and ranges.
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Figure 2. The breadboard socket used during these experiments.

Typically, when the rotary function switch is
pointing in the vertical position (or 12
o'clock), the DMM is in the OFF position.

In a clockwise direction from the OFF posi-
tion (roughly 12 to 5 o'clock) are the voltage
functions. Moving in a counterclockwise direc-
tion are the resistance and diode test func-
tions (roughly 9 to 12 o'clock). The current
functions are found between the other two
function areas (approximately 5 to 9 o'clock).
On some models a separate switch might be
used to select the proper AC or DC function.

ALL HOLES IN + ROW
ARE TIED TOGETHER

However, the rotary switch is used to select
AC or DC functions on this model. Each func-
tion may have three to five ranges, depending
upon the meter design.

Some multimeters have a capacitance func-
tion, but it is not included with this particu-
lar model. One of the unique features is being
able to test NPN and PNP transistors using
an visual indication or audible tone to indi-
cate a good test.

Test lead jacks are usually are located on
the bottom of the DMM. One jack is marked

ONE
VERTICAL
COLUMN

+ -'-'..:-;‘ ;:'Vi‘-;-;-; '-;l';i'l'-";l'l';';’l. .'..v
.\rij;;;@ﬂ B0000R00000R00000 1-}

g & g & s 1/
3:5::::::::::::]::::::}:]::::U l THESE 5
ooooooooooooooooooooooooa HOLES ARE
nlll'lll....lllll-lll..;l-ll']ELECTR'CALLY
o---u--lula-lql--lllqI-----{, CONNECTED
g‘::::::::::::::::::: } THIS SET OF HOLES IS
Hona0000000000000000 NOT CONNECTED TO THE
M EBO00GGRAENAGaNEE {LEEE RO NITHER ey DE

@ e g e OF THE CENTER BARRIER

+ (alalelela] [s]alejala] [ajala/ela] [a|d4/=]s}
| il it el e

ALL HOLES IN - ROW
ARE TIED TOGETHER

NO CONNECTION

BETWEEN COLUMNS

Figure 3. The breadboard socket is designed to provide a method of connecting components without soldering.
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COM. This is the common jack; it is used for
all types of measurements. This jack is often
‘referred to as the ground or negative jack.
Normally, you will plug the black test lead
into this jack. The black test lead remains in
this jack when taking voltage, current, and re-
sistance measurements.

A jack marked V/Q is used for both DC
and AC voltage measurements and resistance
measurements. The V represents voltage, and
the Q represents resistance. When the voltage
and resistance measurement functions are
used, the red test lead is plugged into this
jack.

The jack marked mA is used for both DC
and AC current measurements between O
and 200 milliamps (mA). There is also a jack
marked A which is used for both DC and AC
current measurements between 200 mil-
liamps (mA) and 20 amps (20 A). When you
are going to use the DMM to measure cur-
rent, initially you should keep the black lead
in the COM jack and plug the red lead into
the A jack. This is a safety precaution when
measuring current, especially when it is un-
known. Thereafter, to measure current that is
known to be lower than 200 mA, plug the red
test lead into the mA jack.

The best way to become familiar with your
DMM is by using it. In this training manual,
you will be instructed to take DC voltage and
DC current measurements. You also will take
resistance measurements. In the next train-
ing manual, you will learn how to use the AC
voltage ranges of the DMM. The procedures
for measuring AC current are rarely used,
and will not be covered in this course. How-
ever, please note that current measurement
procedures are the same for both AC and DC.
In the early experiments, as you are learning
how to use your DMM, you will be informed

of how to set the range switch for voltage
and/or current measurements. With practice,
you should be able to determine for yourself
the proper range to use.

There is one safety procedure that must
be followed when measuring unknown volt-
ages or currents. You should always start
with the highest range to avoid damage to
the meter. The meter has a built-in fuse that
is designed to protect it, but it is possible to
damage the meter before this fuse blows.

For example, suppose you want to meas-
ure an unknown dc voltage. You should set
the range switch to the highest volt range on
the DCV function. Let’s say that the highest
range is 1,000 volts. If the reading you get on
the meter indicates that the voltage is sub-
stantially less than 1,000 V, then you can
switch to the next lowest position that does
not cause an overload indication. By using
this procedure, you will avoid the possibility
of damaging the meter. If you start out meas-
uring the voltage on the 200 V position, for
example, and the voltage is very high perhaps
700 or 800 V you could damage the meter.
But if you start off on the highest DCV posi-
tion, you'll see that the voltage is high and
know that you should not switch the range
switch to a lower voltage position.

The same is true when taking current
measurements. Start in the highest current
position and switch to a lower range if you
see that the current is much lower than the
range selected.

This is only preliminary information on
your DMM. You will learn more about your
DMM and how to use each function as you per-
form the experiments. We recommend that you
do not use the DMM for any measurements
other than those in the experiments until after




you have completed this training manual. By
that time, you will have had sufficient instruc-
tion on how to use each function of the meter.
These instructions will reduce the possibility
of accidental damage to the meter due to in-
correct use.

Performing the Experiments

In performing your experiments, be sure
to follow these steps:

Step 1. Read the entire experiment and
pay particular attention to the discussion of
the experiment.

Step 2. Perform the experimental proce-
dure and each step of the experiment exactly
as directed. Record your results in the charts
or tables provided for that purpose.

Step 3. Study the discussion of the experi-
ment and analyze your results. If they do not
seem to be right, repeat the measurements to
make sure that you did not make a mistake.
Do not move on to the next experiment until
you get the desired results.

Step 4. You will notice instructions to turn
off the DMM at the end of many of the experi-
ments. However, it is not necessary to turn off
the instrument if you are going to perform
more than one experiment without stopping,
The DMM draws so little current that the bat-
tery usually will last a year or more before

needing replacement. These instructions are
given as a reminder. Turn off the DMM after
you have performed all of the experiments
that you are planning to do at one time.

The experiments in this manual will famil-
iarize you with the operation of your digital
multimeter (DMM). At the same time, you will
learn the causes of incorrect voltage and resis-
tance measurements in electronic circuits.

You are now ready to begin learning how
to troubleshoot with a DMM. Keep in mind
that taking measurements is only the begin-
ning, What you can do with the results of
your measurements is what really counts.

The DMM supplied in this kit is a very reli-
able and accurate servicing instrument. It
was designed by service engineers for the
service expert. Learn to use it properly, and it
will be your most powerful tool. It will give
you information quickly and accurately. Your
regular lessons in conjunction with these ex-
periments will teach you how to apply this in-
formation.

Caution: Your DMM has a fuse that pro-
vides built-in protection against an accidental
overload. However, it is still possible to dam-
age your meter. Be sure that you read the in-
structions carefully and fully understand
them before proceeding with the experi-
ments. These precautions will eliminate the
possibility of an accident that could result in
serious damage or injury.
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Experiment 1: Kirchhoff’s Voltage

Law

Introduction

The source voltage across a series of resis-
tors causes current to flow through the resis-
tors. This current produces a voltage drop
across each resistor. Regardless of how many
resistors are used in the circuit, each one will
have a voltage drop across it that is related to
the current and resistance. The higher the re-
sistance, the more voltage is required to push
current through it.

In your regular lessons, you learned about
Kirchhoff’s voltage law. This law states that
the sum of the voltage drops around any
closed circuit equals the source voltage. Con-
sider the circuit shown in Figure 1-1. By di-
viding the source voltage (10 V) by the total
circuit resistance (6.7Kk), we find that the cur-
rent flow in this circuit is 1.49 milliamps.
Once we determine the current, we can prove
Kirchhoff’s voltage law by calculating the volt-
age across each resistor and then adding
these values together. The total should equal
the source voltage.

Modern digital multimeters have a very
high and constant input resistance. This high

R1 R2 R3
1.2k 2.2k 3.3k
Vs
= +
_ {||| i
10V
Rr = Rl + R2 + R3 = 6.7k
ks
It = W = 1.49 mA
VR1 = |T X Rl =179 V
VRZ = 'T X R2 = 3.28 Vv
VR3 = IT X R3 = 4.93 v
VS=VR1=VR2=VR3=10V

Figure 1-1. Applying Kirchhoff's law to a simple series circuit.

input resistance means that the total resis-
tance you are connecting across the circuit
will not affect the circuit, regardless of the
meter range you are using. Thus, voltage read-
ings in low-voltage circuits are much more
accurate. However, even this meter can upset
the voltage distribution in very high-resistance
circuits.




Materials Needed

In this experiment, you will need:

Breadboarding socket

Digital multimeter

9 V battery with the battery clip attached
10k resistor

100k resistor

470Kk resistor

1M resistor

10M resistors

N'-"-"-"-"-‘

Procedure

If you need to do so, install the battery
that was supplied with the DMM. Also, plug
the black meter lead into the jack marked
COM and the red lead into the jack marked V.

In this experiment, you will breadboard a
simple series circuit and use your DMM to
measure the voltages in the circuit. Begin by
wiring the circuit in Figure 1-2. A pictorial of
how the circuit might be arranged is shown
in Figure 1-3, on the next page. When you
have finished, turn the DMM selector switch
to 20-V DC.

Step 1. To measure the source voltage,
touch the black lead of your meter to the junc-
tion of R1 and the negative lead of the battery.
Touch the red lead to the junction of R3 and
the positive lead of the battery. Record your
reading for Step 1 in Table 1-1, on the next

page.

Step 2. Measure the voltage drop across
R1 (10K) by touching the black lead of your
DMM to the end of R1 that connects to the
negative terminal of the battery and the red
lead to the junction between R1 and R2. Re-
cord your reading for Step 2 in Table 1-1.

R1 R2 R3

10k 470k 100k [

9V
_J||* J
M

Figure 1-2. Schematic of the series circuit for Experiment 1.

Step 3. Measure the voltage drops across
R2 (470Kk). Reposition the black lead of your
DMM to the junction of R1 and R2 and touch
the red lead to the junction between R2 and
R3. Record your reading for the voltage
across R2 in Table 1-1.

Step 4. Lastly, you will measure the voltage
drop across R3 (100k). Move the black lead
to the junction of R2 and R3 and touch the
red lead to the junction between R3 and the
positive terminal of the battery. Record your
measurement in Table 1-1. Now, Total the
voltage drops you measured across R1, R2,
and R3 and compare this value to the source
voltage you recorded in Table 1-1. How does
the sum of the voltage drops compare to the
source voltage you measured in Step 1?

Step 5. Wire the circuit shown in Figures
1-4, on the next page, on your breadboard
socket. Be sure to connect R2 in parallel with
R3, and one end of R1 to the junction of R2
and R3. A pictorial is provided in Figure 1-5,

on page 9.

Step 6. Measure the source voltage by
touching the black lead of your DMM to the
negative terminal of the battery and the red
lead to the positive terminal of the battery. Re-
cord your measurement in Table 1-2.

Step 7. Measure and record the voltage
drops across each resistor like you did in
Steps 2-4. Notice that the voltage drop across
R2 and R3 is the same, even though the
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Figure 1-3. An illustration of the circuit for Steps 1 and 2.

resistance of R2 is different from R3. When a
voltage source is equally applied across two
or more electronic components, the compo-
nents are said to be in parallel.

Also, notice that the voltage across R1 is
greater in this experiment than it was in the
series circuit using the same resistors. Unlike
a series circuit, the more components we
add to a parallel circuit, the more source cur-
rent will flow in the circuit. That's because

Step 1 Source Voltage

Step 2 Voltage Drop Across R1

Step 3 Voltage Drop Across R2

Step 4 Voltage Drop Across R3
Sum of Voltage Drops

Table 1-1. Record your readings for the circuit in
Figure 1-1 here.

in a parallel circuit, the total resistance decreases
as you add more components to the parallel
network. The higher voltage across R1 is an
indication that the total source current is

higher.

When you measure the voltage across a
component, the meter’s internal resistance
is placed in parallel with it. Like any other
parallel combination, the combined resistance

R2
R1 470k
10k
MW b
AW
R3
100k

9V

——lr

Figure 1-4. Kirchhoff’s voltage law also applies to
combinational-combinational circuits.
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Figure 1-5. An illustration of the circuit for Step 3.

is less than the internal resistance of the
meter or the resistance of the component.
As long as the resistance of the component
is substantially smaller than the internal
resistance of the meter, you'll get accurate
readings. But, if the resistance of the compo-
nent is extremely high, the combined internal
resistance of the meter and the resistance of
the component could cause an inaccurate
reading. In this case, we say that the meter
loads down the component. To demonstrate,

Step 6 Source Voltage

Step 7 Voltage Drop Across R1
Voltage Drop Across R2
Voltage Drop Across R3

Sum of Voltage Drops (V1 + V2 or V3)

Table 1-2. Record your results for Step 3 here.

reconstruct the circuit shown in Figure 1-2
on page 7, using two 10M resistors and one
1M resistor.

Repeat steps 1 through 4 and notice that
the sum of the individual voltage drops does
not equal the source voltage. This proves that
measurement errors can occur in very-high-
resistance circuits. Fortunately, circuits with
this much resistance are rare, but they do ex-
ist. Disconnect the battery from your circuit.

Results

In this experiment, you proved that in a
series circuit the sum of the voltage drops
across the individual components is equal to
the source voltage.
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When you connect your meter across a re-
sistor, you are adding the resistance of the
meter in parallel with the resistance of the re-
sistor. This changes the resistance in the cir-
cuit slightly. Your meter has an internal
resistance of around 22 megohms. When you
connected it across the 100k resistor, the re-
sistance of the parallel combination became
99,548 ohms. You saw that the change is
small it was less than 500 ohms, which is
less than 0.5 percent. This small change
means that the voltage reading you'll get will
be quite accurate.

Years ago, service technicians used meters
that had a sensitivity of 20,000 ohms per

volt. Thus, on a 5 V range, a meter of this ‘
type will have a total resistance of 100,000

ohms. If you use this type of meter and con-

nect it across the 100k resistors in this ex-

periment, you would change the resistance to

50k. The resulting voltage reading you would

get would be quite inaccurate.

This experiment demonstrates the value of
a high-resistance meter in voltage measure-
ments, particularly in low-voltage circuits.
However, even this meter can cause errone-
ous measurements in high-resistance circuits.

10



Experiment 2: Voltage in a
Series-Connected Circuit

Introduction

You know from the experiments you have
already performed that when current flows
through a resistance, there is always a voltage
drop across the resistance. You also know that
current flows only in a circuit with continuity.

Continuity, as used in electronics, refers
to the completeness of the path through
which current flows. If there is no continuity,
or, in other words, if the path is broken at
some point, current cannot flow. These facts
are of great importance to the technician.
They are used constantly in troubleshooting,

A complete circuit has a voltage source,
one or more parts through which current can
flow, and wires or leads that connect parts to-
gether and to the voltage source. The parts in
the circuit do not necessarily have to be resis-
tors. However, all parts through which cur-
rent is able to flow have some resistance.
Examples of other parts are coils, transform-
ers, and transistors. The fact that such parts
have some resistance means that there will
be a voltage drop across each part when it is
connected in a circuit with a voltage source.

Certain defects are evident when the volt-
age drop at some point in a circuit is either

too high or too low. You can get a fairly good
idea of what the voltage drop in each part of
the circuit should be by looking at the sche-
matic diagram. For example, if there are
three resistors having the same resistance in
a series circuit, you should find that the volt-
age drop across each of the resistors is equal
to about one-third of the source voltage. On
the other hand, if one very high resistance is
in series with one or more low resistances,
then the voltage drop across the high resis-
tance will be very nearly equal to the source
voltage, and the voltage drop across the low
resistance will be almost zero.

If there is no voltage drop across one part
in a circuit but there is a voltage drop across
the other parts, there must be a short circuit,
or a path with no resistance, across the part
with no voltage drop. Thus, the current flows
through the short circuit rather than through
the part. Because the resistance is essentially
zero through the short, there is no voltage
drop across it.

If you measure the whole source voltage
across a part in a series circuit, you can as-
sume that the part is open (will not pass cur-
rent). The full source voltage across the part
indicates that there is no voltage across the
other parts in the circuit and therefore no

1
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current flowing through them. The break is
in the part across which you measured the
source voltage. You will investigate these con-
ditions in this experiment so that when you
come across them in service work, you will
know what to expect.

Materials Needed

To perform this experiment you will need:

Breadboarding socket

Digital multimeter

9 V battery with the battery clip attached
1k resistors

2.2k resistor

10k resistor

Hook-up wire

.—a.—aw._a

Procedure

Begin by cutting two pieces of wire about
2" long and removing about %" of the insula-
tion from both ends of each wire. Twist the
two wires together as shown in Figure 2-1.
When the top portion is connected as shown,
the twisted pair will be used to simulate a
shorted resistor. When the top is untwisted,
the twisted pair will be used to simulate an
open resistor.

Now construct the circuit shown in Figure
2-2. Your wiring should look something like
the illustration in Figure 2-3.

Step 1. Examine Figure 2-2. Notice that
R1, R2, and R3 form a series circuit and are
connected across the 9 V battery. R4 is not in
the circuit.

Put the DMM on the 20 V DC range and
measure the source voltage. The black lead

TWIST THE TOP EXPOSED
WIRES TOGETHER

Figure 2-1. lllustration of a twisted pair of wires.

from your DMM should connect to the nega-
tive terminal of the battery, and the red meter
lead should connect to the positive battery
terminal. Record your reading in the Normal
Resistance column of Table 2-1.

——— AW .
\
L
— 9V R2
= EE
R3
1k
t M\
R4
10k
M

Figure 2-2. Schematic of the circuit for Experiment 2.
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Figure 2-3. Pictorial of the circuit for Experiment 2.

Step 2. Next, measure the voltage drop
across R1, R2, and R3 and record these volt-
ages in Table 2-1. Remember, the end of a re-
sistor where electrons enter will be negative
with respect to the other end of the same re-
sistor. For example, to measure the voltage
across R2, touch the black lead of your DMM
to the end of R2 that is closest to the negative
terminal of the battery, and touch the red
lead to the other end of R2.

Voltage Normal R2 Shorted | R2
Measured Resistance Open
Across R1
Across R2
Across R3

Table 2-1. Record your resuits for Experiment 2 here.

Step 3. Notice that a voltage drop devel-
oped across R1, R2, and R3. These voltages
indicate that current is flowing through each
part. Now measure the voltage across R4.
You'll get a O V reading indicating that there
is no current flowing through this part.

Step 4. Remove R2 and replace it with the
twisted wire pair which you prepared earlier.
The twisted pair simulates a shorted-out re-
sistor. Now measure the voltage drop across
R1, R2, and R3 and record your reading in
Table 2-1 under R2 Shorted. You should dis-
cover that there are voltage drops across R1
and R3, with O volts across R2. This indi-
cates that R2 is shorted out of the circuit.

Short circuits usually increase the current
flow in a circuit. This is why you should have
noticed an increase in the voltage drops
across R1 and R3. The power sources in
most equipment are protected so that when

13
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the current exceeds a predetermined level, For this step, you should get O V readings ‘
the power source shuts off, thereby protect- across R1 and R3 and the full source voltage
ing the equipment from further damage. across R2. Can you explain why? Remove the

Step 5. With the twisted pair still con- simulated burned-out resistor and save it for

later use. Reconnect the 2.2k resistor back in
nected to the breadboard socket, untwist the circuit for R2
the top portion as shown in Figure 2-4. The )
twisted pair now simulates a burned-out Step 6. In Step 3 of this experiment, you
resistor. Again, measure the voltage across found that there was no voltage drop across
R1, R2, and R3. Record your readings in resistor R4. Notice that one end of R3 and one
Table 2-1 under R2 Open. end of R4 connect to the negative terminal of
[\ R2
OPEN
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Figure 2-4. A circuit using the simulated “open” resistor.
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the battery. Thus, the ends of these two resis-
tors are at the same potential. Connect the
black lead of your DMM to the end of R3 that
is connected to the negative terminal of the
battery. This connection also connects the
black lead from the DMM to one end of R4.

Touch the red lead of the meter to the free
end of R4. Once again, you should geta OV
reading. Now connect the red lead to the end
of R3 that is connected to R2. Make a mental
note of the voltage reading. Leaving the red
lead still connected to the junction of R2 and
R3, connect the black meter lead to the free
end of R4 and observe what happens. You
should measure the same voltage. Disconnect
the battery from the circuit.

This experiment shows that there is no
voltage drop across R4, but there is continu-
ity through it. If there had been no continuity,
with the black lead connected to the free end
of R4, you would have measured O V at the
junction of R2 and R3.

Results

This experiment demonstrates four impor-
tant facts:

1. If current flows through a circuit, there
will be a voltage drop across all parts not
shorted in the circuit.

2. If one part in a complete circuit has no
voltage drop across it, but there are volt-
age drops across all other parts, the part
with no voltage drop is shorted. The short
may be in the part itself or in some other
parallel part.

3. If in a circuit that should be complete, you
find full source voltage across one part
and no voltage across the other part, the
part with full source voltage across it is
open.

4. If there is no voltage drop across a part,
but one lead of the part connects to an
operating circuit, both ends of the part
will be at the same potential with respect
to all other parts in the circuit.

15
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Experiment 3: Voltage Polarity

Introduction

Many of the expressions used in electron-
ics servicing do not make sense to beginners
until they are used in practical work. One
expression that often causes confusion is
positive or negative with respect to. This ex-
pression means that a point in a circuit is at
a positive or negative potential compared to
the potential at some other point in the cir-
cuit. For example, we may say that the drain
of a field-effect transistor is 10 V positive.
This statement has no real meaning because
a point by itself cannot have a voltage.

Voltage is defined as a potential difference
between two points. Thus, when we say that
there are 10 V at the drain of an FET, we
mean that there is a potential difference of 10
V between the drain and a reference point.

Using Figure 3-1, let’s suppose that the
source of the FET is the reference point.
Thus, you can say that the drain is positive
with respect to the source. If the drain is your
reference point, then you would label the
source as negative with respect to the drain.
At the same time, the gate is negative with re-
spect to the source, and the source is positive
with respect to the gate. Thus, depending on

the reference points we select, the source can
be seen as positive or negative.

In this experiment you will use resistors
and a 9 V battery supply to determine polarity.

Another term that often causes confusion
is ground. In most circuits, ground is simply
a common reference point. Thus, in Figure
3-1, we say that the drain is positive with re-
spect to ground. Schematic symbols used for
ground connections are shown in Figure 3-2.
Very often, the metal chassis provides an elec-
trical return path back to one side (usually
the negative side) of the power supply. In this
case, any one of the ground symbols might be
used. An automobile is a good example of a

DRAIN

GATE @
SOURCE

A

_—

Figure 3-1. A field-effect transistor with batteries for
drain-source and gate-source biasing.
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chassis ground system. In most cars, all wir-
ing is at some positive level with respect to
the chassis.

An earth ground also provides a common
return path back to one side of the power
supply. In addition, it provides a degree of
protection from shock hazards if the equip-
ment is defective. Polarized plugs often are
used to ensure the proper connection of
earth-grounded equipment. A common tie
point is like a chassis ground, except that ter-
minal lugs are used in place of a metal chas-
sis. If a metal chassis is used, only certain
areas serve as return paths.

Materials Needed

To perform this experiment, in addition to
the 9 volt battery, the breadboard socket, and
your DMM, you will need the following:

1 2.2k resistor
1 4.7k resistor
1 10k resistor

Procedure

For this experiment, you will construct the
circuit shown in Figure 3-3. An illustration of
this circuit is shown in Figure 3-4, on the

COMMON

CHASSIS
OR COMMON COMMON
EARTH CHASSIS TIE
GROUND GROUND POINTS

Lo

Figure 3-2. Schematic symbols for ground.

next page. For convenience, we have num-
bered the junction of R1 and the negative
lead from the battery as Terminal 1, the junc-
tion of R1 and R2 as Terminal 2, and so on.
We've also shown the negative terminal of the
battery in Figure 3-4 going to ground. In an
actual circuit, this might be a connection to
the metal chassis or to the foil around the
perimeter of a PC board.

In this experiment, the black lead from
your DMM will be connected to Terminal 3,
the junction of the 4.7k and 10k resistors
(R2 and R3). Turn the range switch on the
DMM to the 20 V DC range and proceed with
the following steps.

Step 1. With the black lead from the DMM
on Terminal 3, touch the red lead to Terminal
1. Record the polarity and the voltage in
Table 3-1.

Step 2. With the black lead from the DMM
still on Terminal 3, touch the red lead to Ter-
minal 2. Record the polarity and voltage in
Table 3-1.

Step 3. With the black lead still on Termi-
nal 3, touch the red lead to Terminal 4. Re-
cord the polarity and voltage in Table 3-1.

Step 4. You already know the voltage and
polarity of Terminal 1 with respect to Termi-
nal 3. You determined these values in Step 1

1 RI R2 RS )
’ AN AN AN ?
2.2k 4.7k 10k 1
n
. |
; 1)1}
4 EI

Figure 3-3. The circuit for Experiment 3.
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Figure 3-4. An illustration of the circuit for Experiment 3.

of the experiment. To test your understand-
ing of this subject, fill in the following state-
ment. Perform whatever measurements are

necessary in order to complete the statement.

Your response to this statement will help you
to answer one of the exam questions at the
end of this manual.

The voltage on Terminal 3 is
with respect to Terminal 1, and
(the same as, greater than, or less than) the
voltage measured in Step 1.

Terminal Polarity Voitage

Table 3-1. Record your results for Experiment 3 here.

Step 5. When you are finished, turn off the
DMM and unplug the battery from the bread-
board socket.

Results

In Steps 1 and 2, you should have discov-
ered that the voltages on Terminals 1 and 2
were negative with respect to Terminal 3. Your
meter should have indicated a negative (-)
sign in front of the voltage reading. The meter
has built-in auto polarity. Thus, it automat-
ically indicates whether the voltage being
measured is positive or negative with respect
to the common terminal.

In Steps 3 and 4, you should have discov-
ered that the voltage on terminal 4 was posi-
tive with respect to Terminal 3. Depending on

18




your meter, this is indicated by the absence
of any sign or by a positive (+) sign ahead of
the voltage reading.

The auto polarity feature of your DMM is
one of the conveniences found in this type of
meter. In some voltmeters, however, you will
have to reverse the leads or change the posi-
tion of a switch when taking negative voltage
measurements.

In Step 4, you determined the voltage and
polarity of Terminal 3 with respect to Termi-
nal 1. To do this, you simply touched the
black lead of the DMM to Terminal 1 and the
red lead to Terminal 3. Voltages are meas-
ured with respect to the black (common) lead
of your meter.
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Experiment 4: Measuring Voltage
to Determine Current

Introduction

Ohm's Law tells us that current in amperes
is equal to the voltage in volts, divided by the
resistance in ohms. Therefore, if we measure
the voltage drop across a known resistor, we
can accurately determine the current through
it by dividing the voltage by the resistance.

In this experiment, you will see that you
can determine the current flowing in a circuit
by measuring the voltage across any known
resistor and by applying Ohm’'s Law. You will
also see how you can use the voltmeter scale
to indicate current directly in milliamps if
there is a 1k resistor in the circuit.

Materials Needed

For this experiment, you will need your
DMM, breadboarding socket, battery with
clip, and the following resistors:

2 1k resistors
1 4.7k resistor

Procedure

Step 1. Build the circuit shown in Figure
4-1. The diagram for this circuit is shown in
Figure 4-2, on the next page. Notice the polar-
ity of the battery. Also, the red meter probe
should be reconnected to the V input jack.
Set your DMM selector switch to the 20 V
range.

Step 2. Measure the voltage across R1 by
connecting the red lead from your DMM to
the end of the resistor connected to the posi-
tive terminal of the battery. Connect the black
lead of your DMM to the other end of R1.
Record the voltage reading in Table 4-1.

R1
1k

Al

R2
4.7k
R3
1k

M\ ‘

Figure 4-1. A schematic diagram of the circuit for
Experiment 4.
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Figure 4-2. An illustration of the circuit for Experiment 4.

Now, to find the current, we use Ohm'’s
Law, which tells us that the current in
amperes is equal to the voltage in volts di-
vided by the resistance in ohms, or I = E/R.
By substituting 1,000 for R and the voltage
that you have just measured and recorded for
E, you can find the current in amps. To
change the answer to milliamps, multiply by
1,000 (or simply move the decimal point
three places to the right). For example, let's
say that the source voltage was 9 V and that

Volitage Reading Current in mA

R1
1k

R2
4.7k

Ammeter

Ammeter reading

Table 4-1. Record your results for Experiment 4 here.

we measured 1.43 V across R1. Using this fig-
ure, we get:

I= E/R

1.43
1.000" 0.00143 amp

To change this to milliamps, multiply it by
1,000. This gives us:

0.0014 x 1,000 = 1.43 milliamps

Notice that to perform this operation we
simply had to move the decimal point three
places to the right.

Now, determine the current through the
1k resistor from your experimental results.
Record your current in Table 4-1.

Step 3. Measure the voltage across R2
by connecting the DMM across it. Switch
the meter to a lower range to get the most
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accurate measurement. Record the reading in
Table 4-1.

Determine the current through R2 just as
you did for R1 in Step 1. This time, substi-
tute 4.7k for R in the formula and substitute
the second voltage measurement for E. Re-
cord the current reading in Table 4-1, after
multiplying the answer by 1,000 to change
amps to milliamps.

You know that the current is the same in
all parts of a series circuit. Therefore, the cur-
rent determined in Step 3 should be the
same as that obtained in Step 2. However,
there may be some small variation in your re-
sults due to parts tolerances. The resistors
used all have a 5% tolerance so the actual
value may not be exactly the value indicated.

Step 4. In this step, you will use the DMM
to measure the current flow in the circuit to
see how close you come to the calculated
value. Set your DMM to the 20 mA current
range. Unplug the red lead from the V jack
and plug it into the A jack. Unplug the nega-
tive lead from the battery and connect it to
the black lead from the DMM. Connect the
red lead to the end of R3, which was formerly
connected to the negative lead of the battery.
This connection puts the meter in the circuit
so that it can measure the actual current flow
in the circuit. Record the measured value in
Table 4-1. You should find that it agrees very
closely with the calculated values obtained in
Steps 2 and 3.

Step 5. After you've completed this step,
move the red lead from jack A on the DMM
back to jack V again. Turn your DMM to the
OFF position.

Results

Now, let us compare your results for Steps
1, 2, and 3. The three current values should
be approximately the same. Actually, the cur-
rent is exactly the same anywhere in the cir-
cuit, but because of parts tolerances, your
values probably show slight differences.
When we performed this experiment, the
actual measured and calculated values came
within 0.04 milliamps. This is a variation of
only 40 microamps.

Notice the voltage value that you measured
across the 1k resistor (R1) and the current
that you calculated for R1. The voltage across
R1 and the current in milliamperes flowing
through it should be the same because you di-
vided the voltage by 1,000 to find the current
and then multiplied by 1,000 to change it to
milliamps. In other words, when the resis-
tance equals 1,000 ohms, the value of the
voltage across it in volts is equal to the value
of the current through it in milliamps. Thus,
you can read the current directly on the volt-
meter scale if you are measuring across a 1k
resistor. If the voltmeter indicates 0.2 V, you
have 0.2 mA of current. If it indicates 1.5 V,
you have 1.5 mA of current, and so on.

While your DMM can measure current di-
rectly, you do have to open the circuit and put
the meter in series with the circuit. Generally,
this involves unsoldering a lead or a connec-
tion. If there happens to be a 1k resistor in
the circuit, you can simply measure the volt-
age across the resistor to determine the cur-
rent. Thus, you will save the time needed
to unsolder a part, take the reading, and
re-solder the part.
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Technicians seldom take current measure-
ments or use Ohm'’s Law to calculate the cur-
rent in the circuit. The circuit current values
are not given for most electronic equipment.
However, the voltage values are generally
given. If the correct voltage appears across
the part, you can assume that the current is
correct for that circuit. As far as the current
is concerned, the technician is interested in
only three possibilities. These are:

1. Is the current normal?
2. Is the current too high?
3. Is the current too low?

Voltage measurements can give an indica-
tion to all three answers without the use of
Ohm'’s Law or the necessity of unsoldering
and re-soldering connections. The technician
usually does not care about the actual value
of the current, but rather whether it is
normal.
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Experiment 5: Series Voltage

Dividers

Introduction

As you have seen in the preceding experi-
ments, if any resistance in a series circuit has
changed in value, the voltage across each re-
sistor will change. In some circuits, however,
we want the voltage to remain fairly stable
even when the resistance changes.

As you have learned previously, when a
large resistor and a small resistor are in par-
allel, the combined resistance is approxi-
mately that of the small resistor. This means
that even if the larger resistance varies some-
what, it will still be much higher than the
smaller resistance. Thus, the combined resis-
tance will remain essentially unchanged. This
important fact can be put to good use when
we want to stabilize the voltage across a load
in which resistance varies.

For example, an amplifier is similar to a re-
sistance connected across a power source. It
converts a portion of the power supply volt-
age to a useful output signal. If the amplifier
has to produce a higher output signal, it con-
sumes more power from the power supply.

The power supply sees this increased demand
as a decrease in load resistance. If the power
supply is properly designed, it will maintain
a constant voltage despite the varying load
resistance.

In this experiment, you will build a circuit
in which the load resistance can be varied
and in which the load requires considerably
less voltage than the source voltage of 9 volts.
You will see how the voltage across the load
changes when the load resistance is changed.
Then, you will change the circuit so that the
effects of variation in load resistance are
reduced to a minimum.

As a technician, you may not be particu-
larly interested in being able to design voltage
dividers, but you should certainly know how
they work. If you find that a particular circuit
is not operating satisfactorily, you must rely
on your voltage measurements to tell you
what might have happened in the circuit. A
knowledge of how voltage dividers operate
will go a long way in helping you find the
source of the trouble.
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Materials Needed

Gather the battery with clip, your DMM,
and the breadboarding socket. You will also
need the following parts:

1k resistor

4.7k resistor

10k resistor

10k trim potentiometer
Hook-up wire

1
1
1
1

Procedure

Step 1. Build the circuit shown in Figure
5-1. A pictorial layout of this circuit is shown
in Figure 5-2, on the next page. Use the
jumper cables supplied with this kit so that
you can clip both leads of the meter to the cir-
cuit under test. Also make sure that the red
test lead of your DMM is connected to the V
jack. You are now ready to see how the circuit
works.

Step 2. Measure the load voltage in Figure
5-1 by clipping the black lead from the DMM

R2

10k [

1+ R3
9V — 1k

Figure 5-1. A schematic of the circuit for Step 1.

to the negative lead of the battery and the red
lead to the junction of the 4.7k resistor and
the 10k resistor (R2). The meter is now con-
nected across the 4.7k resistor and part of
the 10k potentiometer. These two parts make
up the load resistor, R1, in Figure 5-1.

With a small screwdriver, adjust the poten-
tiometer so that the meter reads 0.8 volts. We
will consider this position to be the normal
resistance of R1. Now, turn the potentiometer
fully counterclockwise. This increases the re-
sistance of R1 and thereby increases the volt-
age across it. From the perspective of the
power source, however, the higher load resis-
tance appears to be a smaller load since it
draws less current. Now record the voltage
across the load at this time in the space
labeled Voltage with Minimum Load in Step 2
of Table 5-1, on the next page.

Now, rotate the potentiometer fully clock-
wise, reducing the resistance of the variable
resistor to practically O. The resistance of R1
now consists of only the 4.7k resistor. This
decreased resistance appears to be a larger
load, from the perspective of the power
source, because the circuit now draws more
current. Note the meter reading and record it
in the space provided for Voltage with Maxi-
mum Load in Step 2 of Table 5-1.

Step 3. Remove the 1k resistor as shown
in Figure 5-3, on the next page. The load is
still made up of the combination of the 4.7k
resistor and part of the potentiometer. Adjust
the potentiometer fully counterclockwise.
Note the voltage reading and record it as the
Voltage with Minimum Load for Step 3 in
Table 5-1.

25



BASIC ELECTRONICS EXPERIMENTS

+ » s
LT
2 > 10k~ &/ 4.7k G g = 3 @
00000000000 “njajan|nsfa|sa]s]a]s]n]a(alalalalalsalala/alnlalnlalals
Ulsj/s s|e wnsexssinjeoosessisessle/sanssannsnoelssnsissnaisensss
O|s/s s/ ws/sunssssssess’woonsssssnsasssajss/aaaseaaaoiaensns
Qleimsin winswns LUV OO OO D 000000000 00000000000
Ql-ll!lll.IlQ{lI-lll‘lllll."'l-lll-llllllllllllllll[l-
N\ ook
QO s/e/sje/npssieeinnls ...I.. T Epsmpen'DED S6n N e BB E B G anN
Ols|e n|snin/n/ee/o/sn|js ||sn/n/n|n|e tnalalnlnlnla/nnja/nlela/nsn naininlaels
/e sjas/ajes/aainjos |[ajnanlsln o/nls/alslelaln/n/alalalalnaaalalslen sl
O/unsaes/sanasas|ennnas “Ta sjenmis@je anssinnssnnnnnnn
®/ainse /s nnnnne lll|llllllIlI-E soamnons nnonn e ninnusnenns
(-] (%) > (= w N N -
(=] w LY. w ko] o (=] o
M O0000 H-lr ala]
ll:]::[:lul [:I:I:I:l: :_Ilu :I:::j [iﬁﬁﬁij
+ WRHITE

Figure 5-2. Layout of the circuit for Step 1.

Next, turn the potentiometer fully clock-

wise to reduce the value of R1.

Record the

reading as the Voltage with Maximum Load
in Table 5-1. When you are finished with the
experiment, unplug one lead of the battery to
open the circuit and conserve battery life.

Results

Look over the figures you have recorded
in Table 5-1 and compare the two sets of

Voitage with
Minimum Load

Voltage with
Maximum Load

Step 2

Step 3

Table 5-1. Record your results for Experiment 5 here.

readings. In Step 2, there should be less of a
difference between the maximum and mini-
mum voltages than in Step 3.

In many voltage dividers, the source volt-
age divides between the circuit parts. The volt-
age across a part is proportional to its

s A'A
10k

[7+]

<
4]1!
L
b

X
AN
_— S

Figure 5-3. A schematic of the circuit for Step 2.
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resistance. If two parts have equal resis-
tances, the source voltage will divide equally
between them. Both will have the same volt-
age drop. If one part is variable, then it will
have more than half of the voltage across it
some of the time and it will have less than
half the rest of the time.

In Step 1, you installed what is commonly
called a bleeder resistor. This time, the volt-
age changes were much smaller. When two
resistors are in parallel, the combined resis-
tance is less than the smallest resistor. The
combined resistance of R1 and the 1k bleeder
resistor was between 780 Q and 982 Q depend-
ing on the potentiometer setting. In other
words, when you added the bleeder resistor,
changes in load resistance were substantially
reduced. Therefore, load voltage was nearly
the same (but much lower), regardless of
load resistance variations.

In Step 3, you removed the bleeder resis-
tor. With the potentiometer turned counter-
clockwise, the total load resistance was about
14.7 kilohms. This is nearly 1 1/2 times the
resistance of R2. Thus, more than half the
source voltage was dropped across R1. With
the potentiometer turned fully counterclock-
wise, the total load resistance was only 4.7k,
making R1 less than half the resistance of
R2. Thus, most of the source voltage was
dropped across R2.

In your work, be on the lookout for
bleeder resistors. They can fail or change in
value just like any other parts. You must take
them into consideration when you diagnose a
circuit where the components are in parallel
with other electronic parts.
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Experiment 6: Electrical Power

Introduction

In this experiment, we will discuss the
term power, and how it is determined in an
electronic circuit. Power, whether it is electri-
cal or mechanical, is defined as the rate at
which work is being done. Work is done
whenever a force causes motion to occur.
When mechanical force is exerted to lift or
move, work is being done. However, when
force is exerted without motion, such as
when the force of a compressed spring is ex-
erted between two stationary objects, work is
not taking place.

With this in mind, we already know that
voltage is the electrical force that causes cur-
rent to flow in a closed circuit. When a volt-
age exists, but its force does not produce
current flow, as in an open circuit, no work is
being done. Work is accomplished when ap-
plied voltage causes electrons to move. The
instantaneous rate at which this work is done
is called the electrical power rate, and is
measured in watts.

This unit measurement of electrical power
is normally measured using a device called a
wattmeter, illustrated in Figure 6-1. A watt-
meter combines both voltage and current, as
shown in Figure 6-2, on the next page. Thus,

we can conclude that power can be initially
calculated using these two factors of voltage
and current. Depending on the circuit quanti-
ties known, one of the following formulas can
be used to determine power:

P=ExI
P =I°R
P = E’R

— \"'--.< ‘
//
\__,;" !/
I py— ,
el NS )
V4 ~ [ fl\@ /
Ak —

Figure 6-1. Wattmeter with a 25-watt range.
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Figure 6-2. Wattmeter connections to measure power.

Where P is power in watts (W), E is in
volts (V), I is in amperes (A), and R is in
ohms (S).

Electrical components are usually given a
power rating, This rating, in watts, indicates
the rate at which the device converts electri-
cal energy into another form of energy such
as heat, light, or motion. Light bulbs are the
most common devices using this type of
power rating. In other electrical devices this
power rating indicates the maximum power
the device is designed to use rather than the
normal operating power.

Knowing how to determine the power of a
given electrical configuration improves your
overall competence as a technician. It might
also help you to evaluate the performance of
a defective circuit. For example, a power
source could be loaded down if a circuit con-
nected across it consumes too much power.
Knowing how to calculate power might help
you locate the defective circuit.

Materials Needed

In this experiment, you will need the bat-
tery with clip, your DMM, the breadboard
socket, and the following parts:

2 1k resistors

1 2.2k resistor

1 4.7k resistor
Jumper leads

Procedure

Wire Figure 6-3 on your breadboard
socket. Refer to the diagram in Figure 6-4, on
the next page, to make sure you have wired it
correctly. Now you are ready to measure the
power consumed by the circuit.

Step 1. Turn on your DMM by setting it to
measure DC current. Start with the 20 mA/20
A range, since the amount of current flow in
the circuit is unknown. Unplug the probe

R3
1k

Figure 6-3. The circuit for Experiment 7.
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Figure 6-4. An illustration of the circuit for Experiment 6.

lead from the V input jack and connect it to
the A input jack. This setup allows you to
safely connect your DMM to the circuit as an
ammeter.

Now, disconnect the positive lead of the
9-V battery from the breadboard socket and
connect it to the positive lead of the DMM

Part 1 Part 2

Total Current

Source Voltage

Total Power

Power R1
Power R2
Power R3
Power R4

Table 6-1. Record your results for Experiment 6 here.

using one of the jumper leads. Connect the
black lead to the free end of R1. Measure the
total current flow in the circuit and record
your measurement in Table 6-1.

NOTE: If necessary, switch the DMM to a
lower current range to get a more accurate
reading. You will do this by positioning the
selector switch to the 200-mA range, and
moving the red lead of the DMM from the A
jack to the mA jack. You can read even lower
ranges now by simply placing your selector
switch to the lower ranges.

Step 2. Next, you will measure the loaded
source voltage. First disconnect the meter
and reconnect the positive lead of the battery
to R1. Set your DMM to the 20 V DC range.
Don't forget to unplug the red probe from the
A or mA jack and connect it to the V jack.
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¥

Measure the loaded source voltage by con-
necting the black lead to the negative battery
terminal and the red lead to the positive bat-
tery terminal. Record your measurement in
Table 6-1.

You can now calculate total power con-
sumption by multiplying the total circuit cur-
rent by the loaded source voltage. If your
current is in milliamps, you’ll have to convert
it to amps. Thus, if you measured 2.5 mA,
divide this figure by 1,000 to convert it to
amps. Record your results in Table 6-1 for
total power under Part 1.

Step 3. To determine the power consumed
by individual parts, you will need to measure
the voltages across R1 and R4. Record your
measurement in the margin of this page. Us-
ing the formula P = E x I, determine the
power consumed by each of these resistors.
The value of I is the total current recorded in
Table 6-1. Record your answers in Table 6-1
under Part 2.

Step 4. Next, you will determine the power
used by resistors R2 and R3. The same voltage
is dropped across both R2 and R3 because they
are wired in parallel. However, the current is
divided between them. Having determined

the voltage, use the formula P = E*R to find
the power consumption for each resistor. Re-
cord your answers in Table 6-1 under Part 2.

Step 5. Add the power used by the individ-
ual parts in the circuit. Record your answer
in Table 6-1 as the Total Power under Part 2.
Compare the Total Power for under Part 1 in
Table 6-1 with the Total Power for Part 2. Ex-
cept for a small difference, due to the parts
tolerances, the results should be nearly equal.

Results

In this experiment, you calculated electri-
cal power. You saw that power is determined
by multiplying voltage by current. Total cir-
cuit power can also be determined by adding
the power used by individual parts.

Technicians need to also understand that
power is dissipated or converted to other
forms of energy. Consequently, the fuse of a
circuit responds to heat, a by-product of the
power converted, by melting if the current
flow exceeds the predetermined level. Some
electrical parts are rated (in watts) according
to their ability to dissipate heat.
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Preparing for Experiments 7-9

Ohmmeter Operation

In servicing electronic equipment, the tech-
nician usually relies on voltage and resistance
measurements. Often, you will not be able to
take voltage measurements, because a defect
in the circuit overloads a fuse as soon as the
equipment is turned on. Under these circum-
stances, the technician must rely on resis-
tance measurements to locate the problem.

To use the ohmmeter section of your
DMM, the black lead should be in the COM
jack and the red lead should be in the V jack.
The switch is rotated through one of the six
positions. You will learn how to properly se-
lect the correct position as part of the follow-
ing experiments.

In taking resistance measurements, the
equipment MUST be turned off. As a matter
of fact, it is a good idea to unplug the equip-
ment from the power line or disconnect the
batteries if the equipment is battery operated.
This precaution will prevent accidental dam-
age to the DMM. If you try to take resistance
measurements with the power turned on, the
resistance measurements may be inaccurate,
and you run the risk of damaging the DMM.

How Your Ohmmeter Works

Your DMM is primarily a voltage-measuring
device. It does not measure the resistance of
a part directly. The DMM contains six preci-
sion resistors that are used for resistance
measurements. A different resistor is switched
in for each range. In the 200-ohm range, a
precision 200-ohm resistor is used internally.
In the 2k range, a precision 2Kk resistor is used.

When you take a resistance measurement,
a small current flows through the precision
resistor inside the meter and through the
resistor under test. This flow produces a volt-
age across the resistor that the DMM meas-
ures and converts into a resistance reading.

Setting the Range Switch

As a general note, the objective in setting
the range switch is to set the switch to the po-
sition that gives you the most significant read-
ing. The maximum resistance that can be
measured on each of the ranges is shown in
the top row in Table 7-1. If you try to meas-
ure a resistance at too low a range, you will
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Range

Resistor 200 2k 20k

200k 2M 20M Best Range

1k

2.2k

4.7k

10k

100k

470k

M

2M

Table 7-1. Record the reading on each range for the resistors listed and the range that gives the best reading.

get an overload indication on the meter dis-
play. This reading tells you that the resistance
is too high to be measured at that range. If
you use too high a range when measuring a
resistance, the meter will not give you the most
accurate reading that it is capable of giving,
For example, suppose you have a 47 Q resis-
tor, and you want to check its exact resis-
tance. Remember that resistors have a
tolerance and that a 47 Q resistor, having a
tolerance of 10%, could have a resistance any-
where between 42.3 Q and 51.7 Q and still be
within tolerance. Because this resistance is
less than 200 Q , you would use the 200 Q
range to check the resistance.

In checking the resistance of a 47-ohm re-
sistor in a lab, the two digits displayed on the
left indicate 47. The digit on the right continu-
ally changes, sometimes displaying a 1, some-
times a 2, and sometimes a 3. This indicates
that the resistance of the resistor is a little
over 47 Q. If we switch the range switch to
the 2k position, the meter will display 0.047.
If we switch to the 20k range, we’ll get a read-
ing of 0.04 or 0.05. If we move the switch to
the 200k range, we'll get a reading of 0.00. It
is obvious from this that the 200 Q range pro-
vided us with the most accurate reading. Now
it is your turn to get some practical experi-
ence measuring the resistance of resistors.
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Experiment 7: Using an Ohmmeter

Introduction

In checking the resistance of parts with an
ohmmeter, there are three important rules to
bear in mind:

1. Make sure the equipment that is being
tested is turned off. If power is supplied
from a power line, it is usually a good idea
to remove the power line plug from the wall
socket. If the equipment is battery oper-
ated, all batteries should be disconnected.

2. Use the correct range of the ohmmeter. As
you will see, if you use the wrong range,
the ohmmeter may indicate that a good
part is open or shorted.

3. Keep your fingers off the part being tested
when measuring high resistances. The re-
sistance of your body can affect the result
of your measurements. On low resis-
tances, however, it does not matter. Do not
touch the probes when measuring iron-
core devices, such as transformers or
chokes, because you may receive a shock.
As you continue working with your ohm-
meter, you will learn other valuable tricks
of the trade that will enable you to get the
greatest use from the ohmmeter section of
your DMM.

Materials Needed

In this experiment, in addition to your
DMM, you'll need the following resistors:

1k resistor
2.2k resistor
4.7k resistor
10Kk resistor
100k resistor
470K resistor
1M resistor
2M resistor
10M resistor

Pt et b et et pumd et pumd e

Procedure

Step 1. Connect the ohmmeter leads to the
10M resistor and rotate the switch to the
20M position. You should get a reading a lit-
tle above or below 10 megohms. Now touch
the two ohmmeter leads with your fingers,
and you will see that the reading drops. The
resistance of your body is now in parallel
with the 10M resistor, and thus reduces the
resistance reading.

-
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Step 2. Disconnect your ohmmeter from
the 10M resistor and connect it across a 10k
resistor. Now, starting with the 200 ohm
range, note the reading on the DMM. Switch
to the 2k and then the 20k, 200k, 2M, and
20M ranges. You should discover that on
ranges below 20k, the DMM display indicated
an overload. On the 20k range, you received
a reading close to 10.00 kilohms. On the
200k, 2M, and 20M range, you got readings
with fewer digits. Thus, the 20k range gave
you the most accurate reading,

Step 3. Measure the resistance of each re-
sistor listed in Table 7-1, on page 33. Meas-
ure the resistance on each ohmmeter range.

Then, indicate the range that gave the most
accurate reading. Record your results in
Table 7-1.

Results

In this experiment, you learned that you
must choose a suitable ohmmeter range. The
wrong range may indicate a fault when the
resistor is actually good. Additionally, the ap-
propriate range also gives you the most accu-
rate reading for the resistor being measured.
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Experiment 8: Circuit Continuity

introduction

You have seen in earlier experiments how
circuit continuity can be checked with a volt-
meter. Also, you have learned that when conti-
nuity is intact, the circuit is able to carry
current. While parts may have shorted or
changed in value, these conditions do not af-
fect the ability of the circuit to carry current.
If the circuit has continuity, it simply means
that the circuit does not have an open.

Most technicians prefer using the ohm-
meter for continuity testing, because it can
easily be shifted to various points in the cir-
cuit to measure the actual resistance. Al-
though the ohmmeter can display the
approximate sum of the resistances, it is not
designed to measure the total resistance of
the circuit while making continuity checks.
The true purpose of the ohmmeter is to show
that the circuit is complete.

When making continuity measurements,
technicians seldom bother to determine the
actual resistance in the circuit. They simply
check to see that there is a reading that
shows continuity. When making continuity
tests with your DMM, set the range switch to
the 20M position. Otherwise, if you are check-
ing a high-resistance circuit, you may get an

overload reading that may lead you to believe
that the circuit is open.

In this experiment, you will demonstrate
that in a circuit containing both large and
small resistances, a small resistor could be
shorted without materially affecting the over-
all resistance measurement. To find such a
short requires a check of the individual resis-
tors. Do this type of check when the symp-
toms of the circuit indicate that there are
possible problems causing the circuit to fault
out.

Materials Needed

In this experiment, you will need your
DMM, the breadboarding socket, the dummy
resistor that you used in Experiment 2, and
the following resistors:

1k resistor
2.2k resistor
10k resistor
100k resistor
1M resistor
10M resistor

bt et et et et b
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Procedure

You will make a voltage divider using five
resistors in series and check the continuity.
Using your breadboarding socket, construct
the voltage divider shown in Figure 8-1 and
Figure 8-2, on the next page. By now, you
should be able to build simple circuits with-
out the aid of a pictorial diagram.

Step 1. Measure the value of each resistor
in the divider and record the resistance in
ohms in the spaces provided for Step 1 in
Table 8-1, on the next page. Now, add up the
values of all five resistors and record this
sum as the total resistance in the space
provided.

Step 2. Connect one lead of your DMM to
Terminal A and the other lead to Terminal B.
Adjust the range switch to give a reasonable
indication and record the value in Table 8-1.
Your reading should be approximately the
same as the sum of the individual resistance
measurements.

Step 3. To simulate a short across resis-
tors R4 and R5, take a short piece of wire
and connect it between Terminals B and D.
With the DMM still connected to Terminals A
and B, record your reading for Step 3 in
Table 8-1. The value you record should be
almost the same as that obtained in Step 2,
showing that the two resistors could be com-
pletely shorted without materially affecting
the ohmmeter measurement.

A R1 F R2 E
o AN/ AVAVAV
10M 1™

Step 4. Remove the 1Kk resistor (R4) from
the circuit and replace it with the 2.2k resis-
tor. A change in resistance value from 1,000
ohm to 2,200 ohm is apparent when you
check each individual resistor. However, see
how it affects the total resistance by measur-
ing the resistance from A to B and record
your results in Table 8-1.

Step 5. Remove the 2.2k resistor and in its
place substitute the simulated open resistor
you made in Experiment 2. Now, measure the
resistance between Terminals A and B. The
meter will give an overload reading, indicat-
ing that the resistance between Terminals A
and B is greater than 20 megohms. This cer-
tainly indicates that the circuit was open,
since the original resistance was approxi-
mately 11 megohms.

Step 6. To find the open part in the voltage
divider consisting of R1, R2, R3, the open re-
sistor, and R5, connect the black lead from
the ohmmeter to Terminal A. With the range
switch in the 20M position, touch the red
lead to Terminal F. You should get a reading
of about 10 megohms. Now, move the red
lead to Terminal E. You should get a reading
of about 11M, indicating continuity between
Points A and E. Now move the red lead to
Point D. Again, you should get a reading indi-
cating continuity between Points A and D.
Now move the red lead to Point C. You should
get an overload indication that pinpoints the
open circuit as being located between Termi-
nals C and D.

R3 D R4 RS B
AVAVAY o NN ° VNV °
100k 1k 10k

Figure 8-1. The circuit for Experiment 8.
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Figure 8-2. An lllustration of the circuit for Experiment 8.

Results You also saw that an increase in resistance
in one of the low-resistance parts will have
In this experiment, you saw that continuity no apparent effect on the total measured
can be checked with an ohmmeter. You saw resistance.

that you can reduce the resistance of the di- These are key points to remember when
vider in Figure 8-1 by completely shorting out troubleshooting electronic equipment. Make
R4 and R5 without appreciably changing the continuity tests when you suspect that a cir-

measured total resistance. Therefore, to cuit is open, but remember that this does not
check the condition of the individual resis- show the value of the individual parts.

tors in a circuit having a high resistance, you
must connect the ohmmeter directly across
each resistor in question.

Measurement Value

Step1 R1

R2

R3

R4

R5

Total

Step 2 AtoB

Step 3 R4 and R5 Shorted
Step 4 R4 = 2.2k

Table 8-1. Record your resuits for Experiment 8 here.
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Experiment 9: Parallel Resistance

Introduction

You already know that electronic parts con-
nected in parallel have a combined resistance
lower than that of the smallest resistance of
the group. However, as a service technician,
you may want to know what the exact com-
bined resistance should be. This enables you
to measure the combined resistance and de-
cide whether the parts are in good condition.

It is easy to decide what the combined re-
sistance should be when parallel-connected
parts have the same resistance. The rule is as
follows:

The combined resistance of equal parts in
parallel is equal to the resistance of one of
the resistors divided by the number of resis-
tors in the group.

Thus, if we connect three 1k resistors in
parallel, the combined resistance is 1,000 di-
vided by 3, or 333 ohms. Three 3.3k resis-
tors in parallel have a resistance of 1,000
ohms; two 22k resistors in parallel have a
combined resistance of about 11,000 ohms.

Parallel-connected resistors are not always
equal in value. When this is the case, the com-
bined resistance, R, can be found by using
the formula:

_ R1 xR2
R1 +R2

For example, if we have a 1k resistor and
a 3.3k resistor in parallel:

_ 1,000 x 3,000
1,000 + 3,300

_ 3,300,000
- 4,300

= 767 ohms

Itishelpful, butnotimperative, thatyou
be able to make these computationson a
daily basis. Asabusy technician, you may
notalwayshave the time to calculate them.
Instead, whenyoucannotreadilytell the com-
bined resistance at a glance, you may resort
to simply unsoldering one end of each of the
resistors and check the resistors individually.

If by chance you have the time to spare
and find the calculations easy to work, then
you can avoid the trouble of unsoldering a
component to determine its condition and re-
solder the component into the circuit. It may
be a good idea for you to invest in an inexpen-
sive, hand-held calculator. With this addi-
tional tool, you can quickly work through
these calculations.
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When resistors do not have any shunting
(parallel-connected) parts, the resistance
value is checked by connecting the test leads
directly across the resistor. With some me-
ters, doing this can cause erratic readings if
there are transistors or diodes in the circuit.
This is usually because the ohmmeter voltage
is so high that the diode junction within the
semiconductor may conduct and affect the
measurement.

However, using the DMM issued in this kit,
the voltage used in the ohmmeter section is
so low that neither the diodes nor the transis-
tors will conduct. This feature makes the
DMM particularly useful in servicing solid-
state equipment.

In this experiment, you will connect resis-
tors in parallel and measure their combined
resistance. You will then check the measured
value with the calculated resistance value to
prove that the calculated value is correct.
Expect small variations between the calculated
and measured values due to component
tolerances.

Materials Needed

In this experiment, you will need your
DMM, the breadboard socket, and the follow-
ing resistors:

1k resistors
2.2k resistor
10k resistor
100k resistor
10M resistor

’_a’_a’_a’_aw

Procedure

Step 1. Plug one of the 1k resistors and a
2.2k resistor into the breadboard socket so
that they are in parallel. Calculate the resis-
tance with the formula:

R+ = R1 x R2
R1 + R2
1,100 x 2,200

R = = .
1,000 + 2,200 687.5Q

Measure the combined resistance. To do
this, simply clip one lead from your DMM to
each end of a resistor. Rotate the range
switch until you get a suitable reading and
record the measured value in Table 9-1.

Step 2. Remove the 2.2k resistor and re-
place it with a 10 k resistor. Calculate the re-

sistance of the combination with the formula:

_ R1xR2

R+ =
R1 +R2

By substituting the values of the resistors,
we have:

_ 1,000 x 10,000

R = 1,000 + 10,000

= 909 ohms

Now, measure the resistance of the parallel

combination. Record this reading in Table 9-1.

Parallel Computed Measured
Combination Value Value

1k and 2.2k

1k and 10k

10k and 2.2k

10k and1M

10M and 100k

Table 9-1. Record your results for Experiment 9 here.
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Step 3. Following the same procedure,
measure the combined resistance of the other
parallel combinations listed in Table 9-1. In
each case, calculate the values so that you
can check the measured values.

Step 4. Build the series-parallel circuit
shown in Figure 9-1. You should be able to do
this without the aid of a pictorial diagram.

Before you measure the combined resis-
tance, examine the circuit carefully and calcu-
late in advance what the total resistance
should be. Jot down what you think it is
somewhere below the schematic diagram.

Step 5. Now connect one lead from the
DMM to Terminal A and the other lead to Ter-
minal B. Choose the appropriate ohmmeter
range on your multimeter and read the resis-
tance value. Compare this value with the
value you calculated before taking the meas-
urement within the circuit.

r —NVVN——
A Tk 2.2k 8
o * AAAY% +—"VVNV—o0
| |
10k
AAYAY

Figure 9-1. The circuit for Step 4 of Experiment 9.

Results

When you compared your measured val-
ues with the calculated values given in the
chart, they should have been fairly close in
most cases. However, because of the toler-
ances of the resistors, you may find that the
readings differ somewhat in some cases.

When two resistors are in parallel and one
is much larger, an accurate resistance check
of the larger resistor cannot be performed
until it is disconnected from the circuit. For
example, when you measured the 10M and
100k resistors in parallel, their combined re-
sistance should have been close to 100,000
ohms, or the resistance of the smaller resis-
tor. Even when the 10M resistor was com-
pletely removed, the resistance remained
close to the parallel value.

When there is only a slight difference in
the value of the parallel resistors, or when
one is disconnected or is defective, there will
be a considerable change in the measured
resistive value of the parallel configuration.
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Experiment 10: Charging and
Discharging Capacitors

Introduction

As you have learned, a capacitor is an elec-
tronic component that has the ability to store
an electrical charge. In most circuits, capaci-
tors charge and discharge constantly accord-
ing to dynamic circuit conditions. Rates of
capacitive charge and discharge are depend-
ent upon the circuit resistance. The time (in
seconds) required for a capacitor to charge to
63% of the applied voltage is equal to the re-
sistance value (in megohms) multiplied by
the capacitance value (in microfarads). This
is known as the time constant of the circuit,
and it is typically expressed as TC = Rx C.

Materials Needed

For this experiment, you will need the
breadboard socket and your DMM in addi-
tion to the following parts:

1  9-volt battery with clips

1 10k resistor

1 100k resistor

2 10 microF electrolytic capacitors

If you need to do so, install the battery
clips on the batteries at this time.

Procedure

Wire the circuit shown in Figure 10-1. Do
not connect the negative battery lead until
you are instructed to do so. Use a 10k resis-
tor for R, set your meter to the 2 mA posi-
tion, and move the red lead to the mA socket.
Figure 10-2, on the next page, shows one way
to breadboard the circuit.

AVAVAV
|
RED BLACK .
LEAD ° LEAD ai
7~ 20 uf
" — | ELECTROLYTIC
— 9wV

Figure 10-1. A DC voltage capacitor charging circuit.
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Figure 10-2. One way to breadboard the connection for Experiment 10.

To get the 20uF capacitance shown in
Figure 10-1, you'll have to connect two 10uF
electrolytic capacitors in parallel. When ca-
pacitors are connected in parallel, the total
capacitance is the sum of the individual val-
ues. Remember that electrolytic capacitors
should be installed with polarity positioned
in the appropriate direction.

When you connect the 9-volt battery to
the circuit, the voltage across the series-
connected resistor and capacitor will be 9
volts. The time it takes the capacitor to
charge depends on the amount of resistance
and capacitance in the circuit. If either the
resistance or the capacitance is increased,
the amount of time it takes to charge the
capacitor will increase as well.

Step 1. When you're ready, touch the 9-volt
battery black lead to the capacitor’s negative
lead. As soon as you do this, the meter will
indicate a charging current. When the meter
display changes to 000, the capacitor has
become completely charged.

Step 2. To repeat the experiment, you'll
have to discharge the capacitors. To observe
the capacitive discharge current, simply un-
clip the red meter lead from its current posi-
tion. Move the red lead to the negative lead of
a capacitor. You should see the same indica-
tion on the meter as before. This shows the
capacitors discharging through the resistor
and the meter in the opposite direction of cur-
rent flow. You can repeat Steps 1 and 2 sev-
eral times to observe the action.
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Step 3. Increase the amount of resistance
in the circuit by replacing the 10k resistor with
a 100k resistor. Repeat Step 1 and Step 2 of
the experiment. Notice that the current dis-
played on the meter display indicates 000
more slowly than it did before in both the
charging and discharging cycles.

Step 4. Remove one of the 10uF capacitors
and repeat Step 1. Notice that the charging
rate is faster with less capacitance in the cir-
cuit. Short the leads of the capacitors by
touching the leads together. By doing this you
will discharge the capacitors. Now, connect
the capacitors in series to reduce the capaci-
tance further. Electrolytic capacitors are con-
nected in series, just like two batteries
connect the positive lead of one capacitor to
the negative lead of the other. The circuit
should charge very quickly because it has
less capacitance. (If you want to repeat this
step, you will have to discharge the capaci-
tors each time.)

Step 5. Disconnect the battery to turn the
circuit off.

Results

In Steps 1 and 2 of this experiment, you
proved that when power is applied to a ca-
pacitor, a high current initially flows and then
decreases as the capacitor charges. As the
current diminishes, the meter will eventually
indicate zero. You also learned that a capaci-
tive circuit discharges in the opposite direc-
tion. Lastly, you may have noticed that as
long as the charge and discharge paths re-
mained the same, the time for charging and
discharging was equal.

In Steps 3 and 4, you saw that increasing
the resistance in the circuit caused the time
constant to increase. In this case, it should
have taken 10 times as long for the capacitor
to fully charge through the 100k resistor as it
did through the 10k resistor. You also proved
that capacitors connected in series have less
capacitance than capacitors connected in par-
allel. Decreasing the capacitance also decreased
the charge and discharge times. This is be-
cause the time constant was smaller. Simi-
larly, increasing the capacitance in the circuit
without changing the resistance increases the
time constant.




Experiment 11: Basic Coil Action

Introduction

A coil is an inductive device created by a
looping turn of wire around a core. The con-
ductor is usually copper wire. The core can
be made of any material that affords a path
for magnetic flux lines in a coil. The DC resis-
tance of a coil is the same as the resistance of
the wire itself meaning that the form of a coil
doesn't change the conductor’s DC charac-
teristics. However, it does change the way the
wire responds to alternating current (AC). Be-
cause a coil of wire can oppose the starting,
stopping, or changing of current, it has the
characteristic of inductance.

Recall that inductance is the characteristic
of a coil that enables it to induce a voltage
into itself. Winding wire in the form of a coil
causes a significant increase in the inductance
properties. Therefore, when inductance is
increased the inductive reactance increases.
The opposition that the coil offers to alternat-
ing current is much greater than its opposi-
tion to direct current. This opposition to
current flow is known as impedance.

You have already studied these properties
in an earlier lesson. We suggest that if these
factors sound vague to you, you may want
to review the earlier lesson to refresh your

memory concerning the impedance, reac-
tance, and inductance properties of coils.

Materials Needed

For this experiment, you will need the
breadboard socket, your DMM and the follow-
ing parts:

2 9-volt batteries with clips
1 1k resistor
2  Red light-emitting diodes
1 Choke coil

_ 4+
+ / L"
— LED
18V — N @LZ 3 col
S Py |
+ -
&) 1
‘ [ LED L1 [
L AAA
- 1k +

Figure 11-1. Circuit connection to demonstrate counter
electromotive force (CEMF).
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Procedure (LEDs) to observe the voltage changes in the .
circuit.

A full study of inductance, inductive reac- You will want to begin this experiment by
tance, and many other aspects of inductors constructing the circuit shown in Figure 11-1
(coils) would normally require weeks of labo- without the LEDs. To get the 18 V supply,
ratory time. Therefore, this experiment will you'll have to connect two 9-volt batteries in
focus on the basic properties of coils. In this series aiding. Use the diagram in Figure 11-2
experiment, you'll construct a simple induc- if you need help. Be sure to move the red lead
tive circuit and use light emitting diodes of your DMM back to the V socket.
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Figure 11-2. One way to connect components for coil demonstration.
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Step 1. Connect the negative lead of the
18 V supply to the free end of the 1k resistor
and the positive lead to the free lead from the
choke coil. Set your meter to the 20 V range
and measure the voltage drops across the
resistor and the coil. You should find that the
DC voltage across the resistor is more than
the DC voltage across the coil. Thus, the resis-
tance of the coil is less than 1 kilohm. The
coil’s inductive properties will become evi-
dent as you connect the LEDs later in this
experiment.

Step 2. Disconnect the battery red lead
from the coil. Connect the LEDs across the
1k resistor and the coil with the polarity, as
shown in the schematic. An LED lights when
a negative voltage is applied to the cathode
and a positive voltage is applied to the anode.
Ensure that the components are installed
into the circuit properly, review Figure 11-1
carefully.

The second LED (L2) should be connected
with opposite polarity when compared to first
LED (L1). Current should flow from the bat-
tery, through LED L1 and the 1k resistor,
through the coil, and back to the battery posi-
tive. Current should not flow through LED L2
at this point.

Step 3. Touch the battery red lead to the
free end of the coil. Current in the circuit
flows through L1 and bypasses L2.

Step 4. Disconnect the red lead from the
coil and carefully watch L2.

Step 5. Disconnect the battery.

Results

When you initially connected power, LED
L1 turned on, indicating current flow in the
circuit. LED L2 did not light because it does
not conduct (it is reverse biased). When you
disconnected the battery from the circuit, you
saw that LED L2 lit very briefly. Can you ex-
plain this from what you know about coils
and their properties?

When you disconnected the battery, the cir-
cuit DC current stopped. The magnetic field
surrounding the coil (induced by current
flow) collapsed as circuit current stopped.
The collapsing magnetic field induces a volt-
age and current into the coil in the opposite
direction of the battery current. The opposite
polarity of the induced voltage is of the cor-
rect polarity to light L2. The induced voltage
(sometimes called CEMF, or counter electro-
motive force) is of very brief duration, lasting
only as long as the decreasing current is

changing,
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Experiment 12 : Transistor

Operation

Introduction

The two types of bipolar transistors are
the NPN and the PNP transistors. Both types
are used in electronic circuits. For any tran-
sistor to operate, the emitter-base junction
must be forward biased and the collector-
base junction must be reverse biased. Apply-
ing this requirement to the NPN transistor
shown in Figure 12-1(A), this means that the
base must be positive with respect to the
emitter, and the collector must be positive
with respect to the base.

Figure 12-1(B) shows a two-diode repre-
sentation of the NPN transistor. D1 repre-
sents the base-emitter junction, while D2

c c
A o

B @ NPN B +

V¥V o1

3 £
(A) (B)

Figure 12-1. (A) An NPN transistor can be represented
as (B) two back-to-back diodes.

T

v
-1

B—@PNP 8 4
A

|

E

() (8)

Figure 12-2. (A) A PNP transistor and (B) diode equivalent.

represents the collector-base junction. Figure
12-2 is similar to Figure 12-1, but it shows a
PNP transistor symbol and its two-diode
representation.

In this experiment, you are going to show
that an NPN transistor can have a current
gain when properly biased. That is, a small
current in the input circuit can control a
much higher current in the output circuit.
Also, you will learn how to measure voltages
to determine if a transistor is saturated (con-
ducting hard), cut off (not conducting), or
biased for linear (Class A) operation.

A transistor is a solid-state device that am-
plifies by controlling the flow of current carri-
ers through its semiconductor materials. The
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basic idea of current flow within a transistor
is that the amount of current flowing from
emitter to collector is controlled by the base
current. The base current is very small com-
pared to the collector current. Therefore, in-
creasing or decreasing the base current will
cause a much larger collector current to
increase or decrease. The total current flow
in a transistor flows in the emitter circuit. Ap-
proximately 95% of the emitter current reaches
the collector circuit, while the remaining 5%
passes through the emitter-base circuit.

Materials Needed

You will need your breadboard socket, 9-
volt battery with clips, your DMM, and the fol-
lowing parts:

1k resistor

2.2k resistor

4.7k resistor

10k resistor

10k trim potentiometer

NPN transistor (2N3904 or equivalent)

bd et b ek b b

+9 Vv +18 Vv
o 0
é 4.7k §1k
' INPUT VOLTAGE
‘ MEASURED HERE e —
' VOLTAGE
- . AVAAY: / 2N3904
10k 10k )
/ |
| BASE
VOLTAGE
A A

Figure 12-3. Schematic for the circuit for Experiment 12.

Figure 12-4. Lead identification for a typical transistor.

Procedure

Construct the circuit shown in Figure 12-3
on your breadboard.

Figure 12-4 identifies the leads of the tran-
sistor. As in an earlier experiment, the 18 V
supply is produced by connecting two 9-volt
batteries in series aiding. Figure 12-5, on the
next page, shows an illustration of one way to
wire this circuit.

Set your meter to 20 V DC and connect the
black lead to ground. For this experiment, you
will measure the output voltage directly from
the collector of the transistor. The input volt-
age will be measured at the end of the 10k
base resistor that connects to the center tap
of the 10k potentiometer. Base voltage will be
measured directly from the base of the tran-
sistor. In a moment, you'll see why the base
voltage isn't necessarily the input voltage.

Step 1. Connect the battery and rotate the
10k potentiometer fully in the counterclock-
wise direction. Measure the output voltage on
the collector and record the reading in Table
12-1, on the next page. Then, measure the
base voltage and record this measurement in
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Figure 12-5. An illustration of the circuit for Experiment 12.
Table 12-1. Measure the input voltage as indi- measure and record the voltage on the base
cated above and record this voltage in Table of the transistor.

12-1, even if it's zero. Then, slowly adjust the

Step 4. Adjust the 10k control for an input
potentiometer until you acquire a reading of

of 1 volt. Remember, for this experiment, the

1 volt. input is measured at the center tap of the con-
Step 2. With the input set to 1 V, measure trol. Do not readjust the control after setting
the base voltage again. It should be about it.

0.7 V direct current. Record your results in
Table 12-1. This means you have approxi-
mately 0.3 V dropped across the 10k resis-
tor. Using Ohm's Law, it is easy to determine
that you have approximately 30 microamps

Step 5. Now, measure the collector supply
voltage and record this voltage in Table 12-2.

of current in the base circuit. Pot Position Input | Output | Base
Step 3. After you record the DC voltage at Fully Clockwise

the base, re-measure the output voltage and Input = 1 volt 1 volt

record it in Table 12-1. Now, turn the potenti- Fully Counterclockwise

ometer completely clockwise and record the
collector (output) voltage. Next, measure and
record the input voltage once again. Then, Table 12-1. Record your results for Step 1 here.
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Load Output | Supply | Voltage | Coliector

Resistance| Voltage | Voitage | Across | Current
Load

1k

2.2k

Figure 12-2. Record your results for Step 2 here.

Then, measure and record the collector out-
put voltage. Subtract this voltage from the
previous reading and enter your result as the
voltage drop across the 1k collector load re-
sistor. To find the collector current, divide the
voltage across the collector by the resistance
and enter your results.

Step 6. Next, remove the 1k load resistor
and replace it with a 2.2k load resistor. The
total resistance is now more than twice the
original value. Again, measure the supply and
output voltages and determine the voltage
drop across the collector resistor. Then, cal-
culate the collector current and record it in
Table 12-2. When you are finished, discon-
nect the batteries from the circuit.

Results

An NPN silicon transistor was used in
Step 1. Until the bias pot was properly ad-
justed to produce the necessary base voltage,
there was no current flow through the transis-
tor. This was determined when you read the
full supply voltage at the collector. The tran-
sistor was cut off (not conducting), and it
appeared as an open circuit.

When the bias control was adjusted to pro-
duce 1 V DC at the 10k base resistor, you

should have measured approximately 0.7 V
DC at the base. You will always measure be-
tween 0.6 and 0.7 V across the emitter-base
Jjunction of a conducting silicon transistor.
With the proper bias voltage present, the tran-
sistor began conducting, and there was a volt-
age drop across the collector load resistor.
You should have measured about 12.3 V DC
at the collector of the transistor. This indi-
cates that the transistor is no longer cut off.

From this experiment, you have proved
that a transistor must be biased before it will
conduct. The emitter-base junction is for-
ward biased with a positive voltage at the
base and the emitter grounded. A positive
voltage at the base of an NPN transistor
causes a reduction in the voltage at the collec-
tor. The collector was connected toa +18 V
DC supply through a 1k resistor. The base-
collector junction was therefore reverse biased.

When you increased the bias voltage to
maximum, you found that the voltage across
the emitter-junction remained essentially con-
stant, while the voltage across the base resis-
tor increased. This resulted in an increase in
base current. This small change in base cur-
rent was more than sufficient to saturate the
transistor and cause the collector voltage to
drop almost to zero.

A saturated transistor appears as a very low
resistance, and it drops very little voltage. It
has characteristics very similar to a turned-on
switch. The majority of the voltage in this cir-
cuit is dropped across the collector resistor.

You also learned that once the transistor is
saturated, further increase in base-emitter
current will not affect the collector current.
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When a transistor is properly biased to op-
erate as a linear (Class A) amplifier, the collec-
tor voltage will be approximately half of the
supply voltage. In the circuit that used an 18
V DC supply, the collector voltage should be
adjusted for approximately 9 V to allow a
maximum positive and negative swing of an
input signal without distortion.

Additionally, you learned that the size of
the collector resistor did not greatly affect the
collector current. From this experiment, you

have determined that the base current, which
you can vary by adjusting the control, actu-
ally controls the collector current; the transis-
tor is a current-controlled device with a small
base current (about 30 mA) controlling a
large collector current (about 5.6 mA).
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Examination Questions

This is Examination Number 2332.

Make sure you print your name, student num-
‘ber, and examination number (Lesson No.) in
the space provided on the Answer Form. Be
sure to fill in the circles beneath your student
number and examination number (Lesson No.).

Reminder: A properly completed Answer Form
allows us to evaluate your answers and speed
the results and additional study material to you
as soon as possible. Do not hold your Answer
Forms to send several at one time. You may run
out of study material if you do not send your
answers for evaluation promptly.

1. If you measure the full source voltage
across one of the components in a circuit
and zero voltage across all the other com-
ponents, then:

a. The component with full source voltage
across it is shorted.

b. The component with full source voltage
across it is open.

¢. One of the components with no source
voltage across it is open.

d. One of the components with no source
voltage across it is shorted.
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PORCROOO GOGG
PPROEEE® GO
Q0000000 OO
PO GO
clelolelole! lopolololo

2. In a parallel circuit made up of two 1k

resistors, what happens to the total resis-
tance if a 1M resistor is added in parallel
with them? (Note: For accuracy, calculate
the values instead of using the DMM)

a. It decreases slightly.

b. It decreases substantially.

c. It remains exactly the same.

d. It increases.
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3. If the load resistance in the circuit used in 6. Using the values recorded in Table 3-1,
Experiment 5 increases, the voltage drop what is the voltage on Terminal 3 of Figure
across it will , indicating that 3-3 with respect to Terminal 1?
the output current has . a. Negative and equal to the voltage meas-
a. Increase, increased ured in Step 1.

b. Decrease, decreased b. Positive and equal to the voltage meas-

c. Increase, decreased ured in Step 1.

d. Decrease, increased c. Positive and much smaller than the volt-
age measured in Step 1.

4. In the circuit shown below, the current d. Positive and much greater than the volt-
leaving the parallel branch and flowing to age measured in Step 1.
the positive terminal of V is the
current flowing through R1. 7. According to the information you recorded
a. Usually greater than. in Table 7-1, what ohmmeter range gave
b. Considerably greater than. the most significant reading for the 2.2k
c. Considerably less than. resistor?

d. Equal to. a. 2k.
v b. 20k.
o A% ' o c. 200k.
AM—4 ——A— d. 2M.
. 150 0 _/\;\li/\_J 1k
v :__7_: 4.7k

- 8. What resistance did you measure from the
circuit shown in Figure 9-1?
a. Approximately 2,700 ohms.

5. What is the most practical and quickest b. Approximately 5,500 ohms.
way to determine total current in the circuit c. Approximately 17,000 ohms.
for Question 4? d. Approximately 28,500 ochms.

a. Create an open in the circuit and then
connect an ammeter.

b. Use Ohm’s Law to calculate after meas-
uring the voltage across R1.

c. Measure the voltage across R3.

d. Use Ohm’s Law to calculate after meas-
uring the voltage across R2.




What change in resistance would you 10. When you compared the base and collec-

expect between Terminals A and B of tor currents of the conducting transistor
Figure 8-1 if resistors R3, R4, and R5 in Experiment 12, you found that:

were shorted? a. No current flowed in the circuit.

a. Increase more than 10 percent. b. They were about equal.

b. Decrease more than 10 percent. c. The base current was slightly greater
c. Decrease less than 5 percent. than the collector current.

d. Increase 1 percent. d. The collector current was much

greater than the base current.
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VOLTAGE, CURRENT, AND RESISTANCE

Lesson Objectives

In this lesson you will . . .

® Explore some practical aspects of connecting
dc power sources.

® |earn about “ground.”

® Discover how dc voltages connected in series add
together.

® |earn how voltage, current, and resistance
values are changed into smaller or larger units.

® Examine useful applications of Ohm's Law in
finding the values of current and voltage in a
series circuit.
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VOLTAGE

You have learned that voltage is the electrical
pressure or force that sets electrons in motion.
Batteries and generators are sources of voltage.
The unit in which voltage is measured is the volt
(V). Let’s review some of the important things
you learned about voltage in the first lesson, and
expand that knowledge.

DC Voltage

DC is a common abbreviation for direct cur-
rent. A dc voltage is one that causes a direct
current to flow. In the early days of electronics,
equipment (usually radio equipment) was built
on a metal chassis. One side of the operating
voltage source was connected to this chassis. The
chassis, in turn, was connected to a water pipe
or other metal pipe driven into the ground. As a
result, the connection to the chassis became
known as the “ground connection.”

With one side of the voltage source connected
to the ground, dc voltage measurements are
made between the ground and other points in the
circuit. This is a convenient method of reading
voltages found in various parts of the circuit.

A flashlight cell produces a voltage of about
1.5 volts. Higher voltages can be obtained by
connecting two or more cells together, because
their voltages add together. We say the cells are
connected in series. A series connection puts the
negative terminal of one cell in contact with the
positive terminal of another. The two cells com-
bine into one voltage source having a negative
and a positive terminal, as shown schematically
in Fig.1(A). If each cell has a voltage of 1.5V, the
total voltage available from the series-connected
combination is 3 volts.

= AE

+ I||= -
©

Figure 1. Battery symbols. Each cell is rated at 1.5 volts.

Most people think of a flashlight cell as a
battery, but technically it is a cell. The combin-
ation of two or more cells is a battery. A three-
cell combination, shown in Fig.1(B), has a total
voltage of 4.5 volts. If we connect 15 cells as
shown by Fig.1(C), we get a voltage of 15 x 1.5 =
22.5 volts. Notice that we did not draw 15 cells.
Usually two cells are shown, and the voltage is
listed in numerals.

We can connect two 9 V batteries in series, as
shown in Fig.2, to get 18 volts. There is 9V between
terminals A and B, 9 V between terminals B and
C, and 18 V between terminals A and C. Some-
times we say that terminal C is 18 V positive
with respect to (or compared to) terminal A; or
that terminal A is 18 V negative with respect to

o>

|
e
[ 1]

|
P
o0

Figure 2. Two 9 V batteries connected in series.
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terminal C. If polarity is unimportant to the
application, we may just say that there is 18 V
between A and C.

To simplify the wiring of most electronic
equipment, a common terminal of the power
source is frequently used as a reference point.
For example, terminal B is a common point with
respect to the voltages at A and C. It is 9 V
positive with respect to terminal A, and 9 V
negative with respect to terminal C. This com-
mon terminal may be used as a reference point
and is most frequently called ground, or some-
times acommon ground. At the ground point, the
voltage is considered to be zero because it is used
as a reference value. When you read that some
circuit point is at “ground potential,” it means
that the voltage at that pointis UV with respect
to the common ground.

Usually, the negative terminal of the battery
or power supply is connected to the common
ground terminal as shown in Fig.3(A). Notice the

_svymbol used to represent the ground connection.
When connected in this way, terminal A is
regarded as the zero reference point (the ground)
for voltage in the equipment circuits. Terminal B
would measure +9 V, and terminal C, +18 volts.

The common connection can also be made as
shown in Fig.3(B). Here, terminal C connects to
the common ground terminal, so the voltage at
terminal C is 0 volts. Terminal B voltage is -9V
and terminal A has -18 volts. The net effect is
the same as when terminal A is grounded; there
is 18 V between terminals A and C. The dif-
ference is in the polarity of the voltage with
respect to the ground reference point.

A third way of making the common or ground
connection is shown in Fig.3(C), where terminal
B is at ground potential. Terminal A is -9 V, and
terminal C is +9 V with respect to the reference
point, terminal B. There is still 18 V total between
terminals A and C.

Most modern electronic equipment is made
with printed circuit boards. These are thin, in-
sulating boards to which a layer of copper con-
ductor is glued. The copper is marked with the
desired circuit pattern, then most of the copper
is etched off the board by an acid solution, leav-
ing the circuit conductor layout. Frequently,
some excess copper is left on the board to form

| the common connection, also called the ground

foil.

Using the chassis as a common connection
significantly reduces the amount of necessary
wiring in electronic equipment. The same tech-
nique is used on a larger scale in automobiles,
where the frame of the vehicle takes the place of
a wire. The negative terminal of the automotive
battery is bolted to the frame or chassis of the
car. Current flow in automotive electrical acces-
sories is from the chassis ground, through the
accessory, then through a wire to the positive
terminal of the battery. This is why you will
frequently see automotive electrical systems
described as “12 V negative ground” systems.

|
[+

[ 1]

'

[+
00
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o
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T
I+
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00

Figure 3. Three ways of adding a common or ground
connection to two 9 V batteries connected in series. The
voltage between the terminals is the same in all three
circuits.



VOLTAGE

1

|+

_—_ 9 VOLTS

N

> )BULB

<+

=
ks

[

9 VOLTS

GROUND

(4)
GROUND

L.

T A _—_9 voLTs

> ) BuLB

+
(7]

B — 9 VOLTS

T

(8)

Figure 4. Simple circuits with ground connection.

In Fig.4, one battery is labeled A and the other
is labeled B. The positive terminal of battery A
is terminal 1, and the negative terminal is ter-
minal 2. The positive terminal of battery B is
terminal 3, and the negative terminal is ter-
minal 4. Notice that the negative terminal of
battery B in Fig.4(A) is grounded.

With the batteries connected in this way,
using ground as a reference, we say that ter-
minal 1 of battery A is +18 V with respect to
ground. Also, if the negative terminal (4) of bat-

tery B is at ground or zero potential, terminal 3
of battery B will be 9 V with respect to ground.

In Fig.4(B), the ground connection is moved so
that terminal 1, the positive terminal of battery
A, is ground. Now we consider terminal 1 of
battery A to be at zero, or ground potential, and
terminal 4, the negative terminal of battery B,
is ~18 V with respect to ground. Remember that
the total voltage is the same in both cases.

As you've seen before, we can go one step
further and ground the connections between ter-
minals 2 and 3 of the two batteries, as shown in
Fig.5. Here we have both negative and positive
polarities with respect to ground. Terminal 1 of
battery A is positive with respect to ground, and
terminal 4 of battery B is negative with respect
to ground. The total voltage applied to the bulb
is still 18 V because the two batteries are con-
nected in series. The same current flows through
the bulb in the two examples given in Fig.4 and
the circuit shown in Fig.5. In your study of
electronics, you will run into a lot of equipment
where voltages may be either negative or posi-
tive with respect to ground.

+| 1
A= g vots

——

2

—E '

<+

™

B 9 VOLTS

‘l

Figure 5. A simple circuit with a positive voltage with
respect to ground and a negative voltage with respect to
ground.
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1

i
;_ 45V ?
.
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1
+
— 30V
725V
+
— 45V
1 2

(8)

Figure 6. Batteries connected in series so their voltages add.

Voltages in Series

Voltage sources can be connected in series.
Whether they add together or subtract from each
other depends on how they are connected.

In Fig.6(A) we have two 4.5 V batteries con-
nected in series aiding. This means that the two
voltages add together. Notice that the batteries
are connected in the same way as the cells form-
ing each battery are connected. We have, in
effect, simply added three additional cells to one

of the 4.5 V batteries, so that the total voltage
between terminals 1 and 2 is 9 volts.

In Fig.6(B), we have batteries with different
voltages connected in series aiding. In effect, we
have simply added two cells to the 4.5 V battery,
so the total voltage is 7.5 volts.

In Fig.7, we have three examples of batteries
connected in series opposing. These batteries are
connected so that their voltages oppose. To find
the total voltage we subtract the battery voltages.

1 -0 1 -0 1

+ + | + ]
—— 45V — 45V — 30V

ov +15 vV -5V
L . p
— 43V — 30V — 43V
+ \ + 7

o 2 - 2 -0 2
)] (8) (©)
Figure 7. Batteries connected in series so their voltages subtract.
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In Fig.7(A), each battery is a 4.5 V battery.
When you subtract 4.5 from 4.5, the result is 0.
Therefore, the potential between terminals 1
and 2 is 0 volts.

In Fig.7(B), we have batteries of unequal volt-
ages. Subtracting the smaller voltage from the
larger, we have 4.5 — 3.0 = 1.5 volts. Since the
positive terminal of the larger battery connects
to terminal 1, terminal 1 will be 1.5 V positive.

In Fig.7(C), we have the opposite situation.
The positive terminal of the 4.5 V battery con-
nects to terminal 2. Therefore, terminal 2 is
positive with respect to terminal 1, or, in other
words, terminal 1 is 1.5 V negative.

We can connect dc generators in series in the
same way as the batteries shown in Figs.6 and
7. If they are connected in series aiding, their
voltages add. If they are connected in series
opposing, their voltages subtract.

Voltage Units

In many electronic circuits, the voltage values
are not expressed in volts. Some values are much
smaller, and require that the voltage unit be
expressed in a more convenient unit of measure-
ment. Occasionally, larger units are needed as
well. For this reason, several useful voltage units
have been defined.

The Millivolt. When the volt is too large a unit,

microvolt. A millivolt, mV, is one thousandth of
a volt. The prefix milli means one thousandth
To convert volts to millivolts we multiply by
1000. To do this, we simply add zeros and move
the decimal point three places to the right. To
convert from millivolts to volts, we do the op-
posite: divide by 1000 and move the decimal
point three places to the left. Thus, 2.5V = 2.5
x 1000 = 2500 mV.

we use the millivolt, and sometimes th?

The Microvolt. The microvolt, abbreviated uV,
is one millionth of a volt. The symbol u is the

Greek letter mu, and is traditionally used to

indicate “micro.” To convert volts to microvolts;
multiply by 1,000,000. Do this by moving the
decimal point six places to the right. To convert
from microvolts to volts, move the decimal point
six places to the left.

The Kilovolt. Another unit used in voltage '
measurements is the kilovolt. The kilovolt is

1000 volts. Thus, 25 kilovolts, abbreviated 25 kV, /

is equal to 25,000 volts. Voltages are measured in
kilovolts in TV receivers, in video displays used
with computers and microcomputers, and in
radio and TV transmitters. Remember, a kilovolt
is equal to 1000 V, so to convert kilovolts to volts,
we simply multiply by 1000.

Review

A dc voltage produced by a battery or a dc
generator will have a polarity that does not
change. Connected to a circuit, a dc voltage
source produces a current that flows in one direc-
tion. Voltage sources are frequently connected to
common points called ground, and may be either
positive or negative with respect to ground.

Batteries and generators can be connected in
series aiding so that their voltages add, or in
series opposing so that their voltages subtract.
When voltage sources are connected in series
between ground and another point, the polarity
of the point may be positive or negative when the
batteries oppose, depending on the polarity of
the larger voltage source.

Some circuits you will use will have very
small voltages; others will have very high volt-
ages. Remember that the millivolt (mV) is one
thousandth of a volt, the microvolt (uV) is one
millionth of a volt, and the kilovolt (kV) is one
thousand volts.

l
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Your understanding of the basic prin-
ciples of electronics is essential. Advanced
lessons are based on the fundamentals you
learn in early lessons. If you skip over parts 1
you do not understand, you are sure to run
into problems later. If you have difficulty
with some of the material, carefully reread 2
those lesson sections. If you need additional
help, take advantage of the NRI consulta-
tion service. Write and tell us exactly which
section of the lesson gave you trouble, and 3
we will give you additional assistance.

Self-Test Questions

Please check your answers on page 17.

In the circuit shown in Fig.4(B), if both v
batteries are 6 V, what voltage is present at
terminal 4 with respect to ground? )
In the circuit shown in Fig.5, if each battery ¢
is a 45 V battery, what is the voltage at ter-
minal 1 with respect to ground? What is the
voltage at terminal 4 with respect to ground?
If a 15V battery and a 45 V battery are 3
connected in series as in Fig.6(B), what will {©
the voltage be at terminal 1 with respect to
ground?

Two batteries are connected as shown in
Fig.7(B). One battery is a 45 V battery with

its positive terminal connected to terminal 1,
and the other battery is a 22-1/2 V battery

with its positive terminal grounded. What is
the voltage at terminal 1 with respect to
ground?



CURRENT

CURRENT

You have learned that an electron is part of an
atom and that it has a negative electrical charge.
All electrons have the same negative electrical
charge. Electrons repel each other because like
charges repel. Electrons are repelled by negative
charges, and attracted by positive charges.

Direct Current. When a battery is connected
to an electric circuit, electrons are repelled from
the negative terminal of the battery and at-
tracted by the positive terminal. Electrons move
in one direction through the circuit. This type of
current flow is called direct current, or dc. Direct
current is widely used in electronic equipment.
Current will flow through many of the devices
used in electronic equipment in only one direc-
tion, and therefore the current used to operate
these devices is direct current.

In a simple circuit, such as the one shown in
Fig.8, the current flow is the same in all parts of
the circuit at all times. The number of electrons
leaving the negative terminal of the battery is
exactly the same as the number of electrons
passing point A on the wire connecting the bat-
tery to the lamp. The number of electrons flow-
ing through the lamp is the same as the number
of electrons passing point B on the other wire,
and it is the same as the number of electrons
moving into the positive terminal of the battery.

|+

A
Figure 8. A simple circuit.

Another important point to remember is that
electrons start movingin all parts of a circuit the
instant the circuit is completed. Electrons do not
leave the negative terminal, hit other electrons,
and start a chain reaction of movement. All free
electrons in the entire circuit start moving at the
same time.

Alternating Current. The electric current sup-
plied to homes for light and power is an alternat-
ing current, or ac. Alternating current flows first
in one direction and then in the other direction.
The current supplied by most power companies
in the United States and Canada is 60-cycle
current. This means that it goes through 60
cycles per second. We use the word hertz (ab-
breviated Hz) for cycles per second, so we say
that the frequency is 60 Hz. In resistive circuits,
alternating and direct current have the same
relationships of current, voltage, and resistance.
We will discuss alternating current more fully in
another lesson.

Current Units

/" The basic unit of current measurement is the
ampere — abbreviated A — but in electronics this

{ unit is often too large for convenient use. In com-

mon electronic circuits the current flow is small.
It may be only a few thousandths of an ampere.

The Milliampere. We can express three
thousandths of an ampere (3/1000) more easily
as a decimal, 0.003 ampere. But, it is more con-
venient to express the value in milliamperes
(mA). A milliampere is one thousandth of an
ampere. A current of three thousandths of an
ampere is 3 milliamperes. To convert amperes
to milliamperes, we simply multiply by 1000.
This is done by moving the decimal point three
places to the right. The process is similar to
converting dollars to cents. One dollar is written
in numerals as $1.00. To convert the $1.00 to

7
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cents, we move the decimal point two places to
the right and we have 100¢. To convert 5 A to
mA, we can write 5 A as 5.000 amperes. Move
the decimal point three places to the right and
we have 5000 milliamperes. Similarly, if the
current is 0.05 A, we can write it as 0.050 A, and
move the decimal point three places to the right
togive us 50 mA. In other words, to go from the
large unit to- the small unit, move the decimal
point to the right.

To convert milliamperes to amperes, move the
decimal point three places to the left. In other
words, 47 mA can be written as 047. milli-
amperes. Moving the decimal point three places
to the left, we have 0.047 ampere.

Note: A standard means of expressing any
number less than one in decimal form includes
placing a zero to the left of the decimal point.

The Microampere. In some circuits even the
milliampere is too large a unit. There is a smaller

« miraampre]

unit,(the microampere,) abbreviated nA. The
microampere is one millionth of an ampere, just
as a microvolt is one millionth of a volt.

To convert amperes to microamperes, move
the decimal point six places to the right. In fact,
try to remember that the decimal point always
moves to the right when converting from large
units to small units. Since there are a million
microamperes in one ampere, we move the
decimal point six places to the right. To convert
milliamperes to microamperes, we move the
decimal point three places to the right.

To convert microamperes to milliamperes,
move the decimal point three places to the left.
To convert microamperes to amperes, move the
decimal point six places to the left. In other
words, 50 1A would be 0.000050 ampere.

In Fig.9 we have several examples of conver-
sions from one unit to another. Study this figure
and the conversions. Then try to do them your-

LARGE TO SMALL

DOLLARS TO CENTS
$1 = 100¢
WE MOVED THE DECIMAL POINT 2 PLACES TO THE RIGHT
_$1.00 = 100¢
AMPERES TO MILLAMPERES
1 A=1000 mA
WE MOVED THE DECIMAL POINT 3 PLACES TO THE RIGHT
1A=1.000A
1.000 A = 1000 mA
AMPERES TO MICROAMPERES

1 A = 1000000 pA
WE MOVED THE DECIMAL POINT 6 PLACES TO THE RIGHT
1 A =1.000000 A

1.000000 A = 1000000 uA

SMALL TO LARGE

CENTS TO DOLLARS
1000¢ = $10
WE MOVED THE DECIMAL POINT 2 PLACES TO THE LEFT
_1000¢ = $10.00
MILLIAMPERES TO AMPERES
10mA = 0.010 A
WE MOVED THE DECIMAL POINT 3 PLACES TO THE LEFT
010.mA = 0.010 A
10mA =0.01 A
MICROAMPERES TO AMPERES
1000000 A = 1.000000 A
WE MOVED THE DECIMAL POINT 6 PLACES TO THE LEFT
1000000 A = 1.000000 A
1000000 pA = 1 A

Figure 9. Examples of converslon from one unit to another.

.
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self. This is the best way to learn how to convert Self-Test Questions

from one unit to another. With a little practice,

you will be able to convert from one unit to 5 If the current flow past a point in the circuit
another as easily as you convert dollars to cents is 1 A and it is increased so that four times ¢/
or cents to dollars. the number of electrons pass the point in a

second, what will the new current be?

. 6 Convert $6.00 to cents./9 o ¢
Review 7 Convert 2 AtomA. 2300 #.
8 Convert 0.42 A to mA. <2
We have reviewed current flow. Remember 9 Convert 0.037 A to mA.
that current flow is a movement of electrons, and 10 Convert 0.002 A to mA. 2 -
in a simple series circuit the current flow is the 11 Convert 46 mAto A. . o44 A
same in all parts of the circuit. When the circuit 12 Convert 822 mAto A. 224
is complete, current starts to flow in all parts of 13 Convert 2AtopA. 2, co
the circuit at the same time. 14 Convert 0.0017 A to pA.

15 Convert 147 nAto A.
16 Convert 0.031 mA to pA. 3/ u#
17 Convert 327,000 A to mA, and then to A. _

3 ’

You learned that the milliampere is one
thousandth of an ampere, and the microampere
is one millionth of an ampere. To convert from
larger units to smaller units, move the decimal
point to the right. In converting amperes to
milliamperes (or milliamperes to amperes),
move the decimal point three places; in convert-
ing amperes to microamperes (or microamperes
to amperes), move the decimal point six places.
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RESISTANCE

All wires and components in electronic equip-
ment have resistance. The resistance may be so
low that it has no effect on the performance of
the circuit; however, almost every circuit has
some resistive component that affects the way it
operates. In a dc circuit, the only factor that
limits the amount of current that flows is the
resistance in the circuit.

The Ohm

x
%/The unit of resistance is the ohm, named after
pioneer scientist George Simon Ohm. Its symbol
is the Greek letter omega (©2). When an applied
voltage of 1 V causes 1 A of circuit current, the
circuit resistance is 1 ohm. What if an applied
voltage of 2 V causes 1 A of circuit current? Since
the current flow is 1 A in both cases, the circuit

Carbon Resistors

Carbon resistors come in several different
sizes and in many different resistance values.
The size of the resistor tells you how much
power the resistor can handle. Three different
sizes of carbon resistors are shown here. Each
resistor has a resistance of 1000 ohms. The
resistor on the top is a 1/2-watt resistor. The
one in the middle can handle twice the power
without burning up, and is a 1-watt resistor.
The one on the bottom is a 2-watt resistor,
which can withstand four times the power of
the 1/2-watt component. The watt is a unit of
electrical power which we will discuss later.

10

in the second case has twice the resistance to
current flow, or 2 ohms.

DC Resistance. DC resistance is the opposi-
tion offered to the flow of direct current in the
circuit. If a dc voltage is applied to an electrical
circuit, the de resistance of the circuit will limit
the current that will flow in the circuit. Usually,
we call it resistance, rather than dc resistance.

AC Resistance. The ac resistance of a com-
ponent may not be the same as the dc resistance.
At very high frequencies, much higher than the
60 Hz used by the power companies that supply
electricity to your home, ac circuits have special
characteristics that change the effective resis-
tances. We will discuss these factors in greater
detail in another lesson.

Resistors. You know that electronic circuits
use copper wire to keep resistance low, but there
are many instances where specific values of
resistance are needed in the circuit for various
reasons. Parts designed to add resistance to the
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Wire-wound and Deposited-film
Resistors

A wire-wound resistor (A) is made of wire
wound on a form which is usually ceramic.
The wire used to wind a resistor is called
resistance wire because it has a much higher
resistance than copper wire. Wire-wound
restetors are used in places where they must
handle a higher current than could be han-
dled by a carbon resistor.

The deposited-film resistor (B) is composed
of a metal oxide film deposited on a ceramic
form. These resistors can handle higher cur-
rents than carbon resistors, and can be made
in larger resistance values than the wire-
wound type.

circuit are called resistors. There are many dif-
ferent values, physical sizes, and types of resis-
tors used in electronic equipment. The most
commonly used type, the carbon resistor, is a

“mixture of powdered carbon and a cement-like

material that bonds the carbon together. By
varying the composition of the mixture, different
values of resistance are obtainable, from less
than an ohm up to several million ohms.

Resistance Units

Some electronic circuits require resistances of
several thousand ohms, others may use values
greater than a million ohms.

Kilohm. For convenience, one thousand ohms
are represented by the letter k (kilo), so 1k is
1 kilohm. A resistance of 2200 ohms is expressed as
2.2k. A resistor having a resistance of 100,000 ohms
would be labeled 100k. A resistor with a resis-
tance of 470,000 ohms would be labeled 470k.

Megohm. Megohm units (M) refer to resistors
larger than one million ohms. A 2,200,000 resis-
tor would be labeled 2.2M. Resistor values below
a megohm may occasionally be expressed in
megohms. For example, a 470,000 ohm resistor
could be labeled 470k, or 0.47M.

Converting back and forth between ohms,
kilohms, and megohms is the same process as
converting between amps (amperes), milliamps,
and microamps, except that the ohm is the basic
unit, and we typically work with larger values
than one ohm. To convert from the small unit to
the larger unit, simply move the decimal point
to the left, either three places for kilohms or six
places for megohms. To convert from the larger
unit to the smaller unit, move the decimal point
in the opposite direction to the right. This may
seem very complicated, but don’t be concerned
about it. You will see all three terms, ohms,
kilohms, and megohms so often that converting
from one to another will become automatic.

11
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Review

In a dc circuit the current flow is limited by
the circuit resistance. The unit of resistance is
the ohm. If acurrent of 1 A flows in a circuit when
a voltage of 1 V is applied to the circuit, the
resistance in the circuit is 1 ohm.

Three important types of resistors that you
will encounter in electronic equipment are th

carbon resistor, the wire-wound resistor, and the™~~

etal oxide fil m resistor. These resistors are
made 1n various resistafice values and sizes to
handle different values of current.

In many electronic circuits, the resistance is
so high that we use the kilohm, which is equal to
1000 ohms, and the megohm, which is equal to
1 million ohms.
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Self-Test Questions

If the current flow in a circuit is 1 A, and
we double the resistance in the circuit, will
the current increase(decrease;or remain
the same?

Name three types of resistors commonly
used in electronic equipment.

Convert 4700 ohms to k.

Convert 5,600,000 ohms to M. 5= 6
Convert 0.330M to k. 330K

Convert 2.2M to ohms. 2,206,099 o
Convert 8.2k to ohms. »

Convert 680k to M.



OHM’S LAW

OHM’S LAW

Ohm’s law is one of the most important laws
in electronics. It tells us how the voltage, cur-
rent, and resistance are related in an electrical
circuit. Ohm’s law states that the current flow in
a circuit is equal to the voltage divided by the
resistance. Rather than using words to exix;e_ss_

this law, w s. We use the letter{I for

_cclﬂ'ﬁm,; for voltage| and/R for resistance.

sing th fiibols, we can eXpress Ohm's law
as:

E
I=—
R
With this expression, if we know any two of
the three values — resistance, current, or volt-
age — we can determine the third.

For example, we can interchange the R and I
and we have the formula:

R=—
I
This formula tells us that the resistance in a
circuit is equal to the voltage divided by the
current. We can also express this formula as:

E =1R

This tells us that the voltage in a circuit is
equal to the current flow in the circuit multiplied
by the resistance in the circuit.

The importance of the three forms of Ohm’s
law is that they show us how the current, volt-
age, and resistance in a circuit are related. As we
will see in the following sections, a change in
either the voltage or the resistance in the circuit
will result in a change in the current.

How Voltage Affects Current

Now we are going to use Ohm’s law in the
form:

It
| =

This formula shows how a change in the applied
circuit voltage affects the current in the circuit.

In Fig.10 we have a simple circuit consisting
of a voltage source and a resistor. Notice the
schematic symbol for a resistor; this is another
important symbol you should remember. The
battery voltage (E) is 20 V; the resistance (R) of
the resistor is 2 ohms. The unknown value is the
amount of current.

We can determine the circuit current using
Ohm’s law. We simply substitute the numeric
values of voltage and resistance for E and R in
the formula, then divide to give us the value of I:

|+
Iﬁ
—

E=20V

'
i
M\
b
"
N
o
x
F 3
b3

Figure 10. A simple circuit consisting of a voltage source
and a resistor.

13
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In the circuit shown in Fig.10, the current flow
will be equal to 10 amperes. If we increase the
voltage to 40 V, the new current flow will be:

40
I=— =20A
2 0

If we reduce the voltage to 10 V, the current
flow in the circuit will be:

10
I=—=5A
2

Notice in each example that the current flow
is directly related to the voltage. Increasing the
voltage increases the current; reducing the
voltage reduces the current. In the example
where the voltage doubled, the current
doubled. When the voltage was cut in half, the
current was cut in half. This relationship will
always hold true.

If we increase the voltage to three times the
original value, the current will increase to three
times the original value. If we reduce the voltage
to one third of its original value, the current will
be reduced to one third of its original value. As
long as resistance remains the same, any change
in the voltage will result in a direct change in the
current.

How Resistance Affects Current

In the simple circuit shown in Fig.10, where
the voltage is 20 V and the resistance 2 ohms, we
found by using Ohm’s law that the current flow
is 10 amperes. The same circuit is shown in
Fig.11, except that we have replaced the 2-ohm
resistor with a 4-ohm resistor. How will this
affect the value of I? Using Ohm’s law, we can
find the current.:

E 20
I= R-1° 5A

14

Here the current is 5 A, half the value it was
before. Doubling the resistance cut the current
in half. Suppose that, instead of doubling the
resistance from 2 ohms to 4 chms, we cut the
resistance in half, reducing it from 2 ohms to
1 ohm. Using Ohm’s law, we can easily find out
what happens:

I=?=2OA

Cutting the resistance in half doubled the cur-
rent from 10 A to 20 amperes.

This relationship between current and resis-
tance holds true regardless of how we change the
resistance. If we increase the resistance to three
times its original value, the current decreases to
one third the original value. If we cut the resis-
tance to one third its original value, the current
increases to three times its original value. We
say that current varies “inversely” with respect
to resistance. If the resistance increases, the
current decreases. If the resistance decreases,
the current increases.

e

§R=4OHMS

.

Figure 11. The 2-ohm resistor in the circuit of Fig.10 is
replaced by a 4-ohm resistor.

+
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OHM’S LAW

This relationship between current and resis-
tance is obvious if we examine Ohm’s law. Look
at the expression for current below:

E
I=—
R
If E remains constant and we increase R, it is
obvious that I must become smaller, because E
is divided by a larger number. If we reduce R, and
keep E constant, I must get larger.

Finding E

In some circuits, we may know the values of
current and resistance, but we want to find the
voltage in the circuit. An example of this type
of problem is shown in Fig.12. Here the current
is 2 A and the resistance 15 ohms. We want to
find the value of E using Ohm’s law:

E =1R

We can substitute for the values of  and R and
get:

E=2x15

=30V

Thus, the value of the voltage applied to the
circuit must be 30 volts. If we measured a circuit
current increase to 3 A, and the resistance
remained 15 ohms, we would know that the
voltage applied to the circuit had increased to
45V, because:

E =1IR
E=3x15
E=45V

Notice that in all of the examples we’ve given
using Ohm’s law, the voltage is in volts, the

_[

™

0

-
|+

éR = 15 OHMS

lJ
1

Figure 12. A simple circuit where | = 2 amperes and R =
15 ohms.

current is in amperes, and the resistance is in
ohms. However, the current may be expressed in
milliamperes or microamperes. In such a case,
you must convert the value to amperes to use
Ohm’s law. Similarly, the resistance may be in
kilohms or megohms. Again the value must be
converted to ohms,

Review

We have seen how circuit current is affected
by the applied voltage and by the circuit resis-
tance. We found that increasing the voltage in-
creased the current, and decreasing the voltage
decreased the current. We said that the current
varies directly to the voltage. In the case of the
resistance in the circuit, we found it had the
opposite effect on the current. Increasing the
resistance of the circuit decreased the current,
and decreasing the resistance increased the
current. The current is said to vary inversely to
the resistance.

You should remember the three forms of Ohm’s
law so that you can see how each of the three

15



VOLTAGE, CURRENT, AND RESISTANCE

quantities — current, voltage, and resistance, is
affected by changes in the other two. The three
forms of Ohm’s law are: 2

e

A OEV N
o TR

E =1R
E
R=T

Remember that to use Ohm’s law, the voltage
must be in volts, the current in amperes, and the
resistance in ohms.
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Self-Test Questions

Give the form of Ohm’s law that is used
when you know the voltage and current,
and want to find the resistance.

Write the Ohm’s law formula that is used
when you know the current and resistance
in the circuit, and want to find the voltage.
Write the Ohm’s law formula that is used
when you know the voltage and resistance
in the circuit, and need to find the current.
In the circuit in Fig.10, find the current

if the voltage is 15 V and the resistance is
3 ohms.

If in the circuit in Fig.11, the voltage is 60 V
and the resistance is 15 ohms, what is the
current?

If the current in a circuit is 3 A and the
resistance is 20 ohms, what is the voltage?
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ANSWERS TO SELF-TEST
QUESTIONS

~-12 V.

Terminal 1is +45V, and terminal 4 is 45 V.
+60 V. The two batteries are connected in
series aiding, and therefore their potentials
will add, 15 + 45 = 60 V. The terminal is
positive because it is connected directly to
the positive terminal of one of the batteries.
+22-1/2 V. The two batteries are connected
to oppose each other, and thus their voltages
subtract. 45 V - 22-1/2 V = 22-1/2 V. The
polarity will be that of the higher voltage
battery, which is the 45 V battery. Since its
positive terminal is connected to terminal 1,
terminal 1 will be positive.

4 A. If the original current was 1 A and the
number of electrons increased by four times,
the new current must be 4 A.

$6.00 = 600¢.

2 A=2000 mA.

0.42 A= 420 mA.

0.037 A = 37T mA.

0.002 A = 2 mA.

46 mA = 0.046 A.

822 mA = 0.822 A.

2 A =2,000,000 pA.

0.0017 A = 1700 pA.

147 A = 0.000147 A.

0.031 mA = 31 pA.

327,000 uA = 327 mA = 0.327 A.

The current will decrease. If we double the
resistance in the circuit, the current will be
cut in half.

Carbon resistors, wire-wound resistors, and
metal oxide film resistors.

4.7k. In order to convert 4700 ohms to
kilohms, we move the decimal point three
places to the left.

21

22

23
24
25

26

27

29

30

31

5.6M. In order to convert 5,600,000 ohms to
megohms, we move the decimal point six
places to the left.

330k. In order to convert megohms to
kilohms, we move the decimal point three
places to the right.

2,200,000 ohms.

8200 ohms.

0.680M. In order to convert kilohms to
megohms, move the decimal point three
places to the left.

E
R=—
I
E=1IR
E
I=—
R
5 A. To solve this problem use the formula:
1- =
R

Substituting 15 V for E and 3 ohms for R,
we get:

15
I=—=5A
3 5

4 A. To solve this problem, use the formula:

E
I=—
R

Substituting 60 V for E and 15 ohms for R,
we get:

I=—=4A
15

60 V. To solve this problem, use the formula:

E=1IR

Substituting 3 A for I and 20 ohms for R,
we get:

E=3x20=60V

17
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Lesson Summary

Some of the important facts that you should
remember about this lesson are:

® When connected to a circuit, a dc voltage source
causes current flow in one direction.

® Voltage sources use common points called grounds.

® A pointin a circuit may be either positive or negative
with respect to ground.

® Batteries and generators connected in series aiding
will add their voltages. In series opposing, their
voltages subtract.

® Current flows in all parts of the circuit at the same
instant when voltage is applied.

® (Current, voltage, and resistance units may be con-
veniently expressed in smaller or larger units for ease
of measurement.



LESSON QUESTIONS

LESSON QUESTIONS

This is Lesson Number 2217.

Make sure you print your name, student number,
and lesson number in the space provided on the Les-
son Answer Form. Be sure to fill in the circles be-
neath your student number and lesson number.

Reminder: A properly completed Lesson Answer
Form allows us to evaluate your answers and speed
the results and additional study material to you as
soon as possible. Do not hold your Lesson Answer
Forms to send several at one time. You may run out
of study material if you do not send your answers
for evaluation promptly.

1. If a9 V battery and a 6 V battery are
connected in series aiding, the total voltage
of the two batteries will be:

a 15 volts.
b. 3 volts.
c. 9 volts.
d. 6 volts.

2. Ifa 6V battery and 4 V battery are connected
in series opposing, the total voltage across the
two will be:

a. 6 volts.
b. 4 volts.
@ 2 volts.
d. 10 volts.

. N

Name Jomn Smith
Print
Student No.
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lelololo] 16]oMEaIel6l0)
Q000080 000®

Lesson No.

3. A common point on the wiring connections,

tied to the negative side of the power source,
is called a:

a. Lug.

(5. Ground.

c. Node.

d. Chassis.

4. A voltage of 20 mV is equal to how many

volts?

a. 20 volts.
b. 2 volts.

c. 0.2 volts.
3. 0.02 volts.
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If the current flow in the circuit is 2 A when
the voltage is 5 V, what will the current be
when the voltage is raised t020 volts?

a. 1-1/2 amperes.

b. 4 amperes.

€. 8 amperes.

d. 20 amperes.

If the current flow in the circuit is 4 A when
the resistance is 2 ohms, what will the cur-
rent be if the resistance is increased to 8
ohms?

a, 1 ampere.

b. 2 amperes.

¢. 4 amperes.

d. 8 amperes.

If the voltage applied to a circuit is 20 V
and the resistance is 4 ohms, the current
will be:

a. 20 amperes.

b. 10 amperes.

'c, 5 amperes.

d. 1 ampere.

10.

. If the current flow in a circuit is 8 A and

the resistance is 2 ohms, the voltage will be:
a. 4 volts.

b. 8 volts.

c. 12 volts.

(d. 16 volts.

If the voltage in a circuit is 100 V and the
current is 1 A, then the resistance is:

a. 1 ohm.

b. 10 ohms.

(c) 100 ohms.

d. 1000 ohms.

If the current flow in a circuit is 6 mA and
the resistance is 6k, what will the current
be if the resistance is changed to 3k?

a. 3 milliamperes.

b. 6 milliamperes.

c¢. 9 milliamperes.

(d) 12 milliamperes.
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EACH DAY COUNTS

Each day of our life offers its own reward for work well done, its
own chance for happiness. These rewards may seem small, and
these chances may seem petty in comparison with the big things
we see ahead.

As a result, many of us pass by these daily rewards and daily
opportunities, never recognizing that the final goal, the shining
prize in the distance, is just a sum of all these little rewards we
must win as we go along.
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Objectives

When you have completed the experiments in this
manual and listened to the accompanying audio tape
you will know:

e How to make ac and dc voltage measurements.
e How to make resistance measurements.
e How to measure circuit current.

e Which measurements are made in series and which
measurements are made in parallel with the circuit.




Introduction

Please refer to the figures in this booklet as you listen
to NRI's Action Audio Cassette, which you received as
part of your training unit 4976K. Before you begin the
tape, make sure you have your DMM handy.

The tape leads you step-by-step through the basic op-
eration of your DMM. You'll be asked to perform various
operations and to make visual observations with your
DMM as you listen to the cassette — that's NRI's Action
Audio Learning,

This Action Audio Learning Unit was written and pro-
duced by the NRI development staff f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>