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A chat with your instructor

There are two basic types of d-c circuits: series and parallel. This lesson is
devoted to understanding and working with the currents, voltages, and
resistances associated with these two circuit types. Although the lesson is
about d-c cireuits, the principles, with some modifications, also apply to
a-c circuits, which you will study later.

The principles taught in this lesson are basic to the operation of practically
all electronic equipment. The better you understand these principles, the
easier and the faster you will go through your training program and the
more you will learn. So be sure to write for help (by using one of the
Request for Assistance sheets provided) on any points in the lesson that
you cannot understand.

Never forget that your success depends upon regular study. One or two

hours a day, five days a week will bring excellent results. If you have not
yet set aside a definite time each day for study, now is the time to do so.

Series and Parallel
DaC ‘Circuiits

CURRENTS IN PARALLEL CIRCUITS

Components in a circuit are hooked to each other, and to the power
source, in two basic arrangements: series and parallel. In the series
arrangement there is only one current but there are several voltages. In
the parallel arrangement there is only one voltage but there are several
current values, and laws that determine these current values are the
subject of this part of the lesson.
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Fig. 1 Ina series circuit current flowing from the negative terminal of the battery
must pass through every element of the circuit before returning to the
positive terminal. Arrows show direction of electron flow.

SERIES AND PARALLEL CIRCUITS . . . In a series circuit, such as
shown in Fig. 1, there is only one path for the current to follow. Battery
voltage E pushes electrons from the negative terminal of the battery
through the ammeter, resistor R,, resistor R, and the lamp and finally
back to the positive terminal of the battery. It is a series circuit because
every electron moving around the circuit must pass through every com-
ponent.

Since all the electrons that form the current must pass through every
component, the amount of current flowing through each element of a series
circuit is the same. In Fig. |, for example, if the current through resistor
R, 1s 300 mA (milliamperes), then the current through R,, the lamp, the
ammeter, and the battery itself must also be 300 mA.

We can tell the current strength in Fig. | by reading the ammeter. All the
current flowing around the circuit must pass through the ammeter, and
this current swings the meter pointer along the scale. The stronger the
current the farther the pointer swings. Ammeters for measuring low cur-
rent strengths (less than one ampere) are often called milliammeters, but
in this lesson we call them ammeters.

In a parallel circuit, such as shown in Fig. 2, there are several paths, or
parallel branches, that current may follow. The battery voltage E pushes
electrons from the negative terminal of the battery through ammeter 4 to
point B. At point B the electrons divide. Some take the path through the
lamp, some go by way of resistor R, and the rest go through R,. All the
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(a) Pictorial diagram (b) Schematic diagram

Fig. 2 A parallel circuit. Current flowing from the negative terminal of the bat-
tery to the positive terminal divides into three parts. One part, I,, flows
through R,; another part, I,, flows through R,; and the third part, 15,
flows through the lamp.

electrons meet again at point ¢ and from there return to the positive
terminal of the battery. This is a parallel circuit because an electron in
going once around the circuit must pass through the lamp, or resistor R,
or resistor R, but it can’t go through more than one of these components
on a single trip around the circuit. Contrast this to Fig. 1. in which an
electron, to get around the circuit, must pass through ail three com-
ponents.

Ammeter 4 in Fig. 2 measures the current going from the negative termi-
nal of the baitery to point B. Ammeter 4, reads the amount of current
passing through R,: ammeter A4, recads the amount of current passing
through R.: and ammeter A ; reads the amount of current passing through
the lamp. Since the clectrons upon reaching point B divide and go three
different ways. the reading of any one of the ammeters 4,. 4., or 4; must
be less than the reading of ammeter 4. In other words. the current in any
branch of a parallel circuit must be less than the total current supplied by
the battery or other power source.

Since all the electrons upon reaching point B must also leave B by one or
another of the three paths. the sum of the three branch currents must
equal the current supplied by the battery. Thus if the lamp draws | A
(ampere). resistor R draws 2 A, and resistor R, draws 3 A. then the cur-
rent / flowing from the battery is equal to | A +2 A +3 A =6 A.



Kirchhoff’s current law summarizes what happens to the current at
branch points in a circuit.

Kirchhoff 's current law . .. The sum of all the currents flowing away from a
point in a circuit must equal the sum of the currents flowing to that point.

As we have found, 6 A flows away from point B (1 A to the lamp, 2 A to
R, and 3 A to R,), so 6 A must flow to point B from the negative battery
terminal. The sum of the currents flowing to point Cis I3 + I, + I, =
1A+ 2A + 3A = 6A. Hence, the current flowing away from point C
to the positive terminal of the battery must also be 6 A.

WHAT HAVE YOU LEARNED?

1. If the current at any point in a (sezigs )( parallel ) circuit is 7 A, then the
current in any other part of the circuit is also 7 A.

2. If the ammeter in Fig. | reads 450 mA, then the current through the
lamp is (more than )(less than ){equal to ) 450 mA.

3. If in Fig. 1(b) we remove the ammeter from the position shown and
insert it in the circuit at point B, will it read the same current value as

before? }l ¢S

4. If the current through the lamp in Fig. 2 is 750 mA, then the current
flowing through ammeter A4; (js)(is not) equal to 750 mA.

5. Ifin Fig. 2 ammeter 4, reads 200 mA, ammeter A4, reads 400 mA, and
ammeter A; reads 700 mA, then ammeter 4 must read _IJ_LO milli-
amperes or _fa_z_amperes.

6. Find the current flowing through the lamp in Fig. 2 if ammeter 4,
reads 300 mA, ammeter A, reads 150 mA, and ammeter A reads 700 mA.
2590 mAH
7. Refer to Problem 6. If ammeter 4; is removed from where it is shown
and inserted in the circuit at point D, what will it read?
700 5 /7

8. The tubes in a radio or TV receiver sometimes have their heaters con-
nected in series and sometimes in parallel. The tube heaters in Fig. 3(a)
are connected in (u)M. Each hgater requires a current of 200
mA. Therefore a current of (b)Mé will be drawn from the voltage
source that supplies the heater current.
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9. To see how the heaters in Fig. 3(b) are connected, start at voltage-
source terminal 4 and with your pencil point try to trace along a path
that will take you through heater | and back to voltage-source terminal B.
The dashed line shows the path that you will have to take. Notice that
you did not trace through any of the other heaters. Now trace from A
through heater 2 back to B in a similar manner. Do the same thing with
heaters 3 and 4. If in every case you are able to go from A4 through the
heater being considered and back to B without passing through any other
heater, then the heaters are connected in (series)( parallel ).

10. Ifin Fig. 3(a) you trace from 4 through heater | and back to B, you

@ (need) (need not) also pass through heaters 2, 3, and 4. This verifies
that the heaters of Fig. 3(a) are connected in @ 3 £&7 &F

11. Each heater in Fig. 3(b) requires a current of 200 mA. How much
current will be drawn from the voltage source that supplies the heater

current? Saom /7

12. The household appliances of Fig. 4 are connected in ((series)

fuse

15 v ~ 24 = ZA
power toaster TV set fan

source 1A

Fig. 4




(parallel). Assuming that all of them may be in use at the same time,
would ;ou use a 10-A, a 15-A, or a 20-A fuse to protect this circuit?

{b)

ANSWERS

|. Series 2. Equalto 3. Yes. . .Since the current is the same in all parts of
a series circuit, the ammeter will read the same no matter where it is placed in the
circuit. ‘

4. Is.. .All the electrons passing through the lamp must also pass through A3
(ammeter Aj is in series with the lamp). Hence. the reading of 4; is the current
drawn by the lamp.

5. 1300mA or 1.3A ... Tochange milliamperes to amperes. divide by 1000).

6. 250 mA ... Since ammeter A reads 700 m A, the current flowing into point B is
700 mA. By Kirchhoff’s current law, the sum of the currents leaving point 8 must
alsobe 700 mA. 300 mA + 150 mA = 450 mA leaves by way of R| and R,. This
means that 700 mA - 450 mA = 250 mA must leave by the path through the
lamp. Curck: 300 mA + 150 mA + 250 mA = 700 mA, which is the current
coming into point B as read on ammeter A,

7. 700 mA ... The ammeter will read the current leaving point C going to the
positive terminal of the battery. The current entering point C is [y + [y + [ =
300 mA + 150mA + 250 mA = 700 mA. Hence, the current leaving point C is
700 mA.

8. (a) Series (b) 200 mA . .. Since the current is the same in all parts of a series
circuit, the current drawn from the voltage source must be the saume as the current
through any one of the heaters.

9. Parallel 10. (a) Need: (b) series 11. 800 mA ... In a parallel circuit the
total current is the sum of the currents taken by the components connected in
parallel.

12. (a) Parallel (b) 15 A ... You should use a fuse rated a little higher than
the maximum current through the fuse. The fuse current will be 6 A + 3 A +
I'A + 2A = 12A. Hence. a 15-A fuse should be satisfactory.

FINDING THE CURRENTS IN A PARALLEL CIRCUIT ... The
parallel circuit of Fig. 2 i1s redrawn in Fig. 5 with the resistance and volt-
age values shown and with a couple of switches added. Let us find the
readings of the ammeters both with the switches open and with one or
both switches closed.

When switches S, and S, are open, R, and R, are disconnected from the
battery, so that the circuit is reduced to a lamp connected across the
battery. By Ohm’s law the lamp current is

E.involis(V) _ 40V

15, in ol ()~ 00— >

I, in amperes (A) =

Thus 4, reads 2 A when both switches are open. If we close switch S, we
do not change the fact that the lamp is connected directly across the 40-V



electrical *‘pressure’ put out by the battery. With or without switch §;
closed, the 40 V of the battery is pushing electrons against the 20 © of
opposition of the lamp resistance. Hence, by Ohm's law the current
through the lamp is 2 A no matter whether S, is open or closed. And if
both S, and S- are closed, the current will continue to be 2 A. As long as
the battery voltage stays constant at 40 V, opening or closing one or both
switches will not change the reading of ammeter A4;.

When 8, is closed, R, is connected directly to the two battery terminals.
The current is found by Ohm’s law, and its value stays the same whether
or not the lamp or R, is also connected to the battery.

We find the reading of ammeter 4, which is the total current furnished by
the battery, by using Kirchhoff’s current law. The current entering point
B from the battery must equal the sum of the currents leaving point B and
going through the three parallel branches. /I =1, + 1, + 1, =2 A +
4A + 5A = 11 A. Thus ammeter 4 reads i1 A when both switches are
closed.

To summarize our findings in this topic, each of the components in a
parallel circuit is connected directly across the battery or other power
source. Since the current through any one of the components does not
pass through any of the others, the current taken by that component is
completely independent of the other components in parallel. As long as
the battery voltage does not change, the current through that component
will not change even though you add more parallel components, change
their value, or take away some. That component is connected directly

across the battery, and so its current is always given by / = —g—, where R is

the resistance of that component. The total current supplied by the
battery is the sum of the currents drawn by the components in paraliel.

The voltage is always the same across every component in parallel. When
all switches in Fig. 5 are closed, each one of the three components is con-
nected directly across the battery, and therefore the voltage across each
one must be 40 V.
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Fig. 5 The current through any branch of a parallel circuit across a constant
voltage does not change when additional parallel branches are added or
removed.

WHAT HAVE YOU LEARNED?

. In Fig. 6 a light, a power saw, and a TV set are operating from the
110-V house wiring. The three devices are connected in fseries)
(pgrallel). Turning on or ofl any one of the devices w(does) (dogs uor)
aflect the operation of the other two devices. This is proof that the cur-
rent drawn by a device is unaffected by other devices connected in
w(series) (parallel) with it. Hence, to find the current taken by a com-
ponent or device connected across a constant-voltage source, such as a
battery or the 110-V main, you w(must consider) (need_not _consider) the
current taken by other components or devices in parallel.

1o v
house
wiring

1 switch
on saw
power saw TV set
in basement

wall
switch

light in
John's room
Fig. 6

2. ifthe TV set in Fig. 6 has an equivalent resistance of 55 Q, then the set
draws a current of @ & amperes. If the power saw has an equiva-
lent resistance of 20 ©, it drawse) .5 amperes from the 110-V supply.
If the lamp filament has a resistance of 110 @, it draws «
ampere(s) from the line. The total current drawn from the house line in
Fig. 6 when all three devices are in use is therefore @ _J ¢ amperes.



Fig. 7

3. The ammeter in Fig. 7 reads ff_i_ amperes.

4. In I-? 7 the voltage across R is _Jo volts, the voltage across R,
volts, the voltage across R, is w_&¢d _ volts. and the volt-

age across Ryis @y F 0  volts.

5. The voltage applied to R, in Fig. 8 @ (is)(is not) the battery voltage.

The current through R, is » =2 amperes, and the resistance of R, is

© _,LA_ ohms. Using Ohm’s law, the battery voltage must be (d)M

1S b}

volts.
Fig. 8
ANSWERS
1. (a) Parallel (b) Does not (c) parallel ... We will soon see that com-
ponents do affect cach other when connected in series. {d) Need not consider

2. (a)2:(b)5.5:(c) 1: (d) 8.5 3. 84, .. Thecurrent through R, is 20 A. through
R,is 16 A, through Ry is 10 A, and through Ry is 8 A. The ammeter reads the
sum of these currents.

4. (a) 80 (b) 80 (c) 80 (d) 80... The voltages across components in
parallel are always equal.

5. (a) Is (b) 3... Ammeter A, reuds the current through R,. (c) 16
(d) 48. .. How this value is obtained is discussed in the next topic.

ADDITIONAL PARALLEL CIRCUIT PROBLEMS. .. In the preced-
ing topic we practiced finding the total current when we knew the battery
voltage and the resistance of each component. Now we will see how to
solve parallel-circuit problems no matter what information we have to
start with, providing it is adequate. No new principles are involved.
Working any parallel circuit problem involves nothing more than using
Ohm'’s law and KirchhofT's current law.



ExamPLE |. .. Find the voltage E of the battery and the reading of the ammeter
Ayin Fig. 8.

SoruTioN. .. On studying the circuit, we notice that both the current through R,
and the resistance of R, are known. When we know both current and resistance,
we can always find the voltage by the Ohm’s law formula £ = / x R. The voltage
found is the battery voltage because R, is connected directly across the battery
terminals.

E=1,xR;=3Ax 160 =48V

Hence, the battery voltage must be 48 V.

The reading of the ammeter 4 , is the sum of the currents through the four parallel
branches. Hence, we must first find the unknown branch currents, which is easy
now that we know the battery voltage.

I|“R—I—m=4A
E 48V
Il__—_=
R,  24Q g
E 48V
ey iyl AR
VST T o e

The reading of the ammeter is

I+ L+ 134+ 13 =4A +3A +2A +6A = 15A

ExampLE 2. . Find the resistance of R in Fig. 9.

SorutioN. .. First we will find the current through R; by using Kirchhoff's cur-
rent law, and then we will find the resistance of R; by using Ohm's law. But before
we can use KirchhofT's current law, we must first know the current through R, and
(35

I|—R—I—TQ-=9A
E 36V
153 % _6(2_6A

By KirchhofT's law the total current / (which the ammeter shows to be 18 A)is
equal to the sum of the three branch currents. Thesumof/; and ,is9A + 6 A =
15 A. The current through /3 must thenbe I8 A — 15A = 3 A,

Check.../l =1, + 1, + 13 =9A + 6 A + 3A = 18 A, which is the reading
of the ammeter.

Now to find the resistance of R;:

Ry =— =222 =129, ans.
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Fig. 9 Illustration for Example 2: find the resistance of R ;.

WHAT HAVE YOU LEARNED?

1. Ammeter 4 in Fig. 10 reads _'Zlamperes.

2.
44 2A
Ry >Rq
St= 9n 8~

Fig. 10

2. The three resistors in Fig. 11 are in [ parallel)(series). They are in
parallel if, and only if, you can take each resistor in turn, trace through
that resistor starting at point B, and return to point C without passing
through either of the other two resistors.

3. The resistance of R, in Fig. 11is _Z 7 ohms.

Fig. 11
4. The voltage of the battery in Fig. 12 is i volts.

5. The switch in Fig. 13 is called a double-pole double-throw (DPDT)
switch. [t has two switch blades B and E, which always move together.
When the switch is thrown to the right, blade B makes an electrical con-
nection with contact C and blade E makes a connection with contact F.
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When the switch is thrown to the left, B makes contact with 4 and F
makes contact with D. Trace around the circuit to find the current path
or paths when the switch is thrown to the right and again when the switch
is thrown to the left. Start at the negative battery terminal and, for each
switch position, find all the paths that can be followed that will bring you
back to the positive battery terminal.

(a) What lights are on when the switch is to the right? L2 Y )

(b) When the switch is to the right, are the “on” lights connected in series
orinparallel? S 5£7¢&S

(c) What lights are on when the switch is to the left? £ J+ L2

(d) When the switch is to the left, are the “on™ lights in series or in

parallel? /’/(,;//g/

Dashed line means that
the switch blades move
in unison.

|
]
e

-n-e\.—o{o

B

b

llllr-

-

Fig. 13
ANSWERS

1. 27 A ... The battery voltage is 36 V(2 A x 18 Q). /,is9 A; I is 12 A; and
I3is4 A. In finding the total, don't forget the 2 A of /,.

2. Parallel . .. Each of the three paths in Fig. 14 passes through one and only one
resistor.

3. 24 ... R, draws 4 A and R, draws 3 A for a total of 7 A for the two. Hence,
Rymustdraw 12A — 7TA = SA. R, = E/I, = 120V - 5A = 24Q.

4. 80...R,and R; together draw 8 A. Hence, R, must draw 4 A so the total of
the branch currents willbe 12 A. E = / x R = 4A x 20Q = 80 V.

5. (a) L,and L3 will be on ... See Fig. 15(a) for the current path. Note that the



Fig. 14

path shown by the dashed line is the only possible way to trace around the circuit
from negative battery terminal to positive terminal. (b) Series (¢) L., and
L> will be on ... See Fig. 15(b) for current paths. Tracing from the negative
battery terminal. upon reaching point /{. there are two dilferent paths we can
follow that will bring us back to A and the positive battery terminal. One path
is shown by the dashed line and the other by the solid line. (d) Parallel
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ELECTRONS START MOVING IN ALL PARTS OF THE CIRCUIT
AT THE SAME TIME ... We have in the preceding pages analyzed series
and parallel circuits by tracing the path taken by electrons leaving the
negative plate of the battery until they get back to the positive plate. This
is the usual method of circuit tracing because it 1s convenient — but some
additional explanation is needed so you won’t be misied about the nature
of clectron action when current flows.

If you suppose that electrical action literally starts at the negative battery
terminal, you assume in Fig. 16(a) that, after switch § is closed. light
L, will not come on until the clectrons leaving the negative terminal have
time enough to travel to L, and that L, will not come on until a fraction
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Fig. 16 Current flow is like the movement of a continuous chain.

of a second after L, comes on. This idea of how current works is all
wrong. For one thing, the electrons move along a wire very slowly,
seldom over an inch a minute. Thus if L, were 20 ft away from the battery
and if we had to wait for the electrons to get from the negative terminal to
L,, it would be several hours after the switch was closed before the light
came on'

What actually happens is that, when the switch is closed, the electrons
start moving in alj parts of the circuit almost instantly. The action is like
that of the endless chain in Fig. 16(b). Although the chain may be pulled
slowly, the links start moving everywhere in the chain almost the moment
the operator starts pulling (not instantly, because the slack must first be
taken out from between the links). Notice that the chain has no beginning
and no end.

Current flow acts like the chain. Whether the switch is open or closed
in Fig. 16(c), there are free electrons everywhere in the wire and the con-
ducting parts of the components. These electrons correspond to the links
of the chain. When the switch is closed, all the free electrons start moving
almost at once, forming an endless chain of electrons moving slowly
around the circuit. An important thing to note in (c) is that there is
neither beginning nor end to the moving chain of electrons— you can't put



your finger on a particular spot in the circuit and say that this is where
the current starts. Only for convenience do you start tracing through a
circuit at the negative battery terminal - not because the current starts
there.

To see why the free electrons are ‘*hooked™ together like the links in a
chain, so that one can’t move along the wire without all the rest also
moving, consider the short section of wire diagrammed in Fig. 16(d).
Since every electron has a negative charge, all electrons repel one another.
and therefore they try to get as far away from each other as they can.
They are farthest away from each other when they are equally spaced
along the wire. Suppose that electron C in (d) is pushed to the right from
its normal position, as shown, say by the battery pumping action. That
will make all the other electrons in the wire also move. and here's why.
Electron € moving over close to D greatly increases the repulsive force
between € and D (the closer like electric charges are to each other, the
stronger the force of repulsion between them). Consequently, electron D
is pushed over toward E, which in turn repels E to the right, and so on.

Looking at the electrons to the left of C, the distance between B and C has
increased as C has moved to the right. That reduces the repulsion between
B and C. As aresult. electron 4 is pushing harder in trying to move B to
the right than Cis pushing in trying to push B to the left. Consequently,
clectron B moves to the right, which in turn weakens the repulsion
between B and A and allows A also to be pushed to the right by the elec-
tron to its left.

Because of the time required for this electron jockeving to take place,
there is a slight time delay after the switch is closed before all the elec-
trons in the circuit are in motion. This delay corresponds to the time
required to get the slack out of the chain in Fig. 16(b) before all the links
move. The delay in a typical electrical circuit is extremely slight, a few
millionths of a second or less. But slight as it is, it can be important, as
you will see in later lessons.

COMBINED RESISTANCE IN SERIES AND
PARALLEL CIRCUITS

A circuit can be simplified and made easier to understand if it is redrawn
with several components replaced by a single equivalen: component. The
principle of equivalent components will be used in this part of the lesson
to find the combined resistance of circuit components in series or parallel.
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Fig. 17 The current in a series circuit must make its way through all the re-
sistances in the circuit.

HOW EQUIVALENT CIRCUITS MAKE ELECTRONICS EASY . ..
The series circuit of Fig. | is redrawn in Fig. 17 with resistance and volt-
age values shown. It is hard for current to get through the extremely fine
wire that forms the filament in a light bulb. Therefore a light bulb has
resistance (opposes current flow) just as regular resistors do. In this case,
the filament resistance is 6 .

Let’s find out what the ammeter 4 in Fig. 17 will read. Since this is a
series circuit, every electron going around the circuit must pass through
the 2-€2, the 4-9, and the 6-Q resistance. Each one of these resistances
opposes (tries to stop) the current. Since the electrons must struggle
through all three resistors, the going is a lot harder (which means the
resistance is higher) than if the electrons had but one resistance to go
through — the more obstacles there are in an obstacle course, the tougher
it is to get around the course.

Since the electrons in Fig. 17 must first make their way through 2 Q of
opposition, then 4 Q of opposition, and finally 6 @ of opposition, the
total opposition to current flow is2 Q + 4Q + 6Q = 12 Q. If we had
one 12-9Q resistor in the circuit instead of the three resistances shown, the
current read by ammeter A would be the saume as it is in the actual circuit.
That being the case, we draw an equivalen: circuit (see Fig. 18) in which
the three actual resistances are replaced by a 12-Q equivalent resistance.

An equivalent circuit is a simplified circuit that has the same perform-
ance in regard to the aspects in which we are interested — as the original
circuit. Top-notch technicians use lots of equivalent circuits because such
circuits make it so much easier to understand what is going on.

By using Ohm's law, we can find at once the reading of ammeter A in Fig.
18(b):
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Fig. 18 Simplifying a circuit by the use of an equivalent circuit.
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Since the ammeter in Fig. 18(b) reads 2 A. the ammeter in (a) will read the
same thing. If the two ammeters did not read the same thing. the circuits
would not be equivalent.

FINDING CURRENT AND TOTAL RESISTANCE IN A SERIES
CIRCUIT . . . The total, combined, resistance of two or more resistances
is a single resistance of such value that. when used in place of the original
resistances, it will keep the circuit current the same. The total, or com-
bined, resistance is the equivalent resistance of the circuit resistances. The
total resistance in Fig. 18(a) is 12 Q, because if we replace the three re-
sistances with a 12-§ resistance, as in (b), the circuit current does not
change.

When resistances are in series, the total resistance is easy to find. It is
simply the sum of the individual resistances.

ExamprLi | ... In Fig. 19(a) the three resistors R,, R,, and R,, shown connected
in series, have values of 20, 30, and 40 €, respectively. Their total resistance
Riis —_______ ohms.

SOLUTION . ..

R, =Ry + Ry + R; = 2092 + 30Q + 40Q = 90 R, ans.
EXPLANATION ... The answer shows that the three resistors in series could be
repluced by a single 90-Q resistor, as shown in Fig. 19(b).

ExampLE 2 ... If the three resistors shown in Fig. 19(a) are connected across a 9-
V battery, the total current is ________ amperes.

SoLuTioN . .. The total current is

17
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Fig. 19 The total resistance of resistors in series equals the sum of the resistances
of the individual resistors.

EXPLANATION . .. Since the current through each element in a series circuit is the
same, the current through R\, R,, R;. and the battery is 0.1 A.

ExampLE 3 ... A vacuum-tube filament is connected in series with a resistor. The

color code on the resistor, green-blue-black, shows that the resistance R, of the

resistor is 56 2. By measuring with an ohmmeter, you find that the total resistance

of the filament and resistor in series is 87 €. The resistance R, of the filament is
ohms.

SoruTioN ... R, = R, + R,
879 = R, + 569
R, = 31 Q. ans.

EXPLANATION . . . Since 87 2 is the combined resistance of the filament and resistor
in series, 87 minus the resistance of the resistor. 56 €, is the resistance of the
filament.

CHECK ... 31Q + 56Q = 87Q.

WHAT HAVE YOU LEARNED?

1. Three resistors with values of 15, 22, and 19 9 are connected in series
to an 84-V battery.

(a) Draw the circuit and mark the voltage and resistance values on it
that’s the way to start working any electronics problem.

(b) ng the total resistance. 15 S
\‘

/1A



(c) Draw the equivalent circuit - clectronics gets easy when you get in the
habit of drawing equivalent circuits.
(d) Use Ohm’s law to find the circuit current. / ﬁ?

2. If a relay coil has a resistance of 20 Q, how much resistance must you

connect in series with it so that the total circuit resistance is 50 7 Fo—

3. A series circuit is operated from an 80-V power source. If we want the

circuit current to be 4 A, what total value of resistance do we need in the
circuit? 20 -

4. If a relay coil requires a current of 1.5 A for proper operation and it is
to be operated from a 24-V battery, what should the relay resistance be
for the relay to draw the correct current? ) (, /2.

5. If the resistance of the relay coil in Problem 4 were actually only 10 Q,

the relay would draw (100 much)( too little) current when operated from a
24-V battery.

6. Referring to Problem 5. you could decrease the current through the
relay down to what it should be by w (increasing) (decreasing) the total
circuit resistance. To do so you would connect a resistor in ® (series)
(parallel) with the relay coil.

« Draw a diagrumv [_the circuit and mark battery voltage and coil re-
et 2= 104
sistance. v 1,

@ Draw an equivalent™circuit showing the proper value of equivalent — ¥

(total) resistance for the circuit current to be the correct value of 1.5 A,

©» What must be the value of the resistance placed in series with the relay
coil? ([, —1

7. Three resistors are connected in series. One resistor is color-coded
brown-black-brown (/¢4  ohms). The second is color-coded
brown-brown-brown (i ll_O_thms)‘ The third resistor is not
color-coded. You measure the total resistance of the circuit. which is
340 ohms. The resistance of the unmarked resistor is ©_ /22 _ ohms.
The correct color code for this resistor is « ow M"w”

8. InFig. I,itR,is 109, R,is 202, and the lamp i1s 50 ©, the combined re-
sistance of the circuit is @_& O ohms. If the battery voltage E is
160 V, the circuit current is &___A  amperes. The current through
Riis @ 2. amperes: the current through R, is w2 amperes:
and the current through the lamp is « 2 amperes.

9. Show by a diagram how to connect three equal resistors together in
such a way that the combined resistance of the three equals 3 times the
resistance of each.

L~ —
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10. A fixed resistor of 10,000 © is connected in series with a variable
resistor with a minimum value of 100  and a maximum of 5000 . The
minimum resistance this combination can have is (a)/gLQO_ _ ohms, and
the maximum value it can have is © (5000 ohms. If this combination is
connected across a 250-V power supply, the minimum possible current is

/qu #milliamperes and the maximum possible current is @ _42_‘1_43_
milliamperes.

ANSWERS
1. (a) See Fig. 20, left-hand diagram. (b) 56 Q2 (c) See Fig. 20, right-hand
AR i), 15, Arve- Do W e Ti5hA
R 56 Q

L Bx L

+
el = n
V_ 22 84V RSs6 A
19 n
1
original circuit equivalent circuit
Fig. 20
2. 309Q...SeeFig. 21.
30N 2R,
50~ <R
relay o0 A
coil
actual circuit equivalent circuit
Fig. 21
3. 209 ... Usethe Ohm’s law formula, R = —f— = ?—I =20Q.
4. 169 ... =£=—2ﬁl=l6(2.
/ 1.5A

5. Too much ... The less the resistance, the more the current, because resistance
opposes current flow.

6. (a) Increasing (b) Series (c) See Fig. 22, left side (d) See Fig. 22,
right side. (€) 6 © ... R, and the relay coil must have a total resistance of
16 © as shown in the equivalent circuit. Ry = 6Q,since 10Q + 62 = 169Q.

7. (a) 100 (b) 110 (c) 130 ... The combined resistance of the known re-
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Fig. 22

sistors is 210 Q. Total resistance is 340 Q, so the resistance of the unmarked
resistor is 340 — 210 = 130Q. (d) Brown-orange-brown

8. (2) 80 (b)2 (c), (d),(e) 2 ... In a series circuit, the current through one
component is equal to the current through each of the other components.

9 AVANNANN. . I the value of each resistor is 10 €2, the total resistance
is 30 © or 3 times the resistance of each individual resistor.

10. (a) 10,100: (b) 15,000

(c) 16.7 ... Remember that the current is least when the resistance is highest,

which is when the resistance is 15,000 Q. Then the current is / = £ = 20V _ =

R 15.000Q
0.0167 A = 16.7 mA (multiply by 1000 to change amperes to milliamperes).
(d) 24.8... The current is greatest when the resistance is least.

RESISTANCE IN PARALLEL CIRCUITS . . . The combined or joint
resistance of two or more resistances in parallel is a single resistance of
such value that, when it is used in place of the original resistances, it will
keep the circuit current the same; it is the equivalent resistance of the
circuit resistances.

To find the joint resistance of the three branches in Fig. 5 with all switches
closed. use Ohm’s law to find what equivalent resistance we can use in
place of the three resistances so that the reading of ammeter 4 will not
change. Ammeter 4 reads 11 A.

40V

R =
1A

= = 3.64Q

£
I

Thus we can replace the three resistances of Fig. 5 with an equivalent
resistance, as shown in Fig. 23. The value of this combined or joint re-
sistance is 3.64 Q.

We shall next see how changes in the individual resistance values affect the
combined resistance. We have learned that in series circuits the combined

21
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Fig. 23 The combined resistance of 20, 10, and 8 (1 in parallel is 3.64 (1.

resistance is the sum of the resistances of the individual components. In
other words, in a series circuit as shown in Fig. 24(a), adding resistive
components increases the amount of opposition, or resistance, to current
flow.

In parallel circuits, the situation is quite different. Each additional
branch, as shown in Fig. 24(b), is another path along which current can
flow. Thus, adding a resistance in parallel decreases the total resistance of
the circuit.

|
R, :
]
! 19 s &
5

l)\

LI i £1 ?1. 112 i:13

I

——

(@) Series circuit {(b) Parallel circuit

Fig. 24 Effect of adding resistance in series and parallel circuits. In the series
circuit (a), adding resistor R, increases opposition, or resistance, to the
flow of current. In the parallel circuit (b), adding the branch with resis-
tor R3 adds another path along which current can flow and thereby
decreases opposition, or resistance, to the flow of current.

ExampLE | ... In Fig. 25 five resistive components are shown connected in paral-
lel. Ry = 5D, Ry =8Q,R; = 1092, Ry = 16Q, and Ry = 20 Q_ Is the com-
bined resistance of the circuit, as measured between points 4 and B, more or less
than 5 Q7

SoLuUTION . .. The combined resistance is less than § Q.
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Fig. 25 Circuit with five resistive parallel branches. The total resistance of a
parallel circuit is always less than the resistance of the branch that has
the lowest resistance.

EXpLANATION ... In this example. the lowest resistance is 5 . Each resistor
connected in parallel across the 5-Q resistor is another path along which current
can flow, and cach resistor therefore decreases the total resistance below 5 2. You
can always be sure, without even performing any calculations, that the combined
resistance of a parallel circuit is less than the resistance of the branch that has
the lowest resistance.

Now let us see what happens in a circuit when one resistor is connected in
parallel with a second. equal resistor. In Fig. 26(a) a 100-Q resistor is
connected across a 300-V battery. The current is

In Fig. 26(b) a second 100-Q resistor R, is connected in parallel with the
first. Notice that this second resistor is connected across the battery
terminals in the same way the first resistor is. In other words, the voltage
across R, is 300 V. The current /; through R, is

Remember that the total current is the sum of the branch currents; in this
case the total current /, is

1
6A
E R E R R
Bo=  LfSoon 0= 1200~ L2100 A
v 3A v 3A 3A
e
(a) (b)

Fig. 26 When a parallel resistor is added to the circuit shown in (a), total current
increases as shown in (b).
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l,=l|+lg=3A+3A=6A

Thus, placing the second resistance in parallel with the first increases the
amount of current drawn by the circuit from 3 to 6 A. In this particular
example, where the resistances of the two branches are equal, adding the
second equal resistor doubles the total current.

What happens to the combined resistance? Using Ohm’s law for resist-
ance, we find

In Fig. 26(a)
E 300V
R===="7—=1009Q
I, 3A
In Fig. 26(b)
E 300V
R===—7—=529
1, 6 A

Thus, adding the second equal resistor in parallel with the first kalves the
total resistance while it doubles the total current.

RuULE: To find the combined resistance of equal resistances in parallel,
divide the value of a single resistance by the number of resistors.

ExamPLE 2 . . . In Fig. 27 four 100-Q resistors are in parallel across a 200-V supply.
The combined resistance of the circuitis o) ohms. The total circuit cur-
rent [ is®_— amperes. If the four resistors were in series rather than in
parallel, the combined resistance would be «y ________ ohms and the total cur-
rent would be @) amperes. When the resistors are connected in parallel,
the current through any one of the four resistors is ) _____ amperes. When
the resistors are connected in series, the current through any one of the four
resistors is ¢ amperes.

SOLUTION . ..

(a) R, = '04& - 250, ans.
E 200 V

(b)y I = F, = 35a - 8 A, ans.

(©) R, = Ry + Ry + Ry + Ry = 4 x 100Q = 4002, ans.
E 200V

(d) = F‘ = m =05 A, ans.

(e) Thetotal current, 8 A, divides evenly among the four equal resistors. Hence,
the current through any one of the resistorsis8 ~+ 4 = 2 A, ans.

(f) From (d) the current is 0.5 A, ans.
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!ig. 27 |lllustration for Example 2.
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When a number of unequal resistances are in paralkel, as in Fig. 28, the
combined resistance is found by the formula

Bl I ]l I i
—t —t — + — + —
Ty el SR ¥

Thus, the resistance of a parallel circuit is equal to the reciprocal of the sum
of the reciprocals of the resistances of the individual branches.
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‘ig. 28 Parallel circuit containing five resistive branches.

Exavpirr 3 ... A parallel circuit consists of four resistive branches: R, = 3 Q,
Ry =54, Ry = 20 Q, and R4y = 50 2. The total resistance of the circuit is
ohms.

SOLUTION ... R, =

| i
© 0333 + 02 + 0.05 + 002 0.603

= 1.66 2, ans.

ExprLANATION . .. Four resistive components are in parallel. Therefore, there are
‘our terms in the denominator of the equation for resistance. To solve, we substi-
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tute numerical values into the equation, convert to decimals, and complete the
operations indicated.

ExampLE 4 ... In Fig. 28, if E=22 V, Ry =2 Q, R; =4 Q, R; =5 Q,

Ry =10Q,and Rs =20 9Q, 1 =___ amperes.
SoLuTioN ... R, = 1 1 ll 1 1
BRIRTRTRTER
A 1
1 1 1 | 1
TrTrTi TS
" ' -1 _ 09090
05+025+02+0.1+005 110
. E 228V,
For the circuit, [ = 7, = 09090 - 24.2 A, ans.

For the special case of two resistive components in parallel, we can use a
simpler formula:

R R,
R, + R,

=

That is, the resistance of a circuit consisting of two resistances in parallel
is equal to the product of the two resistances divided by their sum.

ExampPLE 5 ... A parallel circuit consists of a 5-Q resistance in parallel with a
20-Q resistance. The resistance of the parallel combinationis — ohms.
SoLuTiON ... By the formula R, = =0 L
R, + R,
R, = S x.40 o 100 4 Q, ans.
54+ 20 25
ExAMPLE 6 . . . Three resistors with values of §, 20, and 50 Q are connected in

parallel. By using the special paraliel resistance formula for two resistors, find
the total resistance of the three resistors.

SoLuTION . . . The parallel resistance of the 5§ and 20  resistor is equal to
i S
5+ 20 25

We may now consider the circuit having only two resistors in parallel. One
resistor is the 50-Q resistor, and the other is 4-Q equivalent resistor. Applying
the special parallel resistor formula for two resistors again, we have

4
R, = _x_SO = @ = 3.70Q, ans.
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Fig. 29
WHAT HAVE YOU LEARNED?

1. Three resistors with values of 3, 5, and 15 € are connected in parallel.
Their combined resistance is less than () o ohms. Calculation
shows the combined resistance to be &)——_____ ohms.

2. Two resistors with values of 10 and 25 Q are connected in parallel.
By using the formula for resistance of two resistors in_parallel (R =
) £+:%ou find their combined resistance is (m_i ohms. As
a quick check, you realize that the resistance must be less than «©
ohms; therefore, the answer to (a) is reasonable.

3. Two 100-Q resistors are connected in parallel. Their resistance is
@2 0 ohms. Three 100-Q resistors are connected in parallel. Their
combined resistance is (b).]j__g_ ohms. Four 100-Q resistors are con-
nected in parallel; their combined resistance is @25 ohms.

4. Figure 29 shows five resistors connected in parallel. Use the general
formula for resistors in parallel to find the combined resistance of the
parallel combination of resistors:

( S D S e L £ L
R = (o)_A.LR—Z = ® R () e 1 Y
12 (
/ J/ - ! 3
R—“/— (d)ié____R—s = (o) —f20 . 7{

e

J
Therefore R, = ® %’ - w2 720hms.

5. The total current through the parallel combination in Problem 4 is
amperes. (Use the combined resistance and Ohm’s law for cur-
rent.)

6. The total current through the parallel combination in Problem 4 is
_ 42 _ amperes. (First determine the current through each individual
resistor and then sum up the individual currents.)

2y
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7. Four light bulbs, each with a resistance of 160 €, are conne‘cjed n
parallel across a 120-V source. Their combined resistance 1S (@)

ohms. The current drawn by each light bulb is RV amperes, and
the total current is @ __ < __ amperes.

8. Two resistors, 40 and 80 €, are connected in parallel. Their combined
resistance is less than w_#4 0  ohms. The combined resistance is
w26 7 ohms.

9. Three resistors, 40, 90, and 75 €, are connected in parallel. Their com-
bined resistance is @ 29! % ohms. If connected across a potential of
100 V, the parallel combination will draw (b)_//LLfamperes.

10. When charging a storage battery, it is necessary to insert a resistance
of 20 © in series with the battery to limit current to the proper value.
The resistance is made up of light bulbs, each with a resistance of 140 €2,
connected in parallel. How many bulbs should be used to produce the
required resistance? ¢

ANSWERS

1. (a) 3 ... Combined resistance is always less than the least of the resistances.
1
b) 167 ... R, = —— M
(b) 1.6 T
Ry, Ry Ry
1
1 1

\ Rt

e I
5
[ |

3 i Ay
0333702005 00667 ~ o600 - ¢7¢

2 ) BX Rz )9 14:0) 10 3. (a) S0:(b) 33} (c) 25
R, + R»
4. (2)0.2: (b) 0.0714: () 0.0476: (d) 0.04: (e)O.OI:(f)ﬁT): (2)2.71

5.443...120V = 2.71Q = 443 A.

6. 443 .. .1, =24 A, [, =857 A, I3 =571l A, I, = 48 A, Is = 1.2 A: then
24 + 857 + 571 + 48 + 1.2 = 443A.

7. (a)40:(b)0.75:(c) 3 8. (a)40:(b)26.7 9. (2)20.2:(b)4.95

10. Seven . .. 14(7)9 = 209Q.

CONDUCTANCE . . . So far in our discussion of d-c circuits, we have
studied only resistance. which is a measure of the opposition of a circuit
10 the flow of current. Resistance is, of course. usually represented by the
letter R and is measured in ohms.



Now let us turn our attention to a new quantity, conductance, which is a
measure of how easy it is for a current to flow through a circuit. Con-
ductance is usually represented by the letter G and is measured in mhos.
Notice that *“'mho™" is “‘ohm™ spelied backwards.

Conductance G is the reciprocal of resistance R. That is,

Thus. the conductance of a 100-9 resistor is

A _ L _ 001 mho
R 100

Since conductance is the reciprocal of resistance, resistance is also the
. . g | .

reciprocal of conductance. Therefore, R = rk This means that we can

easily convert back to resistance. For example,if G = 0.01 mho.

| I

op Lo B WL
G 0.01 mho

= 100 Q

which checks our previous calculation.

WHAT HAVE YOU LEARNEID?

|. The unit of conductance is the @ MHMO  and the symbol for con-
ductance is w) . Conductance is the reciprocal of « £ . and
therefore the formula for conductance is @ 6~ -

2. The greater the conductance, the easier it is for a current to flow
through a circuit. Therefore, a circuit with a conductance of 0.05 mho
will have @(more) ([ess) current for a given voltage than a circuit with a
conductance of 0.5 mho. The greater the circuit resistance, the o £735

the circuit conductance. The greater the circuit conductance. the (:l;.lfllff

the circuit resistance.

3. If the resistance of a circuit is 25 Q. its conductance is w©__ 20 Y_f
mhos. If the resistance of a circuit is 10 €, its conductance is s e/

mhos. If the conductance of a circuit is 0.02 mho, the resistance of the

circuit is « £~ O ohms,

4. Suppose 12 V is applied to a circuit and the current is 6 A. The circuit
conductance is _-#4  mhos.

29
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ANSWERS

1. (a) Mho: (b) G: (c) resistance: (d) G = % 2. (a) Less: (b) less: (c) less

|
3. (a)0.04 ... = 0.04 mh b)0.1 50...— =509
) st ®) () 0.02
| 1
R e
20: G R > 0.5 mho

2
4.05...R =

VOLTAGES IN SERIES CIRCUITS

The voltages across the components of a series circuit are not equal to the
circuit power source voltage, nor are these voltages generally equal to
each other. Series circuits are much used in electronics where a voltage
lower than the power supply voltage is needed. Connecting components
in series will never produce a voltage higher than the power supply voltage
in a d-c circuit. In an a-c circuit, however, it sometimes will, as you will
see in a later lesson,

VOLTMETERS AND THEIR USE . . . As preceding illustrations have
shown, an ammeter is connected in series, so that the current being
measured must pass through the ammeter. The needle deflection is pro-
portional to the amount of current passing through the meter. In other
words, we hook up an ammeter in just the same way we would a water
flow meter, as shown in Fig. 30(a). The water in the system must flow
through the flow meter, just as the current in (b) must flow through the
ammeter.

But notice in Fig. 30(a) that we don’t connect a water pressure gage so
that the water flows through it. If we tried to, no water could flow, since
water can’t get through a pressure gage. The gage consists of a diaphragm
that is distended by the water pressure. This bulging out of the diaphragm
pushes against the pressure-indicating needle.

Since a voltmeter measures the electrical equivalent of pressure, it can
not be connected in series like an ammeter. If it were connected in series,
only negligible current would get through, because a voltmeter has an
extremely high resistance. As shown in Fig. 30(b), a voltmeter must be
connected in parallel with the voltage to be measured. That is. one of the
voltmeter test leads is connected to each side of the voltage being meas-
ured. In Fig. 30(b) we connect the leads to the two battery terminals and
thus measure the battery voltage.

In using an ammeter be extremely careful that you don't connect it as you



voltmeter
flow
pwu.?r:'\eg ® meter

pressure
gage

(a) (b)

Fig. 30 Water flow measurements and corresponding electrical measurements.

would a voltmeter. An ammeter has a very low resistance, and so it would
draw a huge current if connected across a voltage source. As a result,
the ammeter would burn out instantly: see Fig. 31. When the ammeter is

ammeter

battery

Fig. 31 If this were a voltmeter, it would be connected correctly, but an am-
meter connected this way will burn out at once.

31
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Voltmeter
reads 24 V.

Voltmeter
reads |IV.

Voltmeter
reads 14V

(d)

Fig. 32 Although there is only one voltage source, many different voltages exist
in this circuit.

World Radio Histo
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properly connected as in Fig. 30(b), the resistance of the load R limits
the current from the battery so that the ammeter will not burn out unless
the current taken by the load is greater than the meter is designed to
measure.

By “load” (a term used a lot in electronics) we mean the device to which
the voltage source is furnishing power. Although we represent the load in
Fig. 30(b) by a resistance, it could be a toaster, an amplifier, a transistor,
or anything at all that you are using the battery to supply current to. The
value of the resistance R is the equivalent resistance of the actual load,
whatever the load might be.

A RESISTOR CAN HAVE A VOLTAGE ... A voltmeter connected
across the power source in a circuit, such as the battery of Fig. 32(a),
reads the voltage of that source. What may be more surprising is that a
circuit component that is not generating electricity can also have a volt-
age. For example, if the voltmeter is connected across R, as in part (b)
of the figure, it will read 11 V, although the resistor is obviously not a
source of power.

This brings us again to the idea of an equivalent circuit. The resistor R, in
Fig. 32(b) is equivalent to an 11-V battery, because the voltmeter reading
is the same as it would be if we replaced R, with an 11-V battery. The
lamp, the relay, and R, also have voltages across them, and therefore
can be looked at as equivalent voltage sources.

You don’t need a voltmeter to find out what the voltage is across R, just
use Ohm’s Law. E =1 x R = 05A x 229 = 11 V. Ohm’s law tells
you what ingredients you must have to get a voltage across a component
or part of a circuit that doesn’t have a battery or other power source
in it — the ingredients are current and resistance. Any component or part
of a circuit that has resistance will have a voltage across it if there is
current flowing through it.

The voltmeter in Fig. 32(c) is connected to points £ and D, and therefore
it measures the voltage across R, and R, in series. Since resistances in
series add, the R,-R, combination is equivalent to a single resistor of
28 Q connected between F and D in place of R, and R.. By Ohm’s law the
voltmeterwillread E = 7/ x R = 0.5A x 28Q = 14 V.

A voltage divider, much used in electronics, makes practical use of the fact
that a resistor can be used as an equivalent voltage source. A voltage
divider consists of two or more resistors in series across a power supply.
It is used to obtain a voltage lower than that of the power supply. If we
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R, 24 n
+ - — = + —or
24 V= R 12 v 24 V= o 12 v
5% ﬁ output to 2 V=output to
transistor ~| transistor
05A —s 05 A
Nl S
(a) Voltage - divider circuit (b Equivalent circuit,

assuming transistor
draws only a small
current

Fig. 33 A voltage divider for obtaining a 12-V output from a 24-V battery.

have a 24-V battery and we needed 12 V to power a transistor, we could
use the voltage-divider circuit of Fig. 33(a) to get the needed 12 V. The
equivalent circuit in (b) shows how the voltage across R, is equivalent to
a 12-V battery, so that the transistor operates as if it were actually used
across a real 12-V battery.

An equivalent circuit is often equivalent only under specified conditions.
In the equivalent circuit, Fig. 33(b), it is assumed that the current drawn
by the transistor is small compared with the 0.5 A through R,. Since the
transistor only draws 0.01 A, this requirement is met. A more elaborate
equivalent circuit, which you must get further along in your study of
electronics to understand, is needed if a heavy current is to be taken from
the voltage-divider output. This discussion is only a preview of voltage
dividers. Later lessons will explain them fully.

WHAT HAVE YOU LEARNED?
1. Even though the load on a circuit might be a transmitter, it can be
represented by a resistance, such as R on Fig. 30(b). The value of R is
the (o)éﬁlm resistance of the transmitter. If the load were
six vacuum-tube heaters connected in parallel, each with a resistance of
18 Q, then the value to show for the load resistance R would be @)
ohms.

2. The voltmeter in Fig. 32(d) reads -'ZL volts.

3. If the voltmeter leads in_Fig. 32 are connected to points D and E, the
voltmeter will read volts.
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4. If the voltmeter is connected to points E and C. it will read _L
volts.

5. The voltage across the lamp in Fig. 32 is i_ volts.

6. If the voltmeter is connected to points B and C, Fig. 32, it will read
volts.

7. Add the voltages found across each of the four components in Fig. 32.
Is the sum equal (0 the battery voltage? \%3‘/& .

8. In Fig. 34 voltmeter V| reads w éf_ volts, voltmeter V; reads
w_4Y _volts, and voltmeter ¥, reads 72 yolts.

9. Add the voltmeter readings in Fig. 34. Is the sum equal to the supply
voltage? /M .

10. The lamp in Jjig. 34 will burn at proper brilliancy if it is manufactured
to be used on ¢ volts.

ANSWERS

1. (a) Equivalent (b) 3...The combined or equivalent resistance of six 18-Q2
resistors in parallel is 18/6 = 3 Q.

2. 20 ... The equivalent resistance between points Fand C is 22 Q + 6 Q +
1290 = 409Q. E =1 x R =05A x 409 = 20V.

o 3 4. 9 ... The equivalent resistance between points £ and C is 6 @ +
1292 = 1892 5 =1 x R = 05A x 189 =9V,

5.4 6. 0 ... To have a voltage between points B and C. you must have a
current flowing between the points and you must have resistance between the
points. You have current, but no resistance. It is true that the wire connecting
point B to point C would have a slight resistance, but this cin be neglected.

7. Yes. Thesumis 24 V, which is the same as the battery voltage ... The voltage
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across the lamp is 4 V: the voltage across R is |1 V: the voltage across R, is 3 V:
and the voltage across the relay coilis6 V. 4V 4+ 11V +3V 4+ 6V =24V,
In any series circuit the sum of the voltages must equal the supply voltage.

8. (a) 68 ... First find the circuit current. 272 Q + 160 @ + 48 Q = 480 1, the
total resistance. / = E/R = 120 V/480 @ = 0.25 A. V), reads the voliage across
R.whichwillbe £ =1 x R = 025A x 272Q = 68 V. (b)40 (c) 12

9. Yes...68V + 40V + 12V = 120 V. See discussion for Problem 7. Seeing
if the sum is equal to the supply voltage is a good way to check your work.

10. 40 ... Even though the power supply is 120 V. a 120-V bulb would burn
dimly here because the voltage across the lamp is only 40 V.

POLARITY OF SERIES CIRCUIT VOLTAGES ... The polarity of
the voltages connected with a series circuit, so far ignored, will now be
considered. D-c voltmeters always have their leads marked (+) and (-).
To read the voltage of a battery (or other voltage source) the (+) lead of
the voltmeter must connect to the positive battery terminal and the nega-
tive lead to the negative terminal, as in Fig. 32(a). If the voltmeter is
connecled with the leads reversed, the meter needle will try to swing back-
wards — which it can’t do  and no meter reading will be obtained. When
using a voltmeter, you can determine the polarity of any circuit voltage.
Connect the voltmeter, and if no reading is obtained, reverse the leads.
When a reading is obtained, the (+) and (—) markings on the meter indi-
cate the polarity of the voltage being measured.

In Fig. 32(b) the polarity of the voltage across R, is left end positive and
right end negative, as determined at once by merely looking at the volt-
meter. The polarity of the voltage between points F and D in Fig. 32(c) is
point F positive with respect to point D, which is negative.

You don’t have to use a voltmeter to find the polarity of the voltages
across the components in Fig. 32. Just notice which way the current
flows through the components. The current always enters a passive com-
ponent at the negative terminal and leaves at the positive terminal. A passive
component is one that is not actually a voltage source, although it may
have a voltage across it and therefore be equivalent to a voltage source.
A resistor is an example of a passive component. The lamp, the relay
coil, R, and R, are passive components in Fig. 35. The current enters the
relay coil at the bottom and leaves at the top. Therefore, the bottom of
the coil is negative with respect to the top, as marked in the drawing.
Similarly, the polarities of the lamp and R, and R, are as marked.

An active component is one that directly supplies operating power to the
circuit. Batteries, generators, power supplies, and wall outlets are ex-
amples of active components. There would be no current in Fig. 35 if it
weren't for the battery. Hence. the battery is an active component and all
the other components (which would have no voltages of their own if it
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Fig. 35 Polarity of components in a series circuit.

were not for the battery) are passive components.

Since an active component is a voltage source, it has its own polarity
determined by its design, and its polarity, unlike the polarity of a passive
device, does not depend on the direction of current flow. Whereas it 1s
the current direction that determines the polarity of a passive device, it is
the polarity of an active device that determines the current direction. If
there is only one active component in the circuit, the current direction, as
you have previously learned, is from the negative terminal through the
rest of the circuit and back to the positive terminal, as shown in Fig. 35.

If there is more than one active circuit component, the current doesn’t
always flow in the direction indicated in the preceding paragraph. In
Fig. 36(a) an additional battery £, has been added to the circuit. Battery
E, is pushing the current clockwise around the circuit, while £, is pushing
in the opposite direction. The higher voltage, of course, wins out in this
tug of war, so that the current direction is as shown. Although the current
through E | is opposite in direction to that of Fig. 35. the battery polarity
does not change.

The result of active voltage E, in Fig. 36(a) “‘bucking™ active voltage £, is
a net voltage of 30 V — 24 V = 6 V. Hence, the circuit of Fig. 36(a) can
be simplified by replacing the two batteries with a single equivalent volt-
age source of 6 V, E in Fig. 36(b).

If we were to reverse the polarity of E, in Fig. 36(a). the two battery volt-
ages would add. Then the voltage of the equivalent battery £ in Fig. 36(b)
wouldbe 30V + 24V = 54 V. You can easily tell if the voltages of two
active components add or subtract. Just note which way each active
voltage is trying to push the current. If both voltages are pushing in the
same direction, the two voltages add. Another way to tell is to remember
that, for the voltages to add, the positive terminal of one cell must be
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Fig. 36 When voltage sources buck, polarity of the higher active voltage de-
termines the current direction.

connected to the negative terminal of the other cell. In making this check
ignore all passive components between the terminals. For example, in
Fig. 36(a) notice that the (+) terminal of E\ connects 1o the (+) terminal
of E, (pay no attention to the lamp in between). Hence, the two cells are
bucking each other.

WHAT HAVE YOU LEARNED?

I. In Fig. 37(a) the voltmeter reads w52 volts. The voltage across
across the light bulb is &) __ 72  volts.

2. In the circuit shown in Fig. 37(b) the total circuit voltage is () -}ﬁi
volts. The voltage to the radio receiver is & 7 #.S volts.

3. To connect two voltages in series so that the voltages add, connect the

45| |v
—|I|P————e—
- )

power 300 radio
supply jv receiver

!

(a) (b)

Fig. 37
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positive terminy| of one of the voltages to the —L‘gZéZA/L terminal
of the other.

4. If the battery shown in Fig. 37(b) had its leads reversed, the voltage to
the radio receiver would be 255" ,opc

5. Ifin the circuit shown in Fig. 37(a) the resistance of the light bulb s
10 Q, the current drawn by the bulb js amperes.

6. If you had a 250-V power supply, you could connect in series another
ower supply with an output of -3-3 volts in order lo operate g

p pply p £330 p

400-v transmitter.

t uge

filament

power supply is now located,
ANSWERS

1. (a) 30 (b) 30 2. (a) 345 (b) 345 . The entire voltage of the two
voltages sources in series is applied to the radio receiver.
3. Negative 4.255...300v _ 45V = 255y,
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Fig. 39

5. 3...Usetheformula/ = %, where E is the voltage actually applied to the

balb, whith is30 V. 1.2 ? = Tk

6. 150...400V - 250V = 150V.
7. (a) See Fig. 39(a). (b) See Fig. 39(b). 8. See Fig. 40.

o

=

. +
equivalent =
voltage =

tube
filament

Fig. 40

KIRCHHOFF'S VOLTAGE LAW . .. The voltages across the com-
ponents in a series circuit can be classified as voltage drops and voltage
rises. Suppose we trace or walk around a circuit in the direction of cur-
rent flow. Whenever we come to a component across which the voltage
acts 10 boost the circuit current up to a higher value, we say the voltage
across that component is a voltage rise. If the voltage across the com-
ponent acts to decrease the current flow, the voltage across that com-
ponent is called a voltage drop.

Whenever we come to a resistor in walking around the circuit in the direc-



tion of current flow, the voltage across that resistor will be a voltage drop.
Resistors act to decrease current flow, since resistance is opposition to
current flow. The voltage across any passive component that you come to
in walking around a circuit in the current direction will be a voltage drop,
because all passive components oppose current flow.

To understand a little better why voltage drops are so named, suppose we
want to operate a 6-V lamp from a 9-V battery. We can do so by con-
necting in series with the lamp a resistor of such value that the voltage
across it is 3 V, as shown in Fig. 41. The resistor drops the battery
voltage 3 V, bringing the 9 V of the battery down to the desired 6 V for
operating the lamp. However, the 6 V across the lamp is also a voltage
drop, since the lamp is a passive component.

R drops the voltage down
from 9V to 6V so the
lamp will not burn out.

| R "]

oL

9V= 6V +voltmeter
'|I lamp /reads 6V

Fig. 41 Operating a 6-V lamp from a 9-V battery.

As we walk around a series circuit in the direction of current flow, any
active component we come to would ordinarily be a voltage rise, but not
always. Consider the circuit of Fig. 42. The 100 V of the power supply
pushes current around the circuit in the direction shown, and it is there-
fore a voltage rise. If we start at the negative terminal of this power
supply and walk around the circuit, we come first to another active com-
ponent, the 20-V battery E>. Now, E; is connected “bucking,” so that it
is trying to push current in the direction opposite to the way we are
walking. Because of the way it is connected, it reduces the circuit current
instead of increasing it. Battery E; is therefore a voltage drop. If we were
to reverse its polarity, battery £, would then be a voltage rise.

power
supply

Fig. 42 Both the resistor and E, ate'voltagedrops.
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When you have a series circuit in which two active components are so
connected that they oppose each other and are trying to force the current
in opposite directions, you may wonder which way the circuit current will
flow. The direction is determined by the source with the higher voltage,
since it overpowers the other voltage source. Thus in Fig. 42 the 100-V
source, and not the 20-V source, determines the direction in which the
current will flow.

The voltage developed by an active voltage source, such as a battery or a
generator, is often called an electromotive force, abbreviated emf. It is
also called the battery or generator potential. It is practical for you to
consider voltage, potential, and emf as meaning the same thing, except
that voltage across a passive component is not usually called an emf. A
voltage drop is also called an /R drop, since its value isequal to/ x R.

Now we get to Kirchhoff’s voltage law, which says that the sum of the
voltage drops in a series circuit must equal the voltage rises. In Fig. 42 the
sum of the voltage drops is 80 V + 20 V = 100 V, which is equal to the
voltage rise.

When there is only one active voltage in a series circuit, which is most
often the case, we reduce Kirchholl’s voltage law to simpler English by
stating that the sum of the voltage drops must equal the supply voltage.

in Fig. 41 the sum of the voltage dropsis 3V + 6 V = 9 V, which equals
the supply voltage.

WHAT HAVE YOU LEARNED?

1. What must the power supply voltage be in Fig. 43?

AR > RO Y

= ! bulb

Fig. 43



2. What voltage rating should the bulb in Fig. 43 have in order to operate
at normal brilliancy? _4# &V

3. The tube used in the circuit of Fig. 43 should have a filament designed
to operate on £ Z ___ volts.

4. If two resistances of equal value are in series across a voltage source,
the voltage across one resistor is the same as that across the other. If
R, = R, in Fig. 44 and if the voltage across R is 15 V, then the voltage
across R, is «o)__l__._ volts and the voltage of battery F is @y _2¢ 20
volts. If two identical light bulbs, each rated at 15 V. are connected in
series. the battery furnishing current to the bulbs should have a voltage of
© 30  voltsif the bulbs are to light at normal brilliancy.

Fig. 44

5. Two identical light bulbs, each rated at 115 V, are connected in series.
The voltage applied to this circuit should be A 30 volts if the bulbs
are to burn at normal brilliancy.

6. Tube filaments are often operated in series. Figure 45(a) shows four
identical filaments, F,, F», F3, and Fy, in series. If the proper operating
voltage for each filament is 6.3 V, then the proper power supply voltage E
is @ _ 2.8 «2volts. If the actual power supply voltage is greater than this
value, which is often the case, a resistor R, as shown in Fig. 45(b), can be
connected in series to provide proper operation. If the voltage across R is
20 V, then the power supply voltage E should be ) Ji_ij_lc volts for

power

power
supply E

supply

(o) (b)
Fig. 45

43
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collector

40V
Fig. 46

proper voltage on the tube filaments. If the power supply voltage is 30 V,
then the value of R should be adjusted until the voltage across it is

© _H_Li volts for proper voltage on the tube filaments.

7. In Fig. 46 the collector-to-emitter circuit of a transistor is shown in
series with R and across the 40-V battery. Voltmeter V reads the collector-
emitter voltage. If the voltage across R is 12 V, the voltage between
collector and emitter is _ 4% volts.

ANSWERS

1. 120 V... The sum of the voltage drops is 68 V + 40 V + 12 V = 120 V.
Since this must equal the source voltage, the power supply voltage must be 120 V.
2. 40 V ... The voltage rating of the bulb should be that of the actual voltage
across the bulb, and not the voltage of the power supply.

3.12 4. (a) 15;(b) 30:(c) 30

S. 230 ... The applied voltage must be the sum of the voltages across the com-
ponents,or 115V + 115V = 230 V.

6. (a) 25.2 ... Applied voltage must be the sum of the voltages across the com-
ponents: 4 x 6.3V = 252V,

(b) 45.2... The power supply voltage must equal the voltage across the filaments
plus the voltage across R: 252V + 20V = 452V,

(c) 48...30V — 252V =48V.

7. 28 ... The sum of the voltages around the series circuit must equal the supply
voltage: 40V — 12V = 28V,

FIGURING VOLTAGES IN SERIES CIRCUITS. . . No new principles
are involved in this topic. The only tools needed for any of the problems
that follow are Ohm’s law and Kirchhofl’s voltage law. But tools are use-
less until you develop skill in using them, and that is the purpose of the
examples and problems that follow.

ExampLE | ... If R in Fig. 45(b) is 80 © and the current through filament F, is
0.5 A, the voltage dropacross Ris —_____ volts.

SoLUTION . . . Since the current through all parts of a series circuit is the same, the
current through R is also 0.5 A. Then



E=1xR=05Ax80Q =40V, ans 4¢

ExAMPLE 2 ... Assuming a current of 0.5 A, what value should R in Fig. 45(b)
have in order that the voltage across it will be 20 V?

SOLUTION . .. -
R = - = 2y, = 40 Q. ans.
I 05A
ExampPLE 3 ... A vacuum-tube filament is rated at 6.3 V and 300 mA. You want
to operate the tube filament from a 12.3-V supply. To applx the correct voltage
across the filament, you connect a resistance of ______ ohms in series with the
filament.

SotuTioN .../ = 300mA = 0.3 A. Then

RS o el o 41 7y,
1 0.3A
EXpPLANATION ... Since current in all parts of a series circuit is of the same value,
the current through the resistor is 300 mA. The voltage across the filament
should be 6.3 V: therefore. voltage across the resistor should be 123V 63V =
6 V. The value of the resistor is calculated from Ohm's law.

Examerr 4., A 1000-2 resistor R, is connected in series with a 3000-Q resistor
R, and the combination is placed across a 400-V source, as shown in Fig. 47,

Current in the circuit is @ milliamperes. Voltmeter V| reads o)
volts. and voltmeter Frreads @ volts.

SOIUTION ... R = Ry + R, = 10009 + 30009 = 4000 Q.

OF 7 & B S iGN = 100 ik dRs,

14000 Q
(b) Voltage across RyisE, = IR 0.1 A x 10009 = 100V, ans.
(c) Voltage ucross R>isE> = IR, = 0.1 A x 3000Q = 300V, ans.

|

1000 ~ R, \
o ————
400-V
power
supply
3000 n R2 Vo

Fig. 47
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Fig. 48 The sum of the voltage drops across Ry and R, equals the supply voltage.
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EXPLANATION . .. The total resistance in a series circuit is equal to the sum of the
resistances. Ohm’s law for current gives us 0.1 A as the current through the circuit.
Ohm's law for voltage gives the voltage drop across each resistor.

Notice that the ratio of the voltages across the two resistors (100 to 300, or 1 to 3)
equals the ratio of the values of the two resistors (1000 to 3000, or 1 to 3). Notice
also that the sum of the voltage drops across the two resistors equals the supply
voltage (100 V + 300V = 400 V).

ExamPLE S ... Figure 48 shows two resistors in series across a 300-V source.
Circuit voltages are indicated by three voltmeters. Since the voltage drop across
R, is greater than the drop across R, the resistance of R, is )
thanthe resistance of R;. If the current through R, is 100 mA, the resistance of R, is
) ohms. The resistance of Ryisw@w . _ohms.

SOLUTION . . . (a) Greater

(b) R, = % g lf)‘(’)o VA o (2)010/:/ - 20000, ans.
m k,
100 V
(©) R, = % = —0’1 " = 1000 2, ans.

ExPLANATION . .. The resistance of R, is greater because the voltage drop across
it is greater, and the resistance of a component in a series circuit is directly pro-
portional to the voltage drop across it. The resistance of R, is found by the

B s z
formula R, = I—2 Because / is the same value for R, we are able to determine the

resistance of R, also.

WHAT HAVE YOU LEARNED?

I. Three resistors R, R,, and R;, of 10, 30, and 20 , respectively, are
connected in series across a 240-V supply. The current through R, is



(@) ___L amperes; that through R, isw _/# amperes; and that
through R; is (<)‘/# amperes. The voltage drop across R, is
(4)4‘& volts; that across R, is « /20 volts; and that across R; is
® _ @0 volts. The total voltage drop across the three resistors, ) 2 /3
volts, equals the m S24£¢Zvoltage.

2. A light bulb with 200 Q resistance is designed to operate at 115 V. It
is desired to operate the bulb from a 230-V line. To prevent the bulb from

burning out, a 300-Q resistor is connected in series with it to drop the —-

voltage across it to a lower value. (a) Draw g diagram of the circuit.
(b) What is thg voltage drop across the resistir’ (c) What is the voltage
across the bué (d) Will the bulb burn normally, burn dimly, or burn
out? o,/ m l7

3. In Problem 2, what value of resistance can be used to set the voltage
drop across thebulbat 115V? 260 <L

4. Three identical light bulbs are operated in series across 120 V. What is
the voltage across each bulb? 1/0 v

5. Two light bulbs, one with a resistance of 140 Q and one with a re-
sistance of 200 Q are connected in series across a 240-V line. The voltage
across the bulb with a resistance of 140 Q is (o)ijivolls, and the
voltage across the other bulb is (b):#‘”; volts.

6. The filaments of five identical tubes are connected in series. Each fila-
ment requires 6.3 V for proper operation. What voltage is required to
operate the group of tubes? 2 /, S~

7. Each of the filaments described in Problem 6 draws 0.3 A. If the
required voltage is obtained from a 110-V line by using a dropping re-
sistor, what value of resistance is required? 5 @5 , §7

8. The heater of a 50CS5 tube operates at 50 V and draws 150 mA. (a) Can
it be operated in series with a 12BE6 tube that also draws 150 mA, but at
only 12.6 V? ,Z_i_i_ (b) If so, what voltage is required across the two
tubes in series’ 2 (c) What value of dropping resistor is required if
operation is from a 110-V line? S

ANSWERS

1. (a)4:(b)4: (c) 4: (d) 40: (e) 120: (f) 80; (g) 240; (h) source
2. (a) See Fig. 49. (b) 138 V: (c) 92 V: (d) Burn dimly... The bulb will burn
dimly because the voltage across it is less than 115 V.
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Fig. 49

3. 200 Q ... Half of the supply voltage is desired across the bulb. Hence, the
resistance of the dropping resistor should equal the resistance of the bulb.

4. 40V 5. (a)98.8;(b) 141 GRBIIFSAV:

7. 2629 ... The voltage must be dropped from 110 V down to 31.5 V, a drop of

: X E 785V
78.5 V. The value of resistance is R = T = 03A - 262 Q

8. (a) Yes. .. Inacircuit with 150 mA flowing, the correct voltage appears across
each tube. (b)62.6 V
(¢)316 Q... The voltage must be dropped 110V — 62.6 V = 474 V:

LESSON 2323-1
SERIES AND PARALLEL D-C CIRCUITS

EXAMINATION

Circle the number of the correct answer for each question that follows. When you
are finished, transfer the answers to the answer sheet by putting X’s in the proper
squares. When the graded answer sheet is returned to you, correct in this book any
questions you may have missed. By doing so, you will have a record of the correct
answers to all questions for review purposes.

1. If a vacuum tube that has a filament rated at 0.25 A and 5 V is to be
operated from a 6-V battery, what is the value of the necessary series
resistor?

(1) 259 (2) 209 O 40 4) 249

2. What value of resistance should be connected in series with a 6-V
battery that is to be charged at a 3-A rate from a 115-V d-c line?
(1) 20 (2) 3839 (3) 180 0O 3630

3. A relay with a coil resistance of 500 © is designed to operate when
0.2 A flows through the coil. What value of resistance must be con-
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nected in series with the coil if operation is to be from a 110-V d-c
line?
() 100Q (2) 550Q @50 Q 4) 5009

. Define the term ‘“‘conductance.”

(1) The change in current accompanied by a change in voltage
The ability of a circuit to conduct current

(3) The ability of a circuit to resist current

(4) The change in voltage accompanied by a change in resistance

5. What is the unit of conductance?

=

10.

(1) Ohm (2) Volt (3) Coulomb @ Mho

What is the conductance of a circuit if 6 A flows when 12 V is applied
to the circuit?
(1) 72 mho @ 0.5 mho (3) 0.2 mho (4) 2 mho

If resistors of 5, 3, and 15 Q are connected in parallel, what is their
combined resistance?
@ 1.679 (2) 58992 (3) 23492 (4) 4599

What is the combined resistance of a parallel circuit consisting of one
branch of 10  resistance and one branch of 25 € resistance?
(1) 539Q  (2) 3929 (3) 7.38Q 7.14Q (5) 35Q

If the voltage applied to a circuit is doubled and the resistance of the
circuit is increased to three times its former value. what will be the
final current value? HINT: Assign values and work out problems to
see how the current is affected.
(1) Double the original value
(2) One-third the original value
(3) Six times the original value

Two-thirds of the original value

You need an 8-Q resistor but have only a 10-Q2, a 12-Q, a 16-Q, an
18-Q2, and a 24-Q resistor. You can get the 8-Q vou need by con-
necting two of the resistors you have in parallel. Which would be the
larger of the two resistors you would use?

(1) 249 @ 182 (3) 1692 (4) 12Q

. Refer to Question 10. Which would be the smaller of the two resistors

you would use?
(1) 18Q @ 162 (3)12Q (4) 10Q
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12. The reading of ammeter A4, in Fig. 50 is 6 mA. What does ammeter
A4 read?
M3ma O 1imA  (5) 16mA  (7) 36mA
(2) 6 mA 4) 15mA (6) I8 mA (8) None of the above
13. What value must R in Fig. 51 have if ammeters 4; and 4, read the
same?
moe (Pize @) 150 @ 200 (5 500
(6) Value depends upon battery voltage, which is not given.
I
0
ok R
¢ AN
20 n
Rz
1 3
30 n
04@\——0
A
= +
E T |denticcl/
batteries
Fig. 51
14. Many electronic technicians do not have an ammeter that will
measure currents greater than one ampere. However, it is easy for
them to measure a larger current if they need to do so. To measure
1 the current taken by the motor in Fig. 52, the technician inserts a
; /JL 1.2-Q resistor in series with the motor. He then measures the
1.2 )2

voltage across that resistor, which is 2.6 V. How much current does



26V
‘ ‘\/\/\rl

o—
1n5-v .2 motor
line :

Fig. 52

the motor draw?
(1) 0461 A  (3) 1.92A  (5) 26A (7 24 A
2) 12A @ 217A  (6) 9.58A  (8) 442 A

15. One way to make a light dimmer for two lights is to install a switch
such that the lights are connected in parallel when the switch is
thrown one way and in series when it is thrown the other way. The
lights will be dim when
(@ they are connected in series.

(2) they are connected in parallel.

16. To make the light dimmer of Question 15 we use what is known as a
double-pole double-throw switch, shown in Fig. 53. Such a switch
has two moving blades, 4 and B. When the switch is thrown to the

Dashed line means that the switch blodes
move in unison,

15-v
line

115-v
line

115-v HS-v
line line

Fig. 53

51



52 right, blade 4 makes contact with C and blade B makes contact with
D. When thrown to the left, blade 4 contacts E and B contacts F.
In which part of the figure is the switch so connected that lights L,
and L, are in parallel when the switch is thrown one way and in series
when it is thrown the other way?

ODw o6 e @@

17. The tube heaters in a TV set are sometimes connected in series and
sometimes in parallel. You can tell if a heater is working by the glow
in the tube from the red-hot heater or by feeling the tube to see if it
is hot. You pull one tube from a set that is working OK and note
that all the other tubes cool off. This probably indicates that
@ the heaters are connected in series.

(2) the heaters are connected in parallel.
(3) pulling the tube caused the fuse to blow.

18. A certain clothes dryer has four heating elements, which are in paral-
lel as shown in Fig. 54 when set for maximum heat. Heater resistance
values are as shown. Since the customer’s complaint is that the

3 clothes are slow in drying, it is likely that one of the elements is
_;g: either burned out or not getting current. The ammeter reads 16 A.
2 Which element is faulty?

MR @Rr @R @R

?’“
] /, A 7 16 A
2 o (~) *
\Z/ o 2
240-V R,g Rag Ra¥ Ra
S 30T 40 n 60 n 120 n
O

Fig. 54

19. What is the voltage-divider output in Fig. 557 Assume the current
taken by the load on the voltage divider is low compared to the cur-

rent through R..
@ ISV (2) 20V (3) 25V (4) 30V (5) 40V (6) 50V

|": ':l_

PRY

voltage -
R, divider
output

Fig. 55



18 vV Hit

B
E
20 n 2R, R, ), V) 201 2R, R, (W
Vv
12V
il equivalent
L[; battery

Fig. 56 Ly (b)

20. In which direction is the current flowing around the circuit of Fig.
56(a)?

(1) Clockwise @ Counterclockw:se

21. What is the polarity of the voltage across R, in Fig. 56(a)?
Upper end of R, positive, bottom end negative
(2) Upper end of R, negative, bottom end positive.

22. The two batteries in Fig. 56(a) are shown replaced by an equivalent
battery in Fig. 56(b). What are the voltage and polarity of the
equivalent battery?

(1) 6 V, right terminal positive
© 6 V. right terminal negative
(3) 30V, right terminal positive
(4) 30V, right terminal negative

23. What do we mean when we refer to replacing £, and £, in Fig. 56
by an equivalent battery?

1) The equivalent battery is one in which the voltage and polarity are
such that the current value and direction and the voltmeter readings
will be the same in (b) as in (a).

(2) The current and its direction will be the same in (b) as in (a), but
the voltmeter readings may be different.

24. What is the voltage across R, in Fig. 56?
D2V @4V )6V HB8V (5 12V (6) ISV (T) 26V

25. What is the circuit current in Fig. 567
01A (2)02A (3)03A 4H06A (5 I15A

26. What is the resistance of R, in Fig. 567
(H 049 (2) 102 (3) 209 @ 4090 (5 80Q

END OF EXAM
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A chat with your instructor

You have already learned the relationship between voitage, current, and
résistance in series and in parallel circuits. In this lesson we continue to
explore this relationship, particularly as it applies to circuits made up of a
combination of series and parallel circuits.

One of the important purposes of this lesson is to give you a better under-
standing of the meaning of voltage or potential. You need this extra
training because it is not as easy to understand voltage as it is to under-
stand current and resistance. ‘‘Voltage” is surely the term most used in
electricity and electronics, and so you can see that the better you under-
stand it, the easier electronics will be for you.

Since this lesson is a continuation of the study of d-c circuits started in
Lesson 2323, you may need to review that lesson either before starting

this one or while studying it.

When you have finished this lesson, your study of d-c circuit theory will be
complete and you will be ready for new areas of learning in electronics.

Voltage, Current, and
Resistance in D-C Circuits

SERIES-PARALLEL CIRCUITS

You have learned how to figure voltage, current, and resistance values
associated with series circuits and with parallel circuits. Very often a
circuit is neither all series nor all parallel, but is a combination of the two.



R| 23 30 Rz Ral3

Fa¥ N

Rz< 25 n R3< 25 n
(a) A series-parallel (b) Equivalent circuit;
circuit Rg is the combined
resistance of R, and
Ra

Fig. 1. Aseries-parallel circvit and its equivalent circuit.

If you go about it right, analyzing such circuits is nearly as easy as
analyzing simple series or parallel circuits, although more steps are re-
quired. The proper procedure is to progressively simplify the circuit by
replacing the series and parallel branches within the complex circuit with
equivalent values.

SERIES-PARALLEL CIRCUIT WITH RESISTANCE VALUES
GIVEN . . . Figure l(a) shows a series-parallel circuit. Resistor R, and
R, are connected in parallel, and this combination is connected in series
with R;. To find the total resistance of the circuit, first find the combined
resistance of R, and R,, shown in Fig. I(b) as R, and then find the total
series resistance of R, plus R;.

EXAMPLE | . . . In Fig. I(a), if R, is 23 Q (ohms), R, is 30 Q and R; is 25 ©,
the total resistance of the circuitis ___ ohms.

SOLUTION . . .

R\R; 23 x 30 690

R, = =— =130
R] + Rz 23 + 30 53
Ro + R3 = 13Q + 25Q = 38Q, ans.
ExampLE 2 . . . In Fig. 2(a) the total current /, is (@) —___ amperes, voltmeter
Viyreads ) —__ volts, voltmeter Vjreads«— volts, the voltage
across Ry is ) —— __ volts, and the voltage across R; is (¢y.—______volts.
The current /; through resistor R, is () —___ amperes, and current /; is

(9) ——amperes.



E= 76V =76V
[ +
Ra Ry
250 S LD IN
Ii Iy
~—— ——
(a) (b)

Fig. 2 Voltmeters V,; and V, read the same because the twe circuits are equiva-
lent with R, equal to R, and R, combined.

SOLUTION . . . The resistance values are the same as in Example 1, where the totai
resistance was found to be 38 Q.

supply voltage £ 76 V

- = =ROVAN IS
total resistance 38Q

(a) Total current /, =

(b) Figure 2(b) shows the circuit equivalent to the circuit shown in Fig. 2(a).
Now. R, is equal in value to R, and R, combined. and so voltmeters V> and V,
will read the same. since they are across equivalent values. By Ohm’s law, the
voltage E,, which is the reading of V. is

E, =1, x Ro =2A x 13Q = 26V, ans.

(c) E;.the voltage across Ry is

EJ=I;XR3=2/\X259

50 V, ans.

CHECK . . . By Kirchhofl's voltage law the sum of the voltage across R, and R;
should equal the supply voltage:

E, + £y = 26V + 50V = 76 V, which is the supply voltage.

(d). (¢) The reading of V2 is the voltage across R and is also the voltage across
R>. Hence. the voltage across each is 26 V. ans.

(f) Since the voltage across R is 26 V, the current through R, is

Iy = — = —— = 1.13 A.ans.
R 23Q
> 26V
(g) I, = [:— = —6— = 0.87 A, ans.
R> 30Q
Curck . . . By Kirchhoff's current law, the total current /, should equal the sum of

the currents in the parallel branches:
L +1,=113A +087A =2A

which is the same as /,.



Rl RZ R| RZ §R|2
30n 60 n 30n 60 n 20

R Rq Rs Rq § R34
50 n 25 n 50~ 25n 16.7
(a)Resistors in {b)The same (c) Equivalent
series-paraliel circuit redrawn circuit

Fig. 3 Four resistors in series-parallel. In the equivalent circuit, R,; is the com-
bined resistance of R, and R, and R;, is the combined resistance of R,
andR,.

A summary of the proper use of Ohm’s law will be useful. You have
seen that Ohm’s law can be used for parts of a circuit as well as for the
entire circuit. The important thing to remember when applying Ohm’s
law to a part of a circuit is that the voltage, current, and resistance used
with the formula must be the voltage across that part of the circuit, the
current through that part of the circuit, and the resistance of that part of
the circuit. For example, in finding /,, the current through R, in part (f)
of Example 2. we used the voltage across R, and the resistance of R;.

HINTS ON SOLVING SERIES-PARALLEL CIRCUITS ... Sometimes
the easiest way to analyze a series-parallel circuit is to redraw it. For
example, the circuit shown in Fig. 3(a) contains four resistors in series-
parallel. The circuit is redrawn in Fig. 3(b). Resistors R, and R, are in
parallel, and resistors R; and R, are also in parallel. The two parallel
combinations are connected together in series.

To solve for the total resistance of such a circuit, first solve for the re-
sistance of each parallel combination and then solve for the resistance of
the series combination.

ExaMpLE | . . . In Fig. 3(a), if R, = 309, R, = 60 Q. Ry = 50 Q, and R, =
25 Q, the total resistance of the circuitis —_ ohms.
SoLuTioN . . . The combined resistance Ry, of R, and R, can be found by using

R\R, 30 x 60 1800
Ri+ Ry 30+60 90
R3; of Ry and R4 in parallel is 16.7 Q. Thus, in Fig. 3(c), R;» = 20 2 and
R3y = 16.7Q. The total circuit resistanceis 202 + 16.7Q = 36.7Q, ans.

the formula, R, = = 20Q. Similarly, the value



In the example on page 2 you were required to find all the currents and
voltages associated with the circuit. Often you will be asked to find just a
single voltage or current at some point in the circuit. The beginner is apt
to find such a problem more difticult than if he were asked to find all
the voltage and current values. The reason is that he looks for some
shortcut way to find the value asked for without bothering to find the
voltages and currents that the problem does nor ask for. When finding a
specific voltage or current in a series-parallel circuit, it is generally neces-
sary to also find most of the other voltages and currents. Whether ab-
solutely necessary or not, doing so makes it possible to use Kirchhoff’s
voltage and current laws to check your work.

In working a series-parallel circuit. don’t pay much attention at first to the
specific current or voltage that is asked for. Instead, study the circuit to
see what voltage or current you can readily find. After you find that
value, mark it on your circuit drawing. This gives you more information
on the drawing, so that you will be able to see some other value that can
be found easily. By proceeding in this way, you will soon have all the
voltage and current values. and thus you will have the value asked for in
the problem.

Don't forget to use equivalent circuits where they are applicable, because
they can often make the hardest-looking circuit really simple. After you
have found all circuit values, it is important that you check them for
consistency by using Kirchhofl’s voltage and current laws or by some
other way that is suitable for the problem.

Exasmprr 2. . . IFind the current /4 through R4 in Fig. 4.

160V =

E +

Fig. 4 Circuit of Fig. 3 with a voltage source added.

SoruTioN . . . Find all current and voltage values. Then you will have I, and will
also be able to check your work. The combined resistance and equivalent circuits
have already been found in Example 1. so the next step is to find the total current
I:



1=4.36 A

160 V=
E +
-
(a)
1=4.36 A e R W
I| RI IZ RZ Elz
l 30 l 60~ 872V
160 V- —J
E . —ﬁ
3 R3 4 R4 E34
‘ 50 N l 25 n 728V
(b)

Fig. 5 Stepsin the solution to the circuit of Fig. 4.

This value of / has been marked on the equivalent circuit shown in Fig. S(a). The

voltages across R ; and R 3, can now
E|2 I x R|2
Ezy =1 x Ry,

be found:
436 A x 2092 = 87.2V
436 A x 16.7Q = 728V

CHECK . . . Eyp + Ey = 872V + 728 V = 160 V, which equals the supply

voltage.

Since R, is equivalent to R, and R, in parallel, the voltage across R, and
Ry is Ey,, the voltage across Rj>. We can now draw the diagram of Fig. 5(b),
showing all currents and voltages known so far. Since this new diagram gives the
voltages across R,, R, R, and Ry, the current through each of these resistors

can now be found.

E NS ERE
& oy il g EIR
R, R
E, Ej,
hellall,
R, R,

872V 291 A
300
87.2) wvasa
60 Q



CHecK . . . Notice that the current from the negative side of the battery divides
upon reaching R, and R,. Fig. 5(b). part of the current going through R, and part
through R,. tence, the sum of /, and /, should equal the current coming from the
battery. Similarly. the sum of /3 and /, should equal the battery current.

I+ =291A + 145A = 436A =/

Iy + 1y = 146 A + 291 A = 437 A = [/ approximately
The reason that /3 and /, do not exactly add up to 4.36 A. the value of /, is that
slight errors are made in rounding off values to three significant figures while

working the prablem. A slight discrepancy in the third significant figure often
occurs in checking.

WHAT HAVE YOU LEARNED?

1. It is desired to operate two 6.3-V filaments in series. One filament
requires 0.3 A, and the other requires 0.4 A. Would the two filaments
operate properly in series across 12.6 V? o_¥L __ The resistance of the
first filament is o) —2{  ohms: that of the second is /{25  ohms.
The total resistance of the two in series is (d)ii_z.iohms When 1he two
filaments are connected across 12.6 V, the current through them is () < 34

amperes. By Ohm’s law, the voltage across the first filament is (,,M Ve ’3

volts and that across the second is (g,mzynlls. To make these fila

ments operate correctly, a resistor can be placed in parallel with one fila-

meny as shown in Fig. 6. The resistor must draw m o amp at
}qﬁivolls Therefore, the value of the resistor should be %‘g/
D

ohms. 4/9‘0 v Z‘
Y ")‘S/ 2 /éz' 5
b LT
. - 4 ' 4 23 49
e BRi Sum Tanal
W mgnts' 3{.u flament Y X¥- Y
ko operc;fe in ‘l 5 7‘7 5
S serie o~ -
7F ) 5t 3 6.3-V {0_}/’ 0
Y. ‘ ('/\ 04-A 7/’ [ 0
[} “:, - [ v fl 1
o 3‘5 ot e ilament
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Fig. 7

2. If several vacuum-tube filaments are to be operated in parallel con-
veniently, each of them must require the same o) _ V¢ 14 . To be
operated in series, each of them should require the same o) CuRREMT

3. Four methods of connecting three resistors for different total resistance
are shown in Fig. 7. Suppose all resistors are 100 €. The total resistance
in Fig. 7(a) is @ £2¢__ ohms: that in Fig. 7(b) is & /5 < _ ohms: that
in Fig. 7(c) 1s 0 27 % ohms: and that in Fig. 7(d) is @ £ 7 Z50hms.
Thus to connect three resistors of equal value in such a way that the total
resistance is one-third the resistance of one of them, you would connect
them as shown in () _7% . if one and one-half times the value of one,
as shown in 4 __/J3 : if two-thirds the value of one, as shown in
(g)_.L__(/_ and if three times the value of one, as shown in w2/~ .

4. Suppose, in Fig. 1(a), that the values of R, R,, and R, are 14, |8,
and 22 9, respectively. Suppose also that this series-parallel circuit is con-
nected to a 90-V source. The combined resistance of R, and R, is
(a) ___ 2 ohms. The combined resistance of R\, R, and R; is b=
ohms. The 90-V source supplies ©—~Z __ amperes to the circuit. The
current through R;is @y -9  amperes. The voltage drop across R; is
(e)_5_§_.lL.&volls that across R, is ) —Z:C5 ¥ volts; and that across R, is
@ L2¢ %8 volts. The current through R, is Lo amperes, and that
through R, is ¢ LS amperes.

=5} Suppose, in Fig. 1(a). the value of R, is 27 §, the value of R, is 34 Q,

and the value of R; 1s 58 Q. If the circuit is connected to a 100-V source,
the current through Ry is oy amperes, the current through R, is
by amperes, and the current through Ryis ) amperes.

6. In Fig. I(a) the value of R, is 5 €}, that of R, is 20 €, and that of
R; is 6 . The circuit is connected to a voltage source. The current
through R, is 3 A. The voltage across R is @) volts, and the volt-



age across Rri1s y— volts. The current through R, is (o
amperes. and the current through Ry is .y amperes. The voltage
across Ryise)— volts. The source voltageism_______ volts.

7. In Fig. 1(a). R, 1s 240 Q, R, is 80 Q. and R, is 650 Q. The circuit is
connected to a voltage source. The current through R, is 30 mA or

(o) —— amperes; the current through R, is (b)) milliamperes:
and the current through Ryis o — milliamperes. The voltage across
R, is o) —_ volts: that across R, is @) volts: and that across
Ryisih —__ volts.

8. Suppose that a resistor of 32 Q is in parallel with a resistor of 36 € and
that a 54-9 resistor is in series with the pair. When 350 V is applied to
the combination, the current through the 54- resistor is (q)

amperes and the voltage drop across the 54-Q resistor is ;) —___ volts.

9. A 242-Q resistor is in parallel with a 180-Q resistor, and 420-%? resistor
is in series with the combination. A current of 22 mA flows through the
242-Q resistor. The current through the 180-Q resistor is ______ milli-
amperes.

10. Two 24-Q resistors are in parallel, and a 42-Q resistor is in series with
the combination. When 78 V is applied to the three resistors so con-
nected. the voltage drop across the 42-Q resistoris _______ volts.

11. A 19-Q resistor is in parallel with an 18-Q resistor. and in series with
the two is a 14-9 resistor. When 70 V is applied to this combination, the

current through the 19-Q resistoris —______ amperes.
ANSWERS
1. (a) No. . . One filament requires more current than the other. If the two fila-

ments were connected in series, the current would have to be the saume in both.
S /3 . A A
(b) 21. .. Of course we use Ohm’'s law, R = Tl to find the resistance. Since

the resistance of the first filament is wanted, make sure that the value you use for
Ein the formula is the voltage across the first filament (6.3 V) and that the value
you use for / is the current required by the first filament (0.3 A) So,

R= £ = -63—\/ =R
/ 03A
(c) 15.75 . .. You may prefer to round this off to three significant figures and

callit 15.7 or 15.8 Q, and it is OK to do so. However, when the first significant
figure is a 1, you will increase your accuracy a little if you keep four significant
figures. But as long as you keep at least three significant figures, your answer will
beaccurateenough for practical purposes, and it would never be considered wrong.
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(d) 36.8...219Q + 15.75Q = 36.75 2. Now, you can use this value if you want
to, but you will save yourself some work in the following steps if you round it off
to three significant figures, which would make it 36.7 or 36.8. Of course, this will
make your final answer less accurate, but the difference is so slight that it is not
worth the extra work of using four significant figures. There is nothing wrong with
using 36.75, but only a beginner would use it.

(e) 0.342. . . We want to find the current through the two filaments if connected

A . I E . A )
in series, and the formula touseis [/ = Rl The voltage to use in this formula is

12.6 V, since that is the voltage across the two filaments in series. Now, since
we use for E the voltage across the two filaments, we must use for R the resistance
of the two filaments, which from part (d) is 36.8 . Never forget that the values
you use for both £ and R must refer to the same part of the circuit. For example, if
youuse for Ethe voitageacross both filaments, you can't usethe resistance of only one
of the filaments for R. Remembering this will spare you a lot of mistakes in using

6V
Ohm’s law. | = = = 1260, = 0.342 A. If you use 36.7 or 36.75 for R, you will
R 36.8Q

get 0.343 A, and that answer is just as good as 0.342. Two persons won’t generally
get exactly the same answer to a problem with several steps, because they will not
round off in the same manner as they go. Consequently, don’t expect the answers
you get to agree exactly with our answers, although they should be close to ours.
(f) 7.18 . . . In using the formula £ = IR, keep in mind that you can’t use just
any values for /and R. We want to find the voltage across the first filament. That
means we must use for / the current through the first filameni, 0.342 A, and we
must use for R the resistance of the first filament, 21 Q. E = IR = 0.342 x 21 =
7.18 V. Now maybe you got 7.16, 7.17, or 7.19 V because you rounded off a little
differently and so used a slightly different value for /. If so, don’t let that worry
you. Those values areall closeenough that any of them can be considered as correct.
When you went to school, you may have learned that if, say 86.5 was the book
answer, then 86.4 or any other close-by value was dead wrong. As engineers see it,
all answers near 86.5 (say, 86.3, 86.4, 86.6, and 86.7) are equally correct. Until
you start thinking like engineers about this matter, you are going to waste a great
deal of time trying to get your answer to jibe exactly with the book answers.

(g) 5.4. . .Because the voltage across this filament is less than the 6.3 V required
for proper operation, the filament will not reach a high enough temperature, and
as a result the tube will work poorly. You found in part (f) that the first filament
has 7.18 V across it. Thus the first filament will get too hot and eventually burn
out.

(h) 0.1 . . . Looking at Fig. 6 we see that our basic problem is that the lower
filament needs 0.4 A for proper operation, while the upper filament only needs
0.3 A. Wecan lick this problem by connecting a resistor as shown across the upper
filament and giving it the proper resistance value for it todraw 0.1 A. The resistor
and the upper filament together use 0.3 A + 0.1 A = 0.4 A. Thus they can be
used properly in series with the lower filament, since the current requirements are
now the same. Remember that current flow is similar to water flow. Suppose the
lower filament was a water pipe that could carry 0.4 gal of water per minute and
that the upper filament was a pipe that could carry only 0.3 gal per min. In order
to keep the flow of water (current) through the lower pipe at 0.4 gal per min, we
would have to put an additional pipe across the first one to carry the additional 0.1
gal per min. All of the water through the first two pipes would then flow through
the lower pipe. Similarly, all of the current through the two upper resistances
must flow through the lower resistance.



(1) 6.3 ... The voltage across the resistor will be the same as the voltage across
the filament because the two are in parallel. Using the resistor has equalized the
voltages across the filaments, so that each is 6.3 V.

() 63...R=— = — = 6392 Rememberthatto find the current through the

resistor R, we must use for / in the formula the current through R. Don’t use
0.3 A or 0.4 A for /, because the current through the resistor is 0.1 A.
2. (a) Voltage: (b) current
3. (a) 300:(b) 150:(c) 33.3:(d) 66.7:(e) c: () b:(g) d:(h) a
4. (a) 7.88;(b) 29.9:(c) 3.01:(d) 3.01:(e) 66.2: () 23.8:(g) 23.8:(h) 1.70
(1) 1.32. . . The circuit of Fig. 8(a) is as described in Problem 4. To find the
combined resistance of R, and R; in parallel, we have
R, x R, 14 x 18

B Ve x = 7880
R, + R, 14+18

where R, is the equivalent resistance of the two. We can now draw the equivalent
circuit, replacing the parallel combination of R and R, with a single resistor of
7.88 Q, as shown in Fig. 8(b). Since R, is in series with R;, the combined resistance
ISR, = R, + R. = 788 + 22 = 299 Q, where R, is the total resistance of the
circuit. To find the current supplied by the source, we use Ohm’slaw: I = E/R, =
90/29.9 = 3.01 A. The current through Rj is, of course, the total current from the
source, that is, 3.01 A. The voltage drop across R; is determined by Ohm's law to
beE = /R; =301 x 22 = 66.2 V. The voltage drops across R, and R, are equal
because the two resistors are in parallel, and they can be found by subtracting the
drop across R; from the source voltage: 90 — 66.2 = 23.8 V. Finally, by using
the voltage drop across each resistor, we can compute the current through each.
Iy = E;/R, = 238/14 = 1.710A. I, = E;/R, = 23.8/18 = 1.32A.

Fig. 8

5. (a) 1.37 (b) 0.763 (c) 0.606 . . . The first thing to do when a circuit is
involved is to draw the circuit. Then add to the drawing all pertinent data that are
given. This is shown in Fig. 9. There are various ways to do this problem: only
one way will be shown. Find the equivalent resistance of R, and R;:

- R, x Rz - 27 x 34
SRR TR 27BN
R, = 15.05Q + 58 2 = 73.05 Q, or 73.0 to three significant figures. Next, find

the total current through the circuit. To do this, divide the total voltage by the
total resistance:

= 15.05Q

11
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Fig. 9 Fig. 10

100 V
730

Now find the voltage across the parailel combination. The total current is flowing
through R;. The voltage drop across Ryis £ = 1.37A x 58 Q = 79.4 V. Hence,
the voltage across the parallel combination is 100 V — 794 V = 20.6 V. The
current through the resistors is then

R UORRICTS G S e Aty
T 340

As a check, the sum of the currents through R, and R, should equal the current
through R3: 0.763 A + 0.606 A = 1.369 A. Rounded off to three significant
figures, this becomes 1.37 A, which is the same as the value found above for /,.
Since it is not likely that you rounded off exactly as we did at every step in the
solution, your figures may vary slightly from our figures above. Don’t waste time
worrying about that. Instead, heed the discussion about significant figures in the
answer to Problem |. Also. in checking your answer, the sum of the two branch
currents may not be precisely the same as the current through R; because of slight
errors in rounding off.

6. (a) 15:(b) 15:(c) 0.75:(d) 3.75:(e) 22.5

(f) 37.5. . . Refer to Fig. 10. The voltage across R, is found by Ohm’s law 1o be
E=1IR =3Ax5Q=15V. Since R, is in parallel with Ry, the voltage
acrossitisalso 15 V. Thecurrent through Ryis/ = E/R = 15V/20Q = 0.75 A.
The current through R; must be the sum of the currents through R, and R, or
JA + 0.75A = 3.75 A. Since we know the current through R; and the resistance
of R;, we can find the voltage across R3, E = IR = 375 A x 6 Q@ =225 V.
Finally, the source voltage is the sum of the voltages across the parallel branch and
the series branch,or 15V + 225V = 375V.

7. (a) 0.03:(b) 90;(c) 120:(d) 7.2:(e) 7.2:(f) 78 8. (a) 4.94;(b) 267

9. 29.6. . . Refer to Fig. 11. First find the voltage drop across the 242-(Q resistor.
E =1IR =0022A x 242 Q = 5324 V. The same voltage must appear across
the 180-Q resistor, so the current through the 180-Q resistor is / = E/R =
5.324V/180Q = 0.0296 A. In this problem we do not have to consider the value
of the series resistor, because we know the voltage across the resistor in parallel
with the 180-( resistor.

10. 60.5 1. 1.46. . . See Fig. 12:

R-1X18 90430 R - 140+ 92430 = 232430
19 + 18

= 1.37A

= 0.606 A




BR= ABX o 3.012A
23.24 Q

Voltage drop across the 14-Q resistor is

E =3012A x 14Q = 42,168V
Voltage drop across the parallel resistor is

E =70V - 42170V = 27830V

The current through the 19-Q resistor is

SERIES-PARALLEL CIRCUITS WITH MANY COMPONENTS . . .
A series-parallel circuit can have more branches than the circuits we have
studied so far, but it is worked by the same general method. The follow-
ing examples will illustrate the procedure.

ExampPLE | . . . What is the combined resistance of the network of Fig. 13?

—

2 -
6 ER §R4 ik

R, CAPIO A

Fig. 13 Diagram of four-component series-parallel circuit.
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Fig. 14 Equivalent circuits for Fig. 13.
SOLUTION . . . Since R, and R, are in parallel with each other. their combined

resistance is

R.R, 16 x 13

= 7.17Q

G e TR )
In Fig. 14(a) the circuit is redrawn with R, and R, replaced by the equivalent
resistor R;>. Ry, is seen 10 be in serics with R, so that the combined resistance
of these two is 7.17 Q@ + 26 2 = 33.17 Q. An equivalent circuit is again drawn
[sce Fig. 14(b)]: in it R >3 replaces Ry> and R; in Fig. ld(a). Figure 14(b) is
a simple parallel circuit the combined resistance of which is

. R|23R4 b 33.17 x 22

(iRt Re s 30T+ 22
ExaMpLE 2 ... In Fig. 13 the total current flowing through the combination, as
shown by the ammeter 4, is 10 A. How much is the impressed voltage, emf? What
is the current through R,? Through R,? Through R;? Through R,? What is
the voltage drop across R;? Across R;?

= 13.23Q.ans.

SoruTion . . . The combined resistance from Example | is 13.23 €, and since the
current is 10 A_ the impressed voltageis 10 A x 13.23Q = 1323 V. ans.

in Fig. 14(b) the current through R5;is 1323 V/33.17Q2 = 4 A. In Fig. 14(a) the
voltage drop across R\; is 4 A x 7.17 @ = 28.7 V. In Figure 13 the current
through R, is28.7V/16 Q = 1.793 A, ans.

The current through R,is28.7V/13Q = 221 A ans.
The current through R; is the same as the current through R»3, which is 4 A. ans.
The current through R,is 132.3V/22Q = 6.02 A, ans.

CHECK ON CURRENT DISTRIBUTION . . . The 10 A from the source must pass
through R, R,, or R;. Hence. the sum of the currents through these three re-
sistors should equal the total current. 1.793 A + 2.21 A + 6.02 A = 10.023 A,
The slight discrepancy is due to the calculations being accurate to only three
significant figures.



The voltage across R is 1.793 A x 16Q = 28.7 V. ans.

The voltage across R>1s 2.21 A x 13 Q = 28.7 V. (This is a check on E,. since
E, and E; should be equal).

The voltage across R1is4 A x 26 = 104V, ans.

Voi1aGe CHECKk . . . The voltage across R, plus the voltage across R; should
equal the impressed voltage. 28.7V + 104V = 132.7 V. This is close enough to
verify the accuracy of the computations.

WHAT HAVE YOU LEARNED?

1. Two resistances of 28 and 25 {2 are connected in parallel; in series with
this combination is connected a 38-Q resistance; in parallel with this total
combination is connected a 24-Q resistance. The total current flowing
through the combination i1s 75 mA. What is the current value in the 25-Q
resistance”

ANSWERS

1. 12.6 mA . . . Figure 15 shows the progressive steps in working the problem.
Part (a) shows the circuit. In parts (b). (c). and (d) the components are com-
bined to form simpler and simpler equivalent circuits until in (d) the entire re-
sistance network is reduced to the single equivalent 16.34-Q! resistance. Now

75 mA

=
TE

(a) (b)

75 mA 75 mA

R R
2 E 124 24 E = 16.34
P o 5.2~ 24~ 1225 VT

(c) (d)

Fig. 15 cont’d. onp. 16)

15
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m
i

(e) ()

1225v| v

Fig. 15

Ohm’s law can be used to find the battery E voltage to be 1.225 V. Part (e) is part
(c) redrawn, but since £ is now known, the currents through R 5 and R; can now
be found, and they are as shown. At this point make your first check by adding the
two branch currents: 23.9 mA + 51.0 mA = 74.9 mA. Although this sum does
not exactly equal the total current of 75 mA, it is close enough. The discrepancy
results from rounding ofl in the calculations.

In Fig. 15(f) part (b) is redrawn. with the information in parts (d) and (e) added.
The voltage drops across the resistances are calculated by £ = I x R, and the
results are as marked on the figure. We now make our next check by seeing if the
sum of the voltages across R, and R, equals the applied voltage E. 0315 V +
0.908 V = 1.223 V. The slight difference between thissum and 1.225, the value of
E, is again due to rounding off.

Part (g) of Fig. 15 is the original drawing with all known values added. All that
remains is to find the value of the current through R, and through R,. The sum
of these two currents should equal the current through Ry, and as your last check
you should see that it does.

USING COPPER WIRE

Most wire used for electrical conduction is copper. You should be familiar
with the way of designating different wire sizes and with the use of a wire
table to answer copper wire problems.

4 COPPER WIRE SIZES . . . Copper wire intended for use as a conductor



AWG 6 8 10 12 1416 18 2022242628
number

actual
wire
size

end

view (D @ 0 00w .

Fig. 16 Actual sizes of copper wire conductors.

1s sized in accordance with American Wire Gage (AWG) numbers. Some
wires used in electronics are shown in actual size in Fig. 16. Notice in
particular that the larger the gage number, the smaller the wire. Although
wires as small as No. 40 (0.003 in.) are commonly used in electronics. they
are not shown in Fig. 16 because they are too small to distinguish in print.

A popular size of hookup wire for electronics circuitry is No. 22. It is
large enough to have adequate mechanical strength and to be easy to
handle. In compact transistor circuitry where space is limited, wire as
small as No. 32 is used. Wire smaller than that would be too fragile for
hookup or other unprotected use. Most hookup wire used today has
plastic insulation.

Although No. 22 hookup wire might carry a current of an ampere or more
without damage to the insulation, larger wire is often used for currents
over 100 mA to keep the power and voltage loss in the wire low. Of
course, the less protected the wire is the larger it must be. For example,
a wire smaller than No. 18 is unsuitable for a power cord that must carry
more than 3 A.

The national electric code does not allow the use of wire smaller than
No. 14 for building or workshop wiring. Wire of this size should not be
fused for over 15 A. Number 12 workshop wiring can be fused for 20 A,
and No. 10 can be fused for 30 A. Good technicians see to it that their
workship wiring is not overfused.

Wire intended for coil winding is called magner wire. Since the wire is
not subject to physical damage, the insulation can be thin so that it does
not require excessive coil space. For insulation, magnet wire is commonly
coated with either enamel or an equally thin film of some plastic material,
such as polyester. Magnet wire sizes from No. 20 to No. 40 are in com-
mon use.
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COPPER WIRE TABLE . . . Useful reference material on copper wire is
given in Table |. Wire diameter is usually given in mils, a mil being one-
thousandth of an inch. Thus the diameter of a No. 18 wire, given in the
table as 40.3 mils, is 0.0403 in. In winding a coil, it is necessary to know
how long a winding form is needed to hold the desired number of turns.
The column headed *‘turns per linear inch™ gives this information. Thus a
form 2 in. long will hold a single-layer winding of 2 x 37 = 74 turns of
No. 22 enamel-covered wire.

Since the resistance of wire is inversely proportional to its cross-sectional
area, the cross-sectional area of wire is of particular interest. If we double
the cross-sectional area of a conductor, we halve the resistance of the con-
ductor; if we reduce the cross-sectional area to one-third of its original
value, we increase the resistance to three times its original value.

Don’t confuse cross-sectional area with diameter. Two conductors are
shown in Fig. 17; conductor B has twice the diameter of conductor 4. But
the area of the end of B is four times the area of the end of 4. The cross-
sectional area of a conductor varies with the square of the diameter. If the
diameter is tripled, the area becomes nine times its previous value, etc.
This is because the area of any circle is equal to one-fourth of = (pi)
times the square of its diameter.

The square of the diameter of a wire in mils is called the circular-mil
(CM) area of the wire. If the diamter of a wire is 42 mils, its area will

the area is the
amount of surface
inside the circle

0.785 3.14
sq in. sq in.
areq areq
| in. 2 in.
diameter diameter

(a) (b)

Fig. 17 Although the diameter of the circle in (b) is only twice that of the circle
in (a), the area of the circle in (b) is four times that of the circle in (a).



Gage
No..
AWG

SLOXAP ity —

LR
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Dham...
mils*
289.3
257.6
229.4
2042
181.9
162.¢
1443
128.8
4.4
1019
90.74
80.51
71.96
64.08
§7.07
50.82
45.26
40.20
3509
31.96
28.46
2535
2237
20.10
17.90
15.94
14.20
12.64
11.26
10.03
8.928
7.950
7.080
6.305
5.615
5.000
4.453
3.965
183
3.145

TABLE

CoprPER WIRE TABLE

Circular-
mil
arcy
83690
66370
52640
41740
33100
26250
20820
16510
13090
10380
8234
6530
5178
4107
3257
2583
3048
1624
1288
1022
810.1
6424
509.5
404.0
3204
2541
201.5
159.8
126.7
100.5

T'urns per

Linear Incht

(enamel-

covered wire)

158
178

* A milis | /1000 (one thousandth) of «n inch.

t The figures given ase approsimate only. since the thickness of the insulation varies with the manu-
facturer,

$The current-carrying capacity at 1000 CM per

divided by 1000.

be 42 x 42 = 1764 CM. The resistance of a conductor is inversely pro-

portional to its circular-mil area.

EXAMPLE . . . A certain wire with a diameter of 204 mils has a resistance of 18 .
What will be the resistance of another wire of the same length and of the same

material, but with a diameter of 74 mils?

Feet per Ib
(bare wire)
3.947
4.977
6.276
7914
9.980
12.58
15.87
20.01
25523

31.82

40.12
50.59
63.80
80.44
101 4
127.9
161.3
2034
256.5
3234
407.8
5142
648 4
817.7
1031
1300
1639
2067
2607
3287
4145
5237
6591
8310
10480
13210
16660
21010
26500
33410

Ohms

per
1000 ft.
25C°
0.1264
1593
2009
2588
3195
4028
.S080
6405
0.8077
1.018

1.284
1.619
2.042
2575
3.247
4.094
5.163
6.510
8.210
10.35

13.05
16.46
20.76
26.17
33.00
11.62
5248
66.17
83.44
105.2
132.7
167.3
211.0
266.0
335.0
423.0
5334
672.6
848.1
1069

Current-
carrying
capacty
at 1500 CM
per A

1]
"~

W9 b O OC—tw

ST

1008
0.006

ampere is equal to the circular-mil area (column 3
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SorLuTiON . ..
2047 = 41,600 CM
747 = 5480 CM
41.600 R
5480 18
R = 136.7 Q. ans.
ExprLANATION . . . The diameters are squared in order to obtain the circular-mil

cross-sectional area of the wire. An inverse proportion is then formed and solved.
Aninverse proportion is used because the resistance varies inversely as the cross-
sectional area.

Since magnet wire is used for winding coils in which the closeness of the
turns prevents free dissipation of heat. the current-carrying capacity of
magnet wire is much less than that of hookup wire or other wire with its
surface exposed to the air. A rule of thumb for determining the current-
carrying capacity of wire wound into a multilayer coil is one ampere per
1000 CM. For example. the table shows the circular-mil area of No. 18
wire as 1624 CM. Therefore, |.6 A is a rcasonable estimate of the maxi-
mum current that a coil wound with No. 18 wire can carry.

It is useful to remember that wire area doubles for every three gage
numbers. Thus a No. 20 wire has twice the circular-mil area of a No. 23
wire, and therefore half the resistance.

WHAT HAVE YOU LEARNED?

1. The copper wire table shows that the diameter of No. 24 wire is 20.1
mils. What is the diameter of the wire in inches?

2. Having found the diameter of No. 24 wire in Problem |, find the
circular-mil area of the wire. Compare your answer with the value given
in the copper wire table.

3. You must run hookup wire between two points in a circuit that are 5 ft
apart. The wire will be carrying 0.2 A, and the voltage loss in the wire
must not exceed 5 mV. What is the smallest size wire you can use? Use
the column “Ohms per 1000 ft*" in Table | to find the resistance of various
sizes of wire.
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Fig. 18 The voltmeter reading depends upon where the meter is connected.

ANSWERS

1. 0.0201 in. 2. 40401 CM . . .20.17 = 404.01. Thisis the same as the value
given in Table 1.

3. No. 16 . . . By Ohm’s law the maximum resistance the 5-ft length of wire can
have would be

TR L
I 02A
. ! 0.025
The maximum resistance per foot would be - 0.005 S or 1000 x 0.005 -

59 per 1000 ft. Looking in Table 1. we find that No. 16 is the smallest wire that
has a resistunce not exceeding 5 Q per 1000 ft.

UNDERSTANDING POTENTIAL BETTER

Until you get a clear mental grip on the meaning of porential or voltage,
you cannot clearly understand much about electronic circuits. Since every
electronic circuit involves voltage. it is not hard to see why this is true.

VOLTAGE ISALWAYS RELATIVE . . . What is the voltage at point F
in Fig. 18? To find out. we can use a voltmeter, one lead of which s,
of course, connected to point # as shown. But a voltmeler has two leads,
and where do we connect the other lcad? If we connect it to point £, the
voltmeter will read 11 V. If we conne@ it Hdint D, the meter will read

21
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14 V: if we connect it to point C, 20 V; and so on. In other words, to ask
what the voltage is at point F is meaningless unless we specify the other
point of measurement.

For all practical applications, voltage or potential is a relative matter;
that is, we can state the voltage at some point in a circuit only by com-
paring that point with some other point. In Fig. I8, we can say that the
voltage at point F is 14 V with respect to point D, 20 V with respect to
point C, or 11 V with respect to point E. To say that the voltage at point
F is so many volts means nothing at all unless a reference point is stated
or implied.

When we say that the voltage across R, in Fig. 18 is 11 V, we mean that
the voltage at point F with respect to point E is 11 V (or the voltage at
point E with respect to Fis 11 V). When we say that the voltage of the
battery in Fig. 18 is 24 V, we mean that the voltage at point A with respect
to point B is 24 V. However, you should not say that the voltage at point
A is 24 V unless you are sure that the person you are talking to under-
stands that you mean the voltage at point 4 with respect to point B,
the negative battery terminal. For example, the voltage at point A with
respect to point D is not 24 V, but 18 V.

POLARITY WITH RESPECT TO REFERENCE POINT ... More
often than not you will want to know not just the numerical value of the
voltage between two points but also the polarity of that voltage. A volt-
age at a given point in a circuit is positive if it is more positive than the
reference point. The voltage at point F in Fig. 18 is + 14 V with respect to
point D. We can tell this by the fact that the plus lead of the voltmeter
must be connected to the point at which we want the voltage, point F, in
order that the voltmeter will read forward. The voltage at point D is
— 14 V with respect to point F because to measure the voltage at point D
you must connect the negative voltmeter lead to point D in order to get a
forward reading.

The voltage at some point in a circuit could be either positive or negative,
depending upon what is used as the reference point. Point Fis +14 V
with respect to point D, but point F is —4 V with respect to point G.
Not only voltage but also polarity at a point is meaningless unless the
reference point with which a comparison is being made is specified or
otherwise understood.

GROUND AS THE REFERENCE POINT FOR VOLTAGE
MEASUREMENTS . .. As will be discussed in the next topic, most
practical electronic equipment has some point in the circuitry grounded.
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Fig. 19 Voltage measurements often use ground as the reference point.

Very frequently the metal chassis to which the ground connection is made
is used as the reference point to which voltage measurements are made.
For example, the voltage with respect to ground at point £ in Fig. 19
is + 20 V. The voltage to ground at point Dis +6 V.

The voltages marked on a manufacturer’s circuit diagram can usually be
assumed to be with respect to ground if not otherwise stated. However.
look in the corner of the drawing for a legend that gives the reference
point used for the voltage measurements. For tubes. the cathode is often
used as the reference point to which the voltages of the other pin elements
are measured. Tube pin voltages in tube reference manuals are nearly
always with respect to cathode.

WHAT HAVE YOU LEARNED?

1. In Fig. 18 the voltage and polarity at point E with respect to point C
are

2. In Fig. 18 the voltage and polarity at point C with respect to point D
are (o). The voltage across the relay coil is ) — volts. The
voltage and polarity at point D with respect to point C are ()

3. In Fig. 18 the voltage at point B with respect to point C is
volts.

4. In Fig. 18 the voltage and polarity of point A with respect to point £
are

3
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Fig. 20 05A
5. In Fig. 19 the voltage and polarity to ground of the positive terminal of
the battery are oy and the voltage and polarity to ground of the

negative battery terminal are (b

6. In Fig. 20 the voltage and polarity to ground of the positive terminal

of the battery are @) —__ and the voltage and polarity to ground of the
negative battery terminal are sy —. The voltage across the battery in
both Fig. 19 and Fig. 20is o —___ volts.
7. In Fig. 20 the voltage and polarity to ground at point F are @ —
at point £ they are ;) : at point D they are «—: and at
point C they ared)— volts.

ANSWERS

1. +9V . . . Theresistance between points Eand Cis18Q. E =1 x R = 0.5 x
18Q = 9 V. To find the polarity. remember that the end of a passive component
from which the current leaves is positive with respect to the end the current enters.
Hence, to get a forward reading with the voltmeter, the positive lead of the meter
must be connected to point £. Hence. point Eis 9 V positive with respect to C.

2. (a) -6V (b) 6. . . We have no basis for calling this voltage either positive
or negative, since nothing is said about which end of the relay is the reference end.
However, if we are interested in polarity, we can say ‘‘the voltage across the relay

coil is 6 V., end D being positive with respect toend C.™ (c) +6V
3.0 4. +15V 5.(a) + 24V:(b) OV
6. (a) OV (b) =24V . .. Yourvoltmeter is, of course, measuring the voltage

across the battery when the leads are connected at point B and at ground in Fig.
20. For a forward meter reading. the negative lead of the voltmeter must be con-

nected to point B, the negative battery terminal. Hence. point B is —24 V with
respect to ground. (c) 24
7. (a) —4V ... The current direction through the lamp is from F to ground.

Since the lamp is a passive component, the current enters at the negative side
(point F') comes out at the positive side, which is connected to ground. Hence,
point F is negative with respect to ground.

(b) —15Vi(c) —18V:(d) —24V
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Fig. 21 The use of grounding to reduce the amount of wiring.

THE USE OF GROUNDS IN ELECTRONICS ... Most electronics
circuitry is built up on a metal chassis. Some of the wiring leads are
usually soldered or otherwise connected directly to the chassis. Such leads
are said to be grounded. Grounding is used for one or both of two reasons:

1. To reduce the amount of wiring by using the metal chassis itself as a
conductor.

2. To reduce noise or hum and prevent interaction with nearby circuits
and thus improve performance.

The simple circuitry of Fig. 21 illustrates the use of grounds to reduce the
amount of wiring required. The three pilot lights L, L,, and L; are turned
on an off by the three associated switches S, S», and S5. In (a) each of the
three lamps has its own independent wiring. In (b) the amount of wiring
required is reduced to just a single wire to carry all three currents from
the negative side of the battery to the lamps. A conductor used as a path
for a number of different currents is called a common conductor. 1t is
sometimes drawn heavier than the other wiring, as it is here, so that it is
easily identifiable, and also because a heavier wire is actually sometimes
used as the common conductor.

25
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In Fig. 21(b) the common conductor is shown as grounded. In this par-
ticular circuit the ground serves no purpose whatever. None of the cur-
rents associated with the operation of this circuit flow through the ground
connection. However, if this were an amplifier circuit, the ground would
probably be useful. Circuits are seldom in a world all by themselves.
They are likely to be close to other circuits from which they pick up un-
wanted voltages, or they may pick up static from the electrical equipment
operaling elsewhere in the room. To be sure, these pick-up voltages are
very weak at the moment they are picked up. However, after being ampli-
fied by the amplifier they can become strong enough to be heard in the
output, thereby reducing the quality of reception. If the common con-
ductor is grounded, the shielding action of the metal chassis will reduce
the pickup of stray signals.

In Fig. 21(c) the common conductor is eliminated and the metal chassis
is used instead to carry the current from the negative side of the battery
to the lamps. The dashed arrows show the current path through the
chassis. This method requires minimum wiring and is therefore widely
used. In some cases, as in a high-fidelity audio amplifier, the use of the
chassis to carry signal currents may cause instability. In those cases a
common conductor, grounded at a single point as in (b), is used instead.

Figure 22(a) shows a simple vacuum-tube circuit drawn without using a
a ground. Points A, B, D, E. and F are all connected together by the
bottom horizontal wire. If we solder points 4, B, D, E, and F to the
chassis, they will all be electrically connected without the need for the
horizontal wire. The circuit will then be as shown in Fig. 22(b), which is
electrically identical with (a). We sometimes draw vacuum-tube and
transistor circuits without a ground as in (a) to make it easier for you to
trace the circuit action. The practical version of such circuits is likely to
have one or more grounds, as in (b).

Fig. 22 Two electrically identical circuits.



10

©
~
05 A =24V
(c)

Fig. 23 Ground or other reference point is always considered as zero voltage.

VOLTAGES MEASURED TO THE SAME REFERENCE POINT . . .
It is often useful to measure all voltages in an electronics circuit with
respect to the same reference point, and then ground is generally the
reference point used. The common reference point is always considered
as being at zero voltage, and the voltages at other points are either positive
or negative depending on whether they are higher (that is, more positive)
or lower (less positive, or more negative) than the reference point.

Figure 23 shows the voltage around a circuit measured to ground for .

three different positions of ground. Notice that, regardless of the circuit
point that is grounded, ground is considered as at zero volts. Notice also
that the marked voltage values are all different in the three circuits
because different points are grounded. When the reference point is
changed, as by grounding a different point, all voltage values measured to
the reference point will be changed. Notice further that a point that is
positive when measured to one reference point may be negative when the
reference point is changed. Thus point D is positive in (a) and negative
in (b) and (<).

27
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When voltages are marked as in Fig. 23, we often want to know the volt-
age drop across a certain component. We find it by subtracting the voltage
shown for one end of the component from the voltage shown for the other
end. Thus in Fig. 23(a) the voltage drop across R, issimply9V — 6V =
3 V. The top end of R, will be positive because the voltage at £ is more
positive than at D. To find the voltage drop across R, by using the volt-
ages in Fig. 23(b), we have 0V — (=3) V = 3 V. (Remember that to sub-
tract a negative number, we change its sign and then add.) The voltage
across R, from Fig. 23(c)is(—=15V) — (= 18V) = - 15V + I8V =3 V.
Hence, no matter where the reference point is, the voitage drop across
R,is 3 V. We can, of course, further check this voltage drop value by
Ohm'slaw: F; =1 x R, =05A x 6Q = 3V.

The voltage between points F and D in Fig. 23 is, from part (a) of the
figure, 20 V. — 6 V = 14 V. From (b) this voltage drop is (+11 V) —
(-3V)=+11V +3V =14V. By meuans of part (c) we get the same
14-V drop, as follows: (-4 V) — (- 18V) = -4V 4+ 18V = 14V,

We can easily tell from Fig. 23(a) that for the 14-V drop between points F
and D, point F is positive with respect to D, since F is at a higher (420 V)
potential than D (+ 6 V). Part (b) of the figure also shows point F at a
higher potential than point D. In part (c) it may not be so clear that point
Fis at a higher potential than point D, but mathematically it is. With
negative numbers the value nearest zero is the greater; hence —4 is a
greater number than — 18. Think of a thermometer and you won’t get
mixed up on this— —4° is higher up the scale than — 18°.

WHAT HAVE YOU LEARNED?

1. Figure 24 1s Fig. 15(g) redrawn with a ground added. Mark on the
figure the voltages with respect to ground at points 4, B, C, D, F, G, and
H. Be sure to show the polarity of each voltage.

2. Figure 25 is the same as Fig. 24, except that the ground has been
changed to a different place. Mark on the figure the voltages with respect
to ground at points 4, B, C, D, F, G, and H, being sure to also mark the
polarity of each voltage.

ANSWERS

1. See Fig. 26. 2. See Fig. 27.
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collector
lead C,

-82V
transistor \

Fig. 28 A typical electronic diagram with some of the voltages and polarities
marked.

READING VOLTAGE AND POLARITY MARKINGS ON
DIAGRAMS . . . The circuit diagram of Fig. 28 has some voltages and
polarities shown on it, such as might be found on a practical manu-
facturer’s diagram. Our purpose in this topic is to clarify the meaning of
these voltage and polarity markings. Since voltages and polarities mean
nothing except with respect to some other point in the circuit, you must
be able to tell the intended reference point or points before you can make
any use of the voltage values marked on schematic diagrams.

When one lead of a component has a plus sign marked on it and the other
lead has a minus sign, the side of the component marked + is at a higher
potential than the side marked —. For example, in Fig. 28 the upper end
of R, is at a higher potential (is more positive) than the lower end of that
resistor or, to say it another way, the upper end of R, is positive with
respect to the lower end. Looking at other components, we see that the
right end of R is negative with respect to the left end, the right plate of
capacitor C; is positive with respect to the left plate, and the top lead
from the power supply V¢ is negative with respect to the bottom lead.

Notice in the figure that the left end of Rs (marked +) is connected to
the bottom end of R, (marked —). This does not mean that the left end of
R is positive with respect to the bottom end of R. Since the two points
are separated only by hookup wire they must be at the same potential.
The + and — markings refer only to the components to which they are
attached, and they have no meaning with respect to some other com-
ponent.
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A voltage value marked in the center of a component means the voltage
drop across that component. For example, the diagram shows the voltage
drop across R; 10 be 3.8 V. Notice that this voltage has neither a + or
— sign in front of it, since polarity has no meaning unless we know which
end of the component is considered to be the reference end. The voltage
drop across Rsis shown as 4.1 V, and the polarity markings show that the
left end of the resistor is 4.1 V positive with respect to the right end.
Similarly, the diagram shows the upper end of V¢ to be 12 V negative
with respect to the bottom end.

Voltages marked at points on the wiring (that is, not in the middle of a
component), refer to voltage readings with respect to some common refer-
ence point. This common reference point may be considered to be ground
if nothing is said to the contrary. Thus in Fig. 28 the — 1.3 V marked
on the wiring means that. at the point where this voltage value is shown,
the voltage with respect to ground is — 1.3 V. Similarly, the —8.2 V in-
dicates that the collector lead of the transistor is — 8.2 V with respect to
ground.

VOLTAGES BETWEEN UNCONNECTED POINTS ARE MEAN-
INGLESS . . . We have emphasized that voltage at a given point can have
meaning only with respect to another point. However, there must be an
electrical path between the two points involved or again the voltage will
have no meaning. In Fig. 29(a) there is no electrical connection between
the left and right circuits. Consequently, to speak of the voltage at point
A with respect to point B has no meaning. The voltmeter connected
between these two points will either read zero or (if it is an extremely
sensitive meter) some unpredictable value.

(b)

Fig. 29 Voltage between two points has no meaning unless the two points are
somehow connected.

3



32

cathode

(a)

Nl 2
S

cc‘nhode
(b)

Fig. 30 Grid-voltage in a vacuum-tube circuit.

In Fig. 29(b) a wire has been added at the bottom to connect the two
parts of the circuit together. Now we can properly speak of the potential
between points 4 and B, and the voltmeter will read 9 V.

In a vacuum tube, such as the one shown in Fig. 30(a). the grid is elec-
trically insulated from the rest of the tube elements. Therefore the shaded
area is not electrically connected to the rest of the circuitry. For the tube
to operate right, the voltage on the grid with respect to cathode must be
—6 V. But when there is no electrical path between grid and cathode, grid
voltage with respect to cathode voltage is meaningless. Hence. when the
tube is connected as in Fig. 30(a), it cannot be expected to work right.
In Fig. 30(b) a wire has been added at the bottom to connect the screen
area with the cathode. Now the voltage on the grid is — 6 V with respect
to cathode, so that the requirement for proper tube operation is met.

WHAT HAVE YOU LEARNED?

I. The voltage of + 150 V marked on Fig. 31 means that (rhe voltage drop
across Ry is 150 V' )(the screen is + 150 V with respect to ground).
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Fig. 31

2. The voltage from point B to ground in Fig. 31is (75 V)(+ 171 V).
3. The voltage at the positive terminal of the power supply E,, in Fig. 31
is (+250 V with respect to ground)(+250 V with respect to the negative

terminal).

4. Figure 32 (does)(does not) show that point B is positive with respect to
point A.

5. Does any current flow through R, in Fig. 32?

Fig. 32

ANSWERS

1. Thescreen is + 150 V with respect to ground. 2. 4171V

3. +250 V with respect to the negative terminal . . . Since the negative terminal is
at — 4 V with respect to ground, the positive terminal is at + 246 V with respect to
ground.

4. Does not . . . The — sign at point 4 and the + sign at point B refer to the
polarity of batteries £, and E». respectively, and they do not in any way suggest
that point B is positive with respect to point 4.

5. No . . . For current to flow through R there would have to be a complete elec-
trical loop so that the current flowing through R, could return to its starting point.
If a wire were run between points C'and £, then current would flow through R».
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voltmeter
12V

2V R;
HijF—ANN—
perfect resistance

battery within battery

(no resistance)

\ J
-V
a voltage source has voltage equivalent
(desirable) and also resistance circuit

(undesirable)

Fig. 33 The equivalent circuit for a power source is a perfect battery with a
resistance in series to represent the internal resistance of the power
source.

PRACTICAL VOLTAGE SOURCES

An ideal power source has no resistance, but any practical power source,
such as a battery or a generator, does have resistance. Although the
resistance of a power source can sometimes be neglected, it is often of
great importance because it affects the performance of the circuit using
the power supply.

EQUIVALENT CIRCUIT FOR A VOLTAGE SOURCE . . . The value
of the resistance of a power source can range from negligibly low to very
high. It is useful to represent a practical source of power by an equivalent
circuit made up of a perfect voltage source with a resistance in series,
the value of the series resistance being the internal resistance of the power
source. Figure 33 is a representation of a battery by an equivalent circuit.
The materials from which a battery are constructed, like all other con-
ducting materials, have resistance. This resistance is shown as R, in the
equivalent circuit. The 12 V shown for the perfect battery in the equiv-
alent circuit is the voltmeter reading when no current is being drawn from
the battery. Because of the internal resistance R, the voltage of a prac-
tical battery goes down a little when current is drawn from the battery.

When we measure battery voltage with a voltmeter across the battery term-
inals, as in Fig. 34 we measure the true battery voltage E less any voltage
loss across the internal resistance R,. If the switch § is open, so that there
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battery
complete battery terminals

Fig. 34 Because of the voltage loss across R;, the reading of the voltmeter is
less than 12 V when switch S is closed.

is no current drain from the battery (and hence no current through R)),
the voltage drop across R, is negligible, and therefore the voltmeter reads
12 V, the true voltage developed within the battery.

Suppose that, when switch S is closed in Fig. 34, the load R, to which the
battery is connected draws 4 A. Then 4 A flows through the internal
resistance R,. The voltage dropacross R;isE = I x R = 4 A x 05 Q =
2 V. The voltmeter reads the voltage £ minus the voltage drop across R,,
or12V -2V =10 V. Thus the effect of the internal resistance is to
cause the battery voltage to drop when the battery is loaded. The greater
the current taken from the battery, the more this voltage drop will be.

CHECK BATTERY CONDITION . . . As ordinary dry cells or storage
batteries become discharged their internal resistance increases. With con-
tinued discharge of a dry cell the internal resistance eventually becomes so
high that the cell is useless and must be replaced. Storage batteries must
be recharged before they reach this degree of discharge; otherwise, they
will be damaged.

The end of the useful life of dry cells used to power electronic equip-
ment, such as portable radios, is often indicated by noisy reception. As
the internal resistance increases, battery-generated noise increases. Noise
is caused by small random variations in the internal resistance. If the
internal resistance is high, the varying voltage drop across the small re-
sistance changes may be sufficient to be heard in the receiver.

A battery is checked by using a voltmeter to read the battery voltage
while the battery is delivering normal current to its load. If the voltage
read is considerably lower than for a new battery, the battery should be
replaced, or recharged if of the storage type. Never attempt to find the
condition of a battery by reading its open-circuit voltage. The open-circuit
voltage is the voltage when the battery is furnishing no current, which is
why open-circuit voltage readings are useless for determining the condi-
tion of a battery.

3
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Consider the circuit of Fig. 34. If the switch S is open so that the volt-
meter is reading the open-circuit voltage of the battery, the meter reading
will be the same regardless of the internal resistance R;,. Remember there
is no voltage loss across R, unless the battery is delivering current. When
S is open, the voltmeter is reading the generated voltage E, which is 12 V.
As the battery becomes discharged, this voltage does not generally change.
Thus the voltmeter is apt to read 12 V regardless of the condition of
charge of the battery, as long as switch S is open. When switch S is
closed, the greater the R,, the less the voltmeter will read, so that the
voltmeter reading then indicates the charge condition of the battery.

HIGH-IMPEDANCE AND LOW-IMPEDANCE SOURCES . . . Bat-
teries, generators, and 115-V building outlets are sources of electric power
for operating electronic equipment. Part of this power is converted within
the electronic equipment to other voltages. For example, many pieces of
electronic gear have one or more oscillators, which convert the d-c voltage
from the battery or other original power source into alternating voltage
of whatever frequency is desired. Since the oscillator is generating some-
thing different, we look at an oscillator as another power or voltage or
signal source. A tube or transistor takes a very weak signal, such as one
picked up by a receiving antenna, and makes it into a much stronger
signal. We also look at tubes and transistors — when they are used in this
manner — as signal or voltage generators, since they replace the original
weak signal with a much stronger signal.

Thus we sce that there are many signal or voltage sources in electronic
equipment. Signal sources are often classified as *“high impedance™ or
“low impedance.” and you should know the ditlerence between the two.

Figure 35 shows equivalent circuit diagrams for both d-c and a-c voltage
sources. Although a battery is-used to represent the voltage E in part (a)
of the figure, this does not imply that a battery is actually used. These are
equivalent circuits, and a battery with suitable resistance in series is
equivalent to any d-c voltage source.

equivalent
circuit for
d-c voltage
source

{a)

equivalent
circuit for
a-c voltage
source

symbol for
a-c generator

(b)

Fig. 35 Equivalent circvits for d-c and a-c sources.



00571 mA 176 mA

Rj Ri
200000 load 200 76 V. 210ad
RL n
10,000 IOOOO
E - A E =
2V I2V-T-
(a)High impedance source (b)Low impedance source
Rj l l
bt 0.06 mA 200 60 mA
£
. 12VF 12 V+
£
(c)High impedance (d)Low impedance
source shorted source shorted

Fig. 36 Effects of high and low source impedances on voltages and currents.

If the internal resistance R, is low in either (a) or ¢b) of Fig. 35, the
circuit represented is said to be a low-resistance or a low-impedance
source. If R;is high, the circuit represented is a high-resistance or high-
impedance source. Of course. the source need not be either high-resistance
or low-resistance: it can very well be some value in between. Perhaps the
first question to come to mind about high- and low-resistance sources is
what value of R; represents a high resistance and what value a low re-
sistance. A voltage source is a high-resistance source if a great drop in
voltage occurs when an attempt is made to draw appreciable current from
the source. A low-resistance source is one such that its voltage does not
change very much when it is furnishing current.

Some characteristics of high- and low-resistance sources are shown in Fig.
36. In (a), the high-resistance source, notice that the source voltage drops
from an open-circuit value of 12 V down to only 0.571 V when furnishing
current to a 10,000- § load. For the same load the voltage of the low-
resistance source, part (b), drops very little —from 12 V down to 11.76 V.
Also notice the much lower current delivered to the load by the high-
resistance source: 0.0571 mA by the high-resistance source against 1.176
mA by the low-resistance source.

Varying the load resistance does not affect the current from a high-
resistance source very much. Notice in Fig. 36(c) that short-circuiting the

37
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high-resistance source produces a current of only 0.06 mA, which is only
little more than the current of 0.0571 mA for a load of 10,000 Q. Shorting
a low-resistance source, as in part (d) of the figure, greatly increases the
current, from 1.176 mA in Fig. 36(b) to 60 mA in (d).

Sources of power should be considered as being of low resistance unless
otherwise stated or unless you know from its nature that the supply would
be of high resistance. Specifically, you should normally assume that the
supply resistance is so low that the voltage drop due to current drawn
from the supply is negligible. That is not to say that high-resistance
sources are unimportant. You will hear of them from time to time
throughout your study of and career in electronics, and unless you under-
stand what is meant by a high-resistance supply you will not be able to
understand many important circuit principles.

POWER IN D-C CIRCUITS

WORK, POWER, AND ENERGY . . . Before we can discuss the next
important part of this lesson, power in d-c circuits, it is important that
you know the difference between work, power, and energy.

In a scientific sense, work is the overcoming of opposition. A man does
work when he lifts a crated television set from the warehouse platform
into a truck or when he drags the crate along the platform. But the man
does no work at all, in the scientific sense of the word, no matter how
hard he pushes or pulls if he does not lift or move the crate. If the re-
sistance offered by the crate 1o being moved is not overcome, no work is
done.

Work is measured by the product of a force times the distance through
which the force moves. In a mechanical system, the most common unit
of work is the foot-pound.

In an electrical system, work is measured in warthours or kilowatt-hours.
One kilowatthour of work in an electrical system equals approximately
2,660,000 ft-1b (foot-pounds) of work.

The work done by a man carrying a 50-Ib audio amplifier up a flight of
stairs 12 ft high is 50 Ib x 12 ft = 600 ft-lb. From the standpoint of
work done, it makes no difference whether the man does the job in an
hour or in a minute.
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But the amount of power required to do the job does depend on time.
The amount of power required to do a job in one minute is 60 times the
power required to do it in one hour. The term *“‘power” includes the idea
of time. Power is the speed, or rate, of doing work. Then,

work

power = G or work = power x time
ime

The popular unit for measuring power in mechanical systems is the /horse-
power. If a machine can do 33,000 ft-Ib of work in one minute, its power
is one horsepower.

The practical units of power in electrical circuits are the watt and kilowatt.
One kilowatt (abbreviated kW) equals 1000 watts (abbreviated W).
Horsepower and watts are related as follows:

ihp = 746W 1 kW = 1.34hp

The work done in an electrical circuit, in kilowatthours. equals the power
in kilowatts times the number of hours. For example, if the power re-
quired to operate a motor is 2 kW and the motor operates for 7 hr, the
work done is 2 x 7 = 14 kWhr (kilowatthours).

Energy is the capacity to do work. For example, if a battery is able to do
| kWhr of work before it must be recharged, the energy stored by the
battery is | kWhr. The difference between work and energy is that work
is what has been done by a device and energy indicates the amount of work
that a source of energy is able to do. There are many types of energy. A
moving car, for example. has mechanical energy. A charged battery has
chemical energy. A hot stove has heat energy.

An important concept about energy is that, when work is done, the energy
used to do the work is never used up; it is simply changed from one form
to another. For example, suppose a charged battery causes current to
flow in a circuit. Chemical energy of the battery has changed to electric
energy in the circuit. Suppose the electric energy of the circuit causes
a vacuum-tube filament to heat up; now the electric energy has changed to
heat energy. When someone talks into a microphone and thus generates
an input signal to an amplifier, the acoustic energy of the sound waves
is changed into electric energy.

POWER IN ELECTRIC CIRCUITS ... The units of power in elec-
tric circuits are the watt and the kilowatt. One kilowatt equals 1000 W.
Power, in watts, is the product of the voltage, in volis, times the current,
in amperes.
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P P
P=El or E=— 1 —
r ] or £

These are the basic formulas for power. However, two other formulas
derived from Ohm’s law are also very useful for calculating power. Ac-
cording to Ohm's law, £ = /R. Therefore, by substituting for E in the
basic power formula, we get

P = El = (IR) x I
P - I’R

And Ohm’s law for current is / = % By substituting for / in the basic

power formula, we get

Remember these three formulas. They are the three important formulas
for calculating power:

P-El P-IR and P

x| M

POWER CALCULATIONS IN D-C CIRCUITS . . . The total power in
a circuit can be calculated easily if any two of three quantities, voltage,
current, or resistance, are known. For example, if a vacuum tube draws
300 mA (0.3 A) at 300 V, the power furnished by the power supply can be
calculated by using the formula P = E/ = 300 x 0.3 = 90 W.

Examperr . . . A 300-Q resistor is connected in series with the plate of a vacuum
tube. The power source delivers 500 V at 100 mA to the combination. The power
used by the resistor is oy watts. The voltage across the resistor is
) —volts. The voltage drop across the vacuum tube is ) volts,
The power used by the vacuum tubeis @y watts.

SoLuTioN . | .

(@) P = I’R = (0.1 x 300 = 0.01 x 300 = 3 W, ans.
by E = IR =0.1A x 30092 = 30V.ans.

() SO0V - 30V = 470V, ans.

(d) P = £l =470V x 0.1 A = 47 W, ans.



ExrrLaNaTION . . . Always be careful to use only quantities that apply specifically
to the component. In this example. the current of 100 mA does flow through the
resistor. but the entire 500 V does not appear across the resistor. Therefore, we
use the formula P = /R to calculate the power used by the resistor.

Suppose 100 V is applied across a 5000-2 resistor. We would simply use
the formula

E? 100 x 100 10.000
) I S P = 2W
R 5000 5000

WHAT HAVE YOU LEARNED?

1. A light bulb is used across a 120-V line, and it draws 60 mA. The
power used by the light bulbis _______ watts.

2. Alight bulb is stamped “60 W, and it is a 120-V bulb. This bulb
normally draws _______ amperes from the line.

3. The filament of an 834 tube is operated at 7.5 V, and it draws 3.25 A.
The power used for heating the filament of this tube is _______ wallts.

4. The current through a 15,000-Q resistor is 7 mA. The voltage across
the resistor is o) volts. The power dissipated by the resistor is
) walls.

5. Itis desired to operate the screen grid of a vacuum tube at 150 V, which
must be obtained from a 250-V supply by using a dropping resistor in
series with the grid. The screen grid draws 10 mA. The voltage across the

dropping resistoris @ — volts. The value of the dropping resistor is
by— ohms. Power dissipated by the resistor i1s g watt(s).
6. In Fig. 37 the voltage across Ryis @) volts. Since R, and R, are
in parallel, the voltage across R, is sy volts. The current through
R, is o amperes, and the current through R; is (9
amperes. Power dissipated by R, is ¢ watts; that by R, is
h —— watts: and that by Ry is (g watts. Voltage supplied
by the battery is y —______ volts. Power supplied by the battery is
(= S NE WAS,

7. A television set is rated at 115 V, 450 W. A check with an ammeter
shows that the set is drawing 2.8 A from the line. Is this normal?
o) — If not, what current should the set draw? ()

4]
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Fig. 37

ANSWERS

1.72...P = EI = 120Volts x 0.06 A = 7.2 W

205...1 =—=——=05A
E 120V
3.3.24. . P =FEl =75V x 325A = 244W :
4, (a) 105 (b) 0.735.. .UseP = I’R, P = IE,or P = %
5. (a) 100; (b) 10,000: (c) |
6. (a) 15:(b) 15;(c) 0.75; (d) 3.75; (e) 45: () 11.25; (g) 84.4; (h) 37.5; (i) 141
7. (a) No:(b) 391 A
WATTAGE RATINGS OF RESISTORS ... Resistors are rated not

only for value of resistance but also for how much power they can dis-
sipate safely. When current flows through a resistor, heat is generated at
a rate proportional to the power dissipated in the resistor. This heat must
be carried off by the surrounding air as fast as it is generated. If it is
not, the resistor will become excessively hot and will disintegrate. The
maximum amount of power that a resistor can handle without excessive
heating is called the watiage rating of the resistor. The wattage rating
of any resistor must, of course, be at least as great as the actual wattage
being dissipated by the resistor.

The wattage rating of a resistor and the actual wattage being dissipated
by the resistor are two entirely different things. For example, consider a
resistor that has a wattage rating of 10 W. This means that the resistor is
capable of dissipating 10 W. It does nor mean that the resistor is dissi-
pating [0 W. For example, if a 20-Q resistor is carrying 300 mA, the
actual power dissipated is only 0.3> x 20 = 1.8 W. Since this is much less
than its wattage rating, the resistor will not overheat.

Ratings assume ideal ventilation, which is seldom found in practice.
Therefore it is a good idea to calculate the power that the resistor in ques-



tion must dissipate and then use a resistor rated to dissipate 1/, 10 2 times
that much power. For example. if calculations show that a resistor must
dissipate '/, W in a certain application, use a 1-W resistor.

The formula P = IR shows that the power dissipated varies as the square
of the current. Thus, if the resistance in a certain circuit is held constant
and the current is doubled. power will increase to 4 times its original
value.Ifthecurrentincreases byjust 20 percent, wallage increases not just by
20 per cent but by 44 per cent. If a resistor is subject to overcurrent in a

certain application, the resistor must have a sufficient wallage rating to
o i EZ
stand the highest watlage to be dissipated. The formula P - =1 shows

that the power dissipated by a resistor also varies as the square of the
voltage. If the voltage increases by 20 per cent, power increases by 44
per cent. Again, this must be taken into consideration when selecting a
resistor. For small increases in current and voltages (not over 20 per
cent), you can assume the percentage increase in wattage to be {wice the
percentage increase in current or voltage. Thus a resistor subject to a 10
per cent overcurrent needs a 20 per cent larger wattage than would other-
wise be the case.

Identical resistors may be connected in either series or parallel 10 increase
the power dissipation capability. Whether connected in series or in paral-
lel, the wattage rating of the group is equal to that of a single resistor
multiplied by the number of resistors. Thus two 10-W, 50-Q resistors
connected in series will be equivalent to a 20-W ., 100- resistor. When the
same (wo resistors are connected in parallel, they will be equivalent to a
20-W, 25-9 resistor.

WHAT HAVE YOU LEARNED?

I. You want to charge a 25-V storage battery at a 5-A rate from a 100-v
d-cline. You connect a resistor in series with the battery in order to drop
the line voltage down to the 25 V required to charge the battery. The
voltage across the resistor is (o voits, and the resistor should
have a resistance of ohms. The power dissipated in the re-
SIStor is () watls. You should use a resistor with a rating of about
dy —— _ _ walts.

2.1f 3 A flows through a 10-Q resistor, the power dissipated in the
resistor is (a) watts. If the current is now doubled to 6 A. the
power dissipated is (1 — Wwaltls. When the current is doubled. the
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power increases to () times the original value. If the current is

tripled, the power will increase to @) times its original value. If
the current is cut in half, the power will reduce to ) its original
value.

3. If 3 A flows through a 10-( resistor, the voltage across the resistor is
o) volts. If this voltage is doubled, the current will also
(b) We found in Problem 2 that doubling the current
increases the power dissipation by 4 times. Since doubling the voltage
doubles the current, doubling the voltage also increases the power dissipa-
tion by ¢ times. If the voltage is reduced to one-third its
original value, the power dissipation will be reduced to (4
of its original value.

4. 1f 3 A flows through a 10-Q resistor, the power dissipation has been
found in Problem 2 to be 90 W. If the resistance is doubled to 20 @ and
the current is kept at 3 A, the power dissipated will be ) watts.
Hence, doubling the resistance @) the power dissipated.
If the resistance is reduced to one-third its original value and the cur-
rent is held constant, the power dissipated will be reduced to ()

its original value.

5. 1If 30 V is connected across a 10-Q resistor, the power dissipated is
oy —— watts. If the resistanee is doubled to 20 Q, the power dissipated
will be ) walts, assuming the voltage stays at 30 V. If the volt-
age does not change, reducing the resistance by one-half will (¢

the power dissipated.

ANSWERS
1.(a) 75...100 V — 25 V = 75 V, the amount that the voltage is dropped.
\%
(b) 15...R = —[E— = 755_A = 15Q (c) 375:.(d) between 560 and 750

2. (a) 90;(b) 360:(c) four;(d) nine; (e) one-quarter
3. (a) 30;(b) double: (c) four:(d) one-ninth
4. (a) 180; (b) doubiles: (c) one-third 5. (a) 90:(b) 45;(c) double



LESSON 2324-1

VOLTAGE, CURRENT, AND RESISTANCE
IN D-C CIRCUITS

EXAMINATION

Circle the number of the correct answer for each question that follows. When you
are finished, Yransfer the answers to the answer sheet by putting X’s in the proper
squares. When the graded answer sheet is returned to you, correct in this book any
questions you may have missed. By doing so, you will have a record of the correct
answers to all questions for review purposes.

v/1. In which network of Fig. 38 is the total resistance equal to two-thirds
the resistance of one unit? Each resistance has the same value. 7(

2. In which network of Fig. 38 is the total resistance equal to 3 times the
resistance of one unit? %

/. In which network of Fig. 38 is the total resistance equal to 1'/, times

: the resistance of one unit? HINT: Assume each resistance to be 10 @
(or some other convenient value), and work out total resistance for
each of the networks.

V{. In which network in Fig. 38 is the total resistance equal to one-third
the resistance of one unit? |

) (2)
==
—AAA—AA—AN—
) @

Fig. 38
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46 _ 5. What is the difference between electric power and electric energy?
(1) Power is expressed in watts, energy in kilowatts.
(2) Energy is work that is done, while power is the ability to do work.
Power 1s work that is done, while energy is the ability to do work.
Energy is the capacity to do work, while power is the rate of doing
work.

- 6. What is the unit of electric power?
¢ (1) Ohm  (2) Mho  (3) Ampere  (4) Volt (B Watt

7. What is the formula for determining the power in a d-c circuit when
the current and voltage are known?

./ (I7P=% (2) P = IR (3) P = IR

@wr-£ Br-m

8. What is the formula for determining the power in a d-c circuit when
the voltage and resistance are known?

E? 2
OP:F QP=IR (3)P="IR

EZ

“ P -5

(5) P = EI
9. What is the formula for determining the power in a d-c¢ circuit when

the current and resistance are known?

(|)P=%2 @ pP-1k @P-rer

(4)P=l—5~2 B5)P = B
)
IR s : B ) .
50 10. What is the heat dissipation of a 20-Q resistor that has a current of '/,
Ol 29§ / A passing through it?
2% MHsw  @25w  @3)ysow @) 1w
1S
‘/ll. If two 10-W 500-Q resistors are connected in parallel, what is the
power-dissipation capability of the combination?
YE -5 (H1I0OW () 100W  (3)sw @ 20w
so- 510 12. If the value of a resistance, across which a constant voltage is applied,

is doubled, what will be the resultant proportional power dissipation?
" 0 Doubled (3) One-quarter
«2) Four times @ One-half

¥orld Radio History
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13. If the value of a resistance to which a constant voltage is applied is
halved. what will be the resultant proportional power dissipation?
l/ 0 Doubled (3) One-quarter
(2) Fourtimes ‘One-hulf

NOTE: Many of the following problems involve several steps. Even though you
work the problems correctly, your third significant figure may frequenily vary
slightly from the choice we intend as the correct answer. This is because different
practices in rounding off the intermediate steps will give slightly different results.
If you, for example, obtain an answer of 4.17 and one of our choices is 4.19, this
should be taken as the answer, assuming, of course, you have not made a mis-
take. However, the variation should not be more than 2 or 3 in the third sig-
nificant figure. If you obtain 4.17 and our nearest choice is 4.10, you should re-
check your work.

4. You want to replace the four resistors of Fig. 39 with a single resistor.
What value should it be? It will be helpful to redraw this circuit so
that the components in parallel and those in series will be more ap-
parent. Notice that some of the choices are close together in value,
which means that your calculations must be accurate to avoid making

the wrong choice.
20.8 @ 3) 24.7Q £5) 100 Q
(2) 21.0Q (4) 25.0Q “) 101 @

R Rs

47

0~ 404 8 go0

R, R4
30 n 20 n

Fig. 39
15. You want to replace the four resistors of Fig. 40 with a single resistor.
What value should it have? Choose from the selections for Question

14. Again your calculations must be accurate. /

7O AL
Eg) NI

v % Rs

(2) 0~ 404

30 n 20 n
Fig. 40
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2)’0@7,‘ /173 ?{ 0375
YY) 2275
s Kot (=
o0
48 54 R,
6,500 n
+ Rz

30V= 3,500 [transistor]
Fig. 41 T

16. If the transistor in Fig. 41 draws 5 mA, what is the voltage across

the transistor?

/ (Hsv (4) 20V (7) S0V
@ 14y (5) 236V (8) None of the above
O 186V (6) 30V

17. The current through R, in Fig. 42 is 6 mA. What is the lowest wattage
rating that resistor R, should have, allowing 50 per cent over the
Talculated value as a safety factor?

M 0216 W (3) 1.44 W (5) 7.26 W
(2) 0.726 W (4) 2.16 W (6) 144 W
(7) None of the above

18. What is the lowest wattage rating that resistor R, in Fig. 42 should
have, allowing 50 per cent over the calculated value as a safety factor?

L~ (1) 0036 W (4) 0.132 W (7) 1452 W
2) 0.072 W (5) 0.288 W (8) None of the above
O 0108w (6) 0.430 W

19. What is the lowest wattage rating that resistor R; in Fig. 42 should
have. allowing 50 per cent over the calculated value as a safety factor?

(1) 0.027 W (4) 0.108 W (7) 0.544 W
0.072 W (5 0.162 W (8) None of the above
(3) 0.0495 W (6) 0.363 W
. 00g Xx4.09°
R 2y e
ol O
R, 21 6
22
8000
R
A Ry
12,000 n 3000 n
= \

Fig. 42
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Fig. 43

20. Figure 43 shows a series-parallel circuit with ammeters and voltmeters
L connected to measure current and voltage in various parts of the
circuit. Voltmeter V, reads 36 V, and ammeter 4, reads 4 A. What
does ammeter 4, read?
(N 2A (O N (5) 8A
2) 3A (4) 6 A (6) 12 A
(7) None of the above

/ZI. What does volumeter V, in Fig. 43 read?
(h 18V @36V (3) 48V (4 12V
(5) Can’t be determined with information given
(6) None of the above

What does ammeter 4; in Fig. 43 read?

() 1A 3A (5) 6 A

2) 2A “4) 4A (6) 12 A
(7) None of the above

selections for Question 22.

What is the resistance of R, in Fig. 43?

Mmoo @ nre @G36e @ 12
(5) Can’t be determined from information given
(6) None of the above

1/72 .
‘/B. What does ammeter A4, in Fig. 43 read? Choose ar answer from the
(1)
24.
L~

25, What does voltmeter ¥, in Fig. 43 read?
“ (1) 36V (3) 80V O 1ev
(2) 44V (4) 100V
(6) Can’t be determined from information given
(7) None of the above
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/& What is the value of the power dissipated by resistor R; in Fig. 43?
(1) 48 W (3) 192 W (5) 4712 W
d 108 W (4) 348 W

(6) None of the above

}. The resistance per foot of copper wire A4 is half that of wire B if
(1) wire A has twice the diameter of wire B.
(2) wire 4 has one-half the diameter of wire B.
® wire A has twice the cross-sectional area of wire B.
(4) wire 4 has one-half the cross-sectional area of wire B.

28. The cross-sectional area of wire is generally measured in
o (1) inches. (4) square mils.
(2) mils. é circular mils.
(3) square inches.

29. The wire that would be twice as good a conductor as a No. 18 wire is

o No. 15 wire. (3) No. 17 wire. (5) No. 20 wire.
No. 16 wire. (4) No. 19 wire. (6) No. 21 wire.

30. One reason for grounding electronic equipment is
é/ciso that there will be a reference point to which voltage measure-
ments can be made.
(2) to increase the life of the battery used to power the circuit.
@ to reduce the amount of chassis wiring required.
(4) to make it possible to use a lower-voltage source of power.

31. To check the condition of a dry cell, you should
o (1) disconnect the battery from its load and measure its voltage.
¢ @measurc the voltage while the battery is delivering power to its
normal load.
(3) measure the load current.
(4) divide the battery voltage by the load current. If this quotient is
less than 10, the battery is near the end of its life.

32. As adry cell nears the end of its useful life,
(1) its open-circuit voltage decreases.
8 its internal resistance decreases.
its internal resistance increases.
(4) its open-circuit voltage goes down and its internal resistance
remains the same.

33. If the voltage of a source drops greatly when supplying appreciable
current, then



/( 1) the voltage source is worthless for the purpose.
O the source is a high-resistance type.
@ (he source is a low-resistance type.
(4) the source is probably short-circuited.

34, In Fig. 44 the voltage at point 4 with respect to ground is

(1y =75V. (4) +30V. TS |
(2) —45V. (5) +45V. +90 V.
" (3) +15V.
35. In Fig. 44 the voltage at point C with respect to ground is
_— @ -%v. (3) -10vV. (5) +10V. (7y +75V.
O -i15v. @Hov. (6) +15V. 8) +90 V.

36. If you hold the leads of a voltmeter between points B and C in Fig. 44,
o the voltmeter will read

(Hov. @ v (5) 75 V.
(2) 15V. Dasv. (6) 90 V.
5 WM

Fig. 44

END OF EXAM
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A chat with your instructor

Audio amplifiers are designed to amplify frequencies from approxi-
mately 20 to 20,000 cps. The name “audio” comes from the fact that
amplifiers of this type were first used exclusively for amplifying
sound signals. They now have many uses that do not involve sound,
such as amplifying instrument readings or the outputs from servo
systems.

Audio amplifiers are the most widely used of all electronic devices.
They are found in the smallest transistor radios and hearing aids and
in the largest military electronic equipment; they are integral parts
of every TV set and of every satellite. In fact, wherever information
such as sound, pressure, light intensity, or a meter reading is repro-
duced electronically, you are almost sure to find an audio amplifier.

Because the input signal to an amplifier is quite small, the audio am-
plifier must fill two functions: (1) It must amplify the low voltage of
the input signal to a suitable value. (2) It must amplify the low
power of the input signal to a high enough level to operate the loud-
speaker.

The analysis of the audio amplifier will therefore be subdivided into
two parts: voltage amplifiers and power amplifiers. Since audio am-
plifiers and equipment are most commonly used for the amplification
of sound, a good starting point is a brief study of sound waves.




Audio Amplifiers
and Equipment

SOUND WAVES ... Air presses up, down, and sideways on every-
thing it comes in contact with—walls, ceilings, and floors; hands, eyes,
and ears—with a force that is normally 15 Ib per sq in.

Any sound that is created, whether it is speech, music, ringing of a
bell, or just noise, disturbs this air pressure and sets up sound waves.
The louder the sound, the greater the change in air pressure, or the
greater the amplitude of the sound wave.

Sound waves travel outward from the source in all directions, alter-
nately rising and falling much as waves on the surface of a pond rise
and fall after a stone has been thrown into the water.

We can represent a cycle of air-pressure changes by the pressure ver-
sus time curve shown in Fig. 1. When these varying air pressures
strike the listener’s ear, they register as sounds.

If a sound causes air pressure to rise and fall 100 times per second, it
is said to have a frequency of 100 cps (cycles per second). The note of
a whistle which produces 10,000 cycles of pressure variations in one
second has a frequency of 10,000 cps.

+

[ 3

5 amplitude

a normal

o atmospheric
a —_—

'5: - pressure

Fig. 1 Sound waves. Sound is transmitted as pressure changes through air.



The audio-frequency range is generally considered to extend from 20
to 20,000 cps, although sound waves above 15,000 cps are not audible
to most people.

For most practical purposes, the frequency of a sound determines its
pitch. Thus, a note of 100 cps, which is toward the low end of the
audio-frequency range, would be recognized as a note of low pitch. A
note of 10,000 c¢ps, which is in the upper range of most men’s hearing,
would be heard as a sound of high pitch.

WHAT HAVE YOU LEARNED?

1. Sound travels by meansof —___in air pressure.
2. (a) The louder the sound, the the change in air pres-
sure. (b) The louder the sound, the greater Thera o s cow * alof

the sound wave.

3. The pitch of a sound corresponds to the ____of the
sound wave.

4. Assume an average person can hear sounds over a frequency range
extending from 50 to 13,000 cps; then a 75-cps signal would have a o)
pitch and a 12,000-cps signal would have a ()

pitch.

5. When struck, a certain piano key produces a pitch of 2000 cps
with overtones at the second (4000 cps), third (6000 cps), and fourth
harmonics. To amplify the sound without distortion, an amplifier
must have a frequency range of at least __¢ps to

cps.

ANSWERS

1. Changes 2. (a) Greater; (b) amplitude

3. Frequency 4. (a) Low; (b) high

5. 2000 cps to 8000 cps . .. The frequency of the fourth harmonic is 8000 cps.
Therefore, the frequency of the sound caused by striking the piano key ranges
from 2000 to 8000 cps, and the amplifier must be able to pass all of these fre-
quencies without distortion.



INTERSTAGE COUPLING METHODS

The stages of a complete audio amplifier can be divided into two
types, voltage or current amplifier stages and power amplifier stages.
The purpose of a voltage or current amplifier stage is to increase the
amplitude of the signal voltage or current. With transistors the cur-
rent amplitude is increased, and with vacuum tubes the voltage am-
plitude is increased. The results are equivalent, since in both cases
the signal amplitude is increased. The distinguishing characteristic of
a voltage or current amplifier is that it is not designed to deliver
more than a small amount of power to its load.

The purpose of a power amplifier stage is to increase the power in the
signal. It is used for operating a load that requires considerable power,
such as for a loudspeaker or for an ultrasonic crystal for industrial
cleaning.

AMPLIFIER COUPLING . .. Because the level of the input signal
fed to an audio amplifier is generally quite low, one or more stages of
voltage or current amplification are needed before sufficient signal
amplitude can be obtained to drive a power amplifier stage.

You are already familiar with the basic circuits of the voltage or cur-
rent amplifier stage. The problem now is how to interconnect two or
more stages in order to obtain the necessary gain.

The coupling network must perform two functions: (1) It must trans-
fer the output signal, or a-c component, from one stage to the input
of the next stage. (2) It must block d-c voltages in one stage from in-
teracting on the next stage.

input signal from microphone

or other pickup, from detector output signal to speaker
stage of receiver, etc. or other load
audio coupling audio
— "1 amplifier | network amplifier 2 —————

Fig. 2 Amplifier coupling. The coupling network between two amplifiers must (a)
transfer the output signal from amplifier 1 to the input of amplifier 2 and
(b) prevent the interaction of d-c voltages between the two stages.



Some of the signal is shunted off
through R, and thus lost

A & A& A
s T 3
incoming ‘
signal A

B> ‘

* A L

RI C|%- ‘

L]

— = path of d-c

Ebb- component
Ay = path of a-c

= signal component

Fig. 3 Impedance coupling.

Figure 2 illustrates the function of the coupling network. Four basic
coupling methods are used to perform these functions. They are (1)
resistance (RC) coupling, (2) transformer coupling, (3) impedance
coupling, and (4) direct coupling. Each of these methods will be dis-
cussed in later topics.

IMPEDANCE COUPLING ...In Fig. 3 the signal is transferred from
the output of V, to the grid of V, by means of the coupling network
consisting of L, Cc, and R,. It is called impedance coupling because of
the use of the inductor L in the plate circuit of the tube.

The operation of the circuit shown in Fig. 3 is largely familiar to you
from a preceding lesson, but it will be reviewed here. The signal ap-
plied to the grid of V| is amplified, and the amplified signal passes
from the plate circuit of V, through capacitor C: to excite the grid of
tube V,. The signal, being a-c, passes readily through the coupling
capacitor Cebut is blocked by inductor L, so that the only path it is
free to follow is the one to the grid.

A tube will not operate as an amplifier unless a positive d-c voltage
is applied to its plate. The use of inductor L makes it possible to ap-
ply this voltage without making an undesired path for the a-c signal.
Capacitor C- is necessary to block the d-c voltage so that it will not



reach the grid of V,, since a tube does not amplify properly with a
positive d-c voltage on its grid.

Proper tube operation requires that a d-c bias voltage be applied to
the grid. For this purpose a d-¢ current path is required between the
source of bias voltage and the grid. Resistor R, provides this path so
that the negative d-¢ bias voltage developed across cathode bias re-
sistor R, can be applied to the grid of tube V..

Resistor R, is necessary, but it reduces the gain of the amplifier be-
cause some of the signal voltage will be lost through it as shown in
Fig. 3, thus weakening the signal. By using a high value for R, (typi-
cally, 1 megohm), the weakening of the signal because of losses
through R, is small.

There is also a loss of signal strength because it is not practical to
make L a sufficiently large reactance to block nearly all the signal.
Therefore, much of the signal is shunted through L, and the signal
reaching the grid of V, is thereby weakened. The loss of gain because
of signal loss through L is greater than the loss due to R, because it
is not practical to use a choke with a reactance as high as the resist-
ance of R,.

RC-coupling network

Vi

Fig. 4 Two-stage RC-coupled amplifier.



RC COUPLING . .. The coupling network of Fig. 4 is the same as the
impedance coupling network of Fig. 3, except that resistor R, has
been substituted for the choke L. This method of coupling is known
as resistance coupling, or as RC coupling.

Since R, of Fig. 4, like L of Fig. 3, offers a high impedance to the a-c
signal, the principles of operation of the two coupling methods are
identical. Unfortunately, however, R, also offers a high impedance to
the d-c current that must be furnished by the power supply Es
through this resistor to the plate of V.. The voltage of Es must be
much higher than required for impedance coupling in order to make
up for the d-c voltage drop across R,.

WHAT HAVE YOU LEARNED?

1. In Fig. 4, d-c plate voltage is kept out of the grid circuit of the fol-

lowing stage by (a) blocking capacitors A , and
. (b) The bypass capacitors that keep the a-c signal out of
the cathode bias resistors are ; . and
(c) The signal coupling capacitors are 5 , and
2. In Fig. 4, (a) resistor R, develops the for
V, and (b) resistor _______ serves a similar function for V,. (c) The
purpose of K. is to
. and (d) resistors and serve a similar
function. (e) The signal is forced from the plate of V, through C. to
the grid of V, by the blocking actionof and (f) resistors
and serve a similar function.

3. In Fig. 4, (a) before signal is applied, the grid potentials of V, and
V, with respect to ground are ______ voltsand volts.
(b) The grid biases (that is, the grid potentials with respect to cath-
odes) are (negative) (positive) (zero).

4. (a) In Fig. 4, if capacitor C, becomes shorted, what effect will this
have on the circuit? (b) There is some signal loss in C,, hecause its
reactance is not zero. If the value of C, is reduced, what effect will be
noted? (c) This effect will be greater at (high) (low) frequencies. (d)
If the value of C, is increased, what effect will be noted?



5. In Fig. 4, (a) trace the path for the d-c component of plate current
for tube V, and (b) trace the path for the a-c signal component of
plate current.

6. The phase difference between the input signal voltage to the grid
of V, and that to the gridof V,is _____ degrees.

ANSWERS

1. (a) C, C,, and C;; (b) C,, C,, and C,

(c) C, C,, and C;... They couple the a-c signal to the next stage.
2. (a) Grid bias; (b) R,

(c) Conduct the grid bias voltage developed across R, to the grid of V.

(d) R, and R;; (e) R,; (f) R, and R,

3. (a) Zero, zero. .. The grids are connected to ground via the grid resistors R,
and R,. Since there are no currents through these resistors, the IR drop across
them is zero.

(b) Negative ... Because the cathodes are at a positive potential with re-
spect to ground, the grids are negative with respect to their cathodes.

4. (a) The d-c plate potential would be applied to the grid of V,. The resulting
high positive bias would cause tube V, to burn out.

(b) Reducing the capacitance of C, will increase the reactance of C, to a-c
signals. Therefore, there will be a larger signal voltage drop across C,, which
will reduce the signal applied to the grid of V, and thus reduce the gain of the
system.

(c) Low...The reactance of a capacitor is greater at low frequencies, which
results in greater signal loss.

(d) Increasing the capacitance of C, will reduce the reactance of C. to a-c
signals. Therefore, C, will present less reactance to a-c signals at low frequency
and thus improve low-frequency response of the amplifier.

5. (a) The d-c path is from ground (the negative side of the power supply)
through R, through the tube, through R, to the positive side of the power sup-
ply, and through the supply back to ground.

(b) The a-c path is from ground, through C,, and through the tube, at which
point the current divides. Some current goes through R, and C, back to ground,
while the rest flows through C, and R, to ground. Signal current flow reduces
gain, so that R, and R, are made as high as practical. The less the signal cur-
rent, the higher the signal voltage that reaches the next grid.

6. Zero...There is a 180° phase shift between input and output signals of each
stage. Thus, total phase shift for two stages is 360° (equal to 0°), so that the
two voltages are in phase.

RC COUPLING FOR PENTODE AMPLIFIERS . .. RC coupling is
used equally well with pentodes. The circuit for a multistage pen-
tode RC-coupled amplifier, shown in Fig. 5, follows the same general
principles as those discussed for triodes. In addition, provision must
be made for the added grids: the suppressor and screen.
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Fig. 5 A two-stage RC-coupled pentode amplifier.

This is readily done by tying the suppressor to the cathode and by
using a suitable screen bias dropping resistor and bypass capacitor,
R, and C,, for the screen of V..

The coupling network between tubes is the same as shown in Fig. 4.
However, because of the higher internal resistance of the pentode,
higher values are used for the plate and grid resistors. Plate resistors
as high as 0.47 megohm and grid resistors as high as several megohms
are used.

TRANSFORMER COUPLING. .. Transformer coupling is some-
times used to interconnect audio amplifier stages. Such a circuit is
shown in Fig. 6.

Both the d-c plate current and the a-c signal pass through the pri-
mary. The a-c signal in the primary induces a signal voltage in the
secondary winding, which is applied to the grid of the following stage.
Since transformers do not transfer d-c from primary to secondary, the
d-c plate supply voltage is isolated from the grid of V..

The transformer itself provides a further voltage gain because of its
step-up action. In fact, of the four coupling methods discussed, trans-
former coupling provides the highest stage gain. Greater gain per
stage means that fewer amplifier stages are needed for a given overall
gain as compared, for example, with RC coupling. Practical step-up
ratios for interstage transformers are limited to about 3 to 1.

)
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Fig. 6 Transformer coupling.

Transformer coupling offers a second advantage. Because the primary
winding has a very low d-c resistance, there is only a negligible volt-
age drop between the supply voltage Ess and the plate of the tube.
Therefore, it is possible to obtain good tube performance with much
lower supply voltages than are required when RC coupling is used.
Impedance coupling also has this advantage.

Transformer coupling also has its disadvantages, however. The trans-
formers needed are heavy, bulky, and quite expensive. Also, far bet-
ter frequency response can generally be obtained with RC coupling.
Although special high-fidelity transformers are available, a single unit
may cost more than a 5-tube a-c¢/d-c¢ radio.

WHAT HAVE YOU LEARNED?

1. Tt is desirable to operate a portable amplifier circuit from a
45-volt B battery. Two coupling methods suitable for this service are
and

2. In Fig. 6, the tube has a gain of 18 and the transformer has a step-
up ratio of 2.5 to 1. If a steady d-c signal of 2 volts is applied to the
grid of V,, the signal voltage applied to the grid of V,is

volts.



3. In Problem 2, the input signal is changed to 0.8 volt rms at 1000
cps. The grid input to V,isthen ____ volts.

4. The maximum step-up action obtainable with impedance coupling
is

5. If Es in Fig. 3 is 90 volts, the approximate value for the d-c plate
potential of Vis __ volts.

ANSWERS

1. Transformer and impedance . . . With these coupling methods nearly all of
the B battery voltage is applied to the plate, so that a relatively low B battery
voltage can be used.

9. Zero ... The d-c signal produces a steady plate current, and no voltage is
induced in the secondary winding.

3. 36 voltsrms...0.8 X 18 X 2.5 = 36

4. None...Impedance coupling does not use a transformer.

5. 90 volts . . . Because of the low d-c resistance of the choke, the d-¢ voltage
drop across the choke is negligible.

DIRECT COUPLING . .. In each of the preceding coupling circuits,
the gain decreases appreciably for signals of very low frequency, so much
so that the circuits are not practical at frequencies below 20 cps. With
RC coupling, this is caused by the increased reactance of the coupling
capacitor at low frequencies, which, like a high resistance in its path,
weakens the signal. With transformer coupling, the circuit gain is
reduced for low-frequency signals because transformers do not operate
with d-c and operate only poorly at low frequencies. With impedance
coupling, the reactance of the inductor at low frequencies is too low
to block the signal, and the output voltage drops off because the in-
creased reactance of the coupling capacitor further weakens the signal
reaching the following stage. Therefore, none of these coupling circuits
are suited for amplification of d-c signals or of a-c signals below 20 cps.

One circuit that is designed particularly for amplification of low-
frequency or d-c signals is the direct-coupled amplifier of Fig. 7. It is
often called the Loftin- White circuit, after its orginators.

In Fig. 7 notice that neither transformers nor capacitors are used to
keep the d-c component of the output signal from V. blocked off from
the next grid. Consequently, the d-c grid potential of V, is identical
to the d-c plate potential of V,, or + 150 volts. Notice also that the
cathode of V, is at + 153 volts. Since the voltage on the grid is 3 volts

11
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Fig. 7 A direct-coupled amplifier.

less than the cathode voltage, the tube is operating with a grid bias
of —3 volts.

Remember that it is not the voltage on the grid with respect to ground
that determines the grid bias; rather it is the voltage on the grid with
respect to the cathode, which in this case is 3 volts. That is how much
a voltmeter would read when connected between grid and cathode.

Although this circuit furnishes excellent low-frequency response, it is
subject to stability problems. A change in power supply voltage, in
voltage divider values, or in the value of plate load resistor R. can
upset the bias of V, and thereby cause distortion. Consequently, direct
coupling is used only where the amplification of d-c¢ and very low
frequencies is required, as in analog computers.

WHAT HAVE YOU LEARNED?

L. An amplifier for an industrial control circuit must amplify both
d-c and low-frequency error voltages. A -coupled amplifier
should be used.

2. Referring to Fig. 7, (a) the grid bias on V, is ——_ volts, and
(b) the plate voltage appliedto Viis ______ yolts. (c) The plate
potential for V| is less than the supply voltage of 250 volts because
of the drop across I



(d) The grid potential of V,is __ volts with respect to ground,
and (e) this high positive grid potential (willl (will not) damage the
tube. (f) The plate voltage for V,is___ volts, and (g) for this
same plate voltage and the same drop across the plate load resistor,
(RC) (direct) coupling can be used with a more economical power
supply.

3. Four types of coupling that may be used with audio amplifiers are:
{a} s (b) y ) s (d)

4. The most commonly used of the types of coupling in Problem 3 is
—— coupling.

5. The highest voltage gain per stage is obtainable with .
coupling.

6. The best frequency response is most readily obtained with (o)
coupling, and the second best with &) coupling.

ANSWERS

Direct . .. No other amplifier will amplify a d-c voltage.

. (a) —3...The grid is 3 volts negative with respect to the cathode.
(b) 147 volts. .. The plate is only 147 volts more positive than the cathode.
(¢) RL,...There is a drop of 100 volts across the plate load resistor Rc,.
(d) +150 volts. .. It is the same as the plate potential of V, with respect to

ground.

(e) Will not ... The cathode of V, is at +153 volts, so the grid bias is again
—3 volts, the same as for V.

(f) 147 volts. .. The plate voltage is the voltage between plate and cathode,
which is 300 — 153 = 147 volts.

(g) RC coupling . .. RC coupling would require a plate supply voltage of 147
volts for the tube, plus 100 volts across RL,, or a total of 247 volts. Notice that
the direct-coupled circuit requires 400 volts for the second tube.

3. (a) RC; (b) transformer; (c) impedance; (d) direct 4. RC
5. Transformer . .. The transformer supplies a stepped-up voltage gain in addi-
tion to the tube gain. 6. (a) Direct; (b) RC

[

TRANSISTOR AMPLIFIER. .. Transistor amplifier stages can also
be operated in cascade when more gain is required than is obtainable
from a single stage.

As with vacuum tubes, any of the four basic coupling methods—RC,
transformer, impedance, or direct—can be used for interconnecting
the stages. However, RC coupling is again the most commonly used
circuitry.



coupling network
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Fig. 8 Two-stage transistor amplifier using RC coupling.

With RC coupling, the highest power gain is obtained when the
transistor is connected in the common-emitter configuration. A two-
stage amplifier of this type is shown in Fig. 8. If NPN transistors are
used in place of the PNP transistors shown, the polarity of the volt-
age source Ve, and also the polarity of all electrolytic capacitors,
should be reversed.

Notice the similarity between this circuit and the equivalent vacuum-
tube circuit of Fig. 4. Remembering that the collector in a transis-
tor corresponds to the plate of a tube, the base corresponds to the
grid, and the emitter corresponds to the cathode, the connections
and components in the two circuits are the same, except for the addi-
tion of R, and R, in the transistor circuit. However, the component
values in a transistor amplifier are much different than the corre-
sponding tube components. This is because transistors require much
different values of current and voltage for proper operation than
tubes require.

For the same reason, the part played by some of the components in
transistor circuits is different than the part played by the correspond-
ing components in tube circuits.

Resistors in a tube circuit that correspond to R, and R,, Fig. 8, are
used to obtain grid bias. Emitter resistors R, and R, are used for an
entirely different purpose, namely, for circuit stabilization. Unlike



tube charactenristics, transistor operating characteristics change con-
siderably with temperature variation. Resistors R, and R, help com-
pensate for these changes, so that the circuit will operate well over a
wide temperature range. Capacitors C, and C, serve the same purpose
as the corresponding cathode bypass capacitors in tube circuits,
namely, to pass direct to ground the signal component of the emitter
current so that it does not pass through R..

Base-emitter bias for @, is obtained from the voltage-dividing net-
work consisting of R, and R, in series between battery V. and ground
with the base connected at the junction of the two resistors. Since R,
is 10 times the resistance of R, the base-emitter bias voltage is only
a small fraction of V. This method of providing base-emitter bias
also helps stabilize the circuit against erratic operation caused by
temperature changes.

To maintain good low-frequency response in spite of the low input
resistance of transistor @,, which is on the order of only 1000 ohms,
the value of the coupling capacitor C, must be higher than needed for
a vacuum-tube amplifier. Values from 2 to 10 pf are common. Because
of the high values needed, electrolytic capacitors are generally used.

WHAT HAVE YOU LEARNED?

1. The polarity of the base potential with respect to ground of tran-
sistor @, in Fig. 8 is (positive) (negative).

2. This polarity produces (forward) (reverse) bias of the base-emitter
Jjunction.

3. If a positive-going signal is applied at the input of &, (a) base cur-
rent (increases) (decreases), (b) collector current (increases) (de-
creases), and (c) collector potential becomes (less) (more) negative.

4. Thereisa - degree phase difference between the input
and output signals in the circuit of Fig. 8.

5. In RC-coupled transistor circuits, the low input resistance of the
next stage requires the use of a (large) (smalll capacitance value for
the coupling capacitor.

6. In Fig. 8, if C, is an electrolytic capacitor, the left-hand plate
should have a polarity.

15
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7. In the circuit of Fig. 8, if NPN units were used, (a) the emitter
arrows should point , (b) the power supply polarity
(should) (should not) be changed, and (c) capacitor C, (should) (should
not) be reversed. (d) The input and output signals would have a
_ -degree phase difference.

8. Resistor R,, Fig. 8, serves for circuit

ANSWERS

1. Negative ... Through resistor R, the base is connected to the negative ter-
minal of the power supply.

2. Forward ... This is a PNP transistor. Negative polarity on the N-type base,
with positive polarity on the P-type emitter, will cause conduction.

3. (a) Decreases ... Since the base bias is negative, the positive signal reduces
the bias and, therefore, the base current.

(b) Decreases . .. The transistor is being driven toward cutoff.

(c) More (negative) . .. There is less drop across R,, and the collector poten-
tial approaches the full supply voltage. There is thus a 180° phase shift be-
tween input and output.

4. Zero. .. In the answer to Problem 3 we noted a 180° phase reversal between
input and output of one transistor. For a two-stage circuit, the phase shift is
360°, or back to zero.

5. Large 6. Negative... It is connected through R, to the negative side of
the power supply.

7. (a) Outward (b) Should . . . Ground the negative side and feed the posi-
tive potential to R,. (c) Should ... The positively marked side should be
connected to R,. (d) Zero ... Each transistor still produces a 180° phase
shift for a total of 360°, or 0°.

8. Stabilization . .. For example, any bias shift that would cause the collector
current to increase will cause more current to flow through R,. Since this cur-
rent flows down, the emitter becomes more negative. This reduces the forward
bias and brings the collector current back toward the original value.

MULTISTAGE AMPLIFIER PROBLEMS...In a multistage am-
plifier, certain problems arise that would not occur in a single stage.
One cause of trouble is the common power supply. To see how trouble
can occur, let us examine the three-stage amplifier in Fig. 9(a).

At very low frequencies, the impedance of the power supply filter
capacitor C, becomes important because the impedance of this filter
becomes relatively high. For example, at 8 cps, the reactance of the
capacitor is about 1000 ohms.

When a signal is applied to the grid of V,, it is amplified by the am-
plifier, resulting in an a-c component in the plate circuit of V, as
shown by the double-headed arrows. Although the purpose of Rs, is
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Fig. 9 Multistage amplifier and the use of decoupling filters.

power
supply

to block this a-c component so it will go through C, to the next stage,
it 1s not practical to make the resistance of Rs, high enough to com-
pletely block the a-c component. The part of the a-c component of
the plate current that gets through Rs, takes the path indicated by

the double-headed arrows.

Since this current passes through C,, and since C, has considerable
reactance at low frequencies, an a-c signal voltage will be developed

17
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across C,. This voltage is impressed upon the d-c power supply volt-
age, giving the latter an a-c component at the signal frequency. Since
the same power supply supplies the V, plate circuit as well as the V,
plate circuit, the a-c signal that it carries passes through Rs, and
then C, to reach the grid of V,. This a-c component reaching the grid
of V, because of the common power supply may be very small, but
after it is amplified by V, and V, it becomes quite large. This will in
turn cause a greater a-c voltage to be developed across C, and
increase the feedback signal to the grid of V,. Consequently the out-
put from V, increases further, etc. The result is that the amplifier
oscillates.

Since the power supply impedance becomes large enough to cause
significant voltage drops only at very low frequencies, this oscillation
1s sustained only at very low frequencies and results in a “put-put-
put” sound from the loudspeaker. Because of the sound, this mal-
function has come to be called motorboating.

To prevent this effect, decoupling filters, as shown in the darkened
areas of Fig. 9(b), are inserted into each plate return lead. With de-
coupling filters in the circuit, the plate current of each tube, on
reaching the lower end of its plate resistor, can take either of two
paths: through the 50,000-ohm resistor and power supply capacitor
C. to ground or through decoupling capacitor C, directly to ground.

Even at a frequency as low as 8 cps, most of the current will flow
through capacitor C, to ground, because the impedance of C, is less
than one-fiftieth of the impedance of the alternate route.

The reduced current flow through the power supply capacitor reduces
the voltage drop across this capacitor to such a level that it is no
longer large enough to be significant. Thus, decoupling filters prevent
interaction through the common power supply.

Another frequent malfunction in a power supply which you should
understand is the presence of Aum. Although hum can occur in a sin-
gle-stage amplifier, it is seldom loud enough to be disconcerting.
When it occurs in an early stage of a multistage amplifier, however,
it can drown out the desired signal.

Hum is most commonly caused by the breakdown of capacitors in the
power supply filter circuit. Without sufficient capacitance in the
power supply filter, a-c ripple voltage (120 cps from a full-wave power
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supply operating from a 60-cycle source) will be applied to each tube
and amplified by the following stages. The remedy, of course, is to re-
place the defective filter capacitors.

Another fairly common cause of hum is interaction between the cath-
ode and heater of a tube. Since heaters are operated from the a-c
line, interaction will introduce some 60-cycle voltage into the input
circuit of the defective tube, which results in hum.

There are many other possible causes of hum; they include stray
magnetic or electric fields that enter an amplifier through wires or
by electromagnetic induction. Ground loops formed by long ground
leads between circuits, improper grounding, and improper shielding
of tubes are among other possible causes.

DISTORTION

The output voltage from an amplifier should be an exact, but ampli-
fied, replica of the input signal. Any deviation in waveform is distortion.

FREQUENCY DISTORTION... Variation of gain with frequency
is known as frequency distortion. Thus, if a struck piano key produces
a fundamental note of 2000 cps and overtones (harmonics) at 4000,
6000, and 8000 cps, the amplifier should amplify each of these fre-

Signal is weakened by C¢ at low
frequencies, where it has o substantial
- reactance

g
o r—d
Ebb - = g-¢ signal path

Fig. 10 Unless R is large compared to the reactance of C, much of the signal volt-
aae will be lost across C-.
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quencies equally. If an amplifier has the same gain at each of these
frequencies—50, for example—each component of the piano note will
be amplified equally and the true quality of the sound will be pre-
served.

However, if gain varies—for example, if gain is 25 at 2000 cps, 50 at
4000 cps, 50 at 6000 cps, and 25 at 8000 cps—there will be frequency
distortion. In this example, the 2000- and 8000-cps sounds will be
amplified only half as much as the 4000- and 6000-cps sounds.

Let us examine distortion with reference to an RC-coupled amplifier
as shown in Fig. 10. Notice that the full a-c component of V, plate
voltage is not available to the grid of V, because of the voltage drop
across coupling capacitor C.. Usually, reactance X. is small com-
pared to the resistance of R and the voltage drop is negligible. But
at low frequencies X: increases, the voltage drop increases, and the
loss becomes appreciable. To avoid this loss of low-frequency signal,
large capacitance values may be used. The larger the capacitor, the
better the low-frequency response of the amplifier.

At the high-frequency end, shunt capacitance effects combine to
impair the response. These shunt capacitances consist of the output
capacitance C, of the tube, the input capacitance C: of the next tube,
and stray capacitance C: of the sockets and wiring, as shown in Fig.
11. These capacitances are present at all frequencies, but since the
total shunt capacitance is generally small, the reactance is high, and
the shunting effect is negligible.

However, as frequency is increased, the reactance is decreased and
the shunting effect becomes more important as more of the high-

signal stronger here than here because of losses through C,,Cg,and C;

Ebb

Fig. 11 Unavoidable shunt capacitance in an RC amplifier. At high frequencies,
much of the signal is lost because of bypassing through this capacitance.
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frequency components are bypassed to ground. Good high-frequency
response can be obtained by proper selection of the tubes (for low
capacitance) and by careful layout and wiring to reduce stray effects.

AMPLITUDE DISTORTION ... Any variation of gain with ampli-
tude of the input signal is known as amplitude distortion. A given
amplifier, for example, may have a gain of 50 for input signals up to
2.0 volts amplitude, but the gain may drop to 40 for a signal level of
2.5 volts and to 30 for a 3.0-volt signal.

Amplitude distortion is caused by operating a tube in the nonlinear
portion of its characteristic curves. Normally, the tube and associated
circuitry are so selected that the tube will operate in the linear por-
tion of its dynamic characteristic. However, distortion is caused if for
some reason the characteristics of the tube or circuitry are changed.

Causes of amplitude distortion include defective tubes, improper grid
bias, excessive grid signal, improper operating voltages, wrong load
impedance, and defective coupling capacitor.

Amplitude distortion is also called harmonic distortion. This is
because, whenever amplitude distortion occurs, additional frequencies
appear in the output of the amplifier that were not in the input
signal. These new, spurious frequencies are harmonics of the input
frequencies. For example, if a 200-cps sinusoidal signal is applied to
the input of an amplifier with amplitude distortion, the output will
have sinusoidal waves of 400 cps, 600 cps, and even higher harmonics,
as well as the fundamental of 200 cps.

To see why the harmonics are formed, see Fig. 12. If the gain of the

output wave without
distortion (sinusoidal)

waveshape because of
distortion {(no longer
sine-wave input ,*/ sinusoidal)
4
/ m
S mm—— R —0
amplifier
b\ ’

Fig. 12 Output wave from amplifier with amplitude distortion is not sinusoidal
when input wave is sinusoidal.

2|
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amplifier is not as great for signal peaks as for parts of the cycle when
signal amplitude is low, the output peaks will be flattened as shown,
so that the output wave is not sinusoidal. You have learned that any
nonsinusoidal wave is equivalent to a fundamental sinusoidal wave
plus sinusoidal harmonics of this fundamental. Hence, amplitude
distortion results in the generation of spurious harmonics.

WHAT HAVE YOU LEARNED?

1. If the gain of an amplifier varies with the frequency of the incom-
ing signal, this effect is known as

2. The gain of an amplifier tends to (o)
andtow ___ at high frequencies.

__atlow frequencies

3. The distortion of an RC-coupled amplifier at low frequencies is
caused by

4. The low-frequency response (gain), can be improved by using a
(larger) (smaller) coupling capacitor.

5. Three sources of undesirable shunt capacitances are
. ,and

6. Shunt capacitance will o) (reduce) (increase) the () (low) (high)-
frequency response.

7. If the gain of an amplifier varies with the amplitude of the incom-
ing signal, this effect is known as (o)
It is primarily caused by operationinthew portlon
of the (g

8. Excessive bias can be caused by @ toolargea
resistor or by (v a plate resistor too

9. Insufficient grid bias can be due to (o) a cathode resistor too (small)
(large), ®) a plate-load resistor too (small) (large), or ()
bypass capacitor.
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ANSWERS

. Frequency distortion 2. (a) Decrease; (b) decrease

Increased reactance of the coupling capacitor 4. Larger

(a) Output capacitance of the tube; (b) input capacitance of next tube;

(c) stray capacitance of components and wiring.

6. (a) Reduce; (b) high

7. (a) Amplitude distortion, (b) non-linear, (c) characteristic curves

8. (a) Cathode (b) Small ... This would cause an increase in plate current
and therefore a greater voltage drop across the cathode resistor.

9. (a) Small (b) large (c) defective. .. A defective bypass capacitor across
the bias resistor could reduce the effective cathode resistor value.

SV 2 =

GAIN OF AN RC-COUPLED AMPLIFIER... The purpose of R,
in Fig. 13 is to block the signal component i» of the plate current and
so force this component to the grid of the next stage. If R, were able
to completely block the signal, the gain realized from the stage would
be equal to the amplification factor u of the tube. Unfortunately, the
highest practical resistance value that can be used for R, is so low
that much of the signal passes through R, and is therefore lost. As a
result, the actual voltage gain A which it is possible to obtain from
a stage is much less than the amplification factor of the tube. Some
of the signal is also lost through R,, further reducing the stage gain.
However, since R, usually has a resistance much higher than R;, most
of the signal loss is through R,.

The voltage gain A of a stage is the ratio of the signal output voltage
to the signal input voltage, which would be e./e: in Fig. 13. The higher
R, and R,, the better the gain of the stage, because less of the signal
is lost. The lower the internal resistance of the tube, called the plate

to grid of
next stage

|
|
|
|
e
1

\\
9 R| eo
IMa /
= ,
T~
R: cp /

i

Fig. 13  RC-coupled amplifier; schematic diagram.
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resistance, the higher the gain will be, because the signal is weakened
in passing through the opposition offered by the plate resistance.

Do not confuse the amplification factor u of a tube with the gain A
of the stage in which the tube is used. The amplification factor repre-
sents the maximum gain theoretically obtainable from a stage under
ideal conditions. The actual gain A that can be obtained in a practi-
cal circuit is always much less. The approximate gain of an RC-coupled
stage can be found by the formula

- kR,
n + R,

where 7, is the plate resistance of the tube.

For a stage using a pentode tube, the approximate voltage gain can
be found by the simpler formula

A= ng3

where gn is the transconductance of the tube. Since the gain of a
pentode is proportional to g, a tube with a high value of transcon-
ductance should be selected for the best gain when using a pentode.
For best gain with a triode, the amplification factor p should be high.

WHAT HAVE YOU LEARNED?

1. The gain of an amplifier is (more) (less) than the amplification factor
p of the tube used.

2. If high gain is desired from a triode stage, should the following
tube and circuit values be high or low: o) i, ) rp, (o R, (4) €g?

3. The triode section of a 12AT6 has an amplification factor of 70
and a plate resistance of 58,000 ohms at its operating point. It is used
as an RC-coupled amplifier with a plate resistor of 0.1 megohm. The
approximate gain of the amplifier is

ANSWERS

1. Less
2. (a) High; (b) low; (c) high
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(d) Although the value of eg affects the value of the output, it does not affect
stage gain:
3. 443...A TR nR = (LS 100,000 _ _ 443
3...4 I8, ar i 58,000 + 100,000

POWER AMPLIFIERS

The end purpose of any audio system is to supply power to a load.
Once the voltage amplifiers have built up the signal voltage, 1t is
necessary to develop power to drive the \oudspeaker(s) or other load.
This is the function of the power amplifier.

Power amplifiers are very similar n operation to voltage amplifiers,
but they must be equ'\pped with physica\ly larger components which
are capable of handling larger currents.

For voltage amplifiers, where only low power output 18 required, class
A operation with its attendant low operating efficiency is genera“y
satisfactory-

For power amplifiers, however, circuits are frequent!y operated as
class B to obtain the greater outputs needed. This results in grid cur-
rent flow, which causes a power loss at the input. Obviously, the
preced'mg stage must be able to supply the required gmall input power.

When the power stage is 1O be driven into the positive grid region,
the preced'mg stage, called the driver, must be carefully designed.
The driver stage must be capable of delivering the required input
power with good regulation, to avoid amplitude distortion. Further-
more, the input impedance should be low, to minimize input power
loss.

IMPEI)ANCE MATCHING _..For the greatest power transfer from
a power source to a load, the jmpedance of the load must be equal to
the impedance of the power source. The two jmpedances are then
said to be matched. When the load has an impedance greatly different
from the source impedance, 2 match between the two can be obtaine

by the use of a transformer. For example, 1N the circuit shown in Fig.
14 itis desired to use the output signal from the tube to drive the

2t
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Fig. 14 A triode power amplifier with loudspeaker load.

loudspeaker, Now the impedance of the triode tube (which is the power
source) is perhaps 4000 ohms, while the impedance of the speaker is
only 10 ohms. In spite of the wide difference in values, the proper
transformer T, will match the two impedances, so that maximum
power is delivered from tube to loudspeaker. The transformer “steps
up” or “steps down” impedance in much the same manner as it steps
up or steps down voltages.

A proper impedance match requires that the transformer windings
have the correct turns ratio. The proper turns ratio is equal to the
square root of the ratio of the impedances to be matched. If 4000
ohms is to be matched to 10 ohms, the impedance ratio is equal to

4000 - 10 = 400, and ¥ 400 = 20, the proper transformer turns ratio.

Thus if the winding with the greatest number of turns has 600 of

them, the other winding should have 600 ~ 20 = 30 turns. The wind-

ing with the fewest turns connects to the lowest of the two imped-
T

ances to be matched.

| »

Fig. 15 A pentode power amplifier with loudspeaker load.
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A schematic diagram of a triode power amplifier connected to a loud-
speaker load through a suitable output transformer is shown in Fig.
14. Pentodes and beam power tubes are also commonly used, because
they require much lower input signals for the same power output.
The schematic diagram for such a circuit is shown in Fig. 15. Plate
and screen are often operated at the same potential in power pentodes,
as is done in Fig. 15.

WHAT HAVE YOU LEARNED?

1. The loudspeaker in an audio system is driven by a
amplifier.

2. Inorder to get maximum power to the speaker in Fig. 14, the tube
plate @) ___mustbep to the loudspeaker
impedance. This is accomplished by use of an output i el |

3. In Fig. 16, a 16-ohm speaker is connected to the low-impedance
side of an output transformer with a 20 to 1 turns ratio. For a proper
match the plate resistance of the tube should be _ohms.

—=20

b I

Zs = Zspkr =16n

Fig. 16

4. A manufacturer recommends an 8000-chm load for optimum results
with a specific tube. If a 4-ohm speaker is to be used, the turns ratio
of the output transformer should be .

5. If it is desired to get maximum power output from a minimum
number of stages, (a) : OFr (b) power tubes
should be used.

6. Draw the circuit diagram for a pentode power amplifier coupled to
a loudspeaker load.
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ANSWERS

1. Power 2. (a) Resistance; (b) matched; (c) transformer
3. 6400 ... The ratio of impedances equals the square of the turns ratio:
202 = 400 400 X 16 = 6400 ohms

= =gy e Al g | UL s el b e )
4. 1to 44.7 ... Thus ratio = 8000 = 2000—'/2—_44'7—144

5. (a) Pentode; (b) beam ... These tubes have a higher power sensitivity; that
is, they require a lower input signal voltage for a given power output. Therefore,
fewer voltage amplifier stages will be needed.

6. See Fig. 15.

PUSH-PULL OPERATION ... When the maximum output from a
given tube in a power amplifier is not sufficient, a tube with a higher
power rating can be used.

On the other hand, two smaller, identical tubes can be used. Connect-
ing the two tubes in parallel (plates tied together, grids tied together,
etc.), as shown in Fig. 17, will produce twice the output power that is
obtainable from one tube.

Connecting the two tubes in push-pull, however, more than doubles
the usable output and also provides several other advantages.

A typical push-pull circuit using beam power tubes is shown in Fig.
18. Examine each tube circuit by itself, and you will discover that
this push-pull circuit is nothing more than two standard power am-
plifier circuits “back to back.” Input signals to V, and V, are equal in

CE 3 togri
grid of
0—| next stage

5 g
2 Sl

+
Ebb

Fig. 17 Parallel power amplifier (RC coupling).
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Fig. 18 A push-pull power amplifier using beam power tubes.

magnitude but opposite in phase. When the upper terminal of the
transformer is at a positive maximum, the lower end is at a negative
maximum.

The voltage measured between the grids must be twice that required
for one tube. If the grids use power, twice the input power for a one-
tube amplifier stage is required.

One advantage of push-pull operation can be seen if you examine the
no-signal condition. The plate current I, for V| flows from cathode to
plate and down through the primary winding of the output trans-
former, as indicated by the solid arrow in Fig. 18. The plate current
I, for V, flows from cathode to plate and up through the transformer
winding. Since these equal d-c components flow in opposite directions
through the primary, the total magnetization of the transformer core
by direct current is zero. Therefore, there is no danger of saturating
the transformer because of the d-c current, and the transformer core
can be made smaller in cross section, thus reducing weight, bulk, and
cost.

Now let us examine the circuit when an a-c signal is applied. As the
grid signal applied to V|, swings positive, the plate current for V, in-
creases. Therefore the a-¢c component of plate current must flow in
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the same direction as the d-c component. (In Fig. 18, the a-¢ compo-
nents are indicated by dashed arrows.) Simultaneously, the grid of V,
swings in a negative direction and the V, plate current decreases, or
the a-c component of plate current must flow in a direction opposite
to that of the d-c component.

Therefore, both a-c components ip, and ip, flow through the trans-
former primary in the same direction. Their magnetic fluxes are addi-
tive, and the power output from a push-pull amplifier can be more
than twice the output from a single tube.

Also, for any even harmonic, the components of plate current flow in
opposing directions through the primary, and therefore their effects
cancel. This is a second very important advantage of push-pull opera-
tion. Push-pull amplifiers produce less distortion than a single-tube
amplifier while furnishing twice the output power, or—if allowed to
produce the same distortion level as that from a single-tube ampli-
fier—they develop more than twice the output power. Most ampli-
tude distortion is the result of the generation of spurious second har-
monics in the tube. These and other even harmonics cancel out in the
output transformer. Third-harmonic distortion is not canceled out,
but it is usually minor.

WHAT HAVE YOU LEARNED?

1. If two tubes have their similar elements tied together, they are
said to operate in

2. Two tubes in parallel can deliver _______ the power output
of a single tube.

3. 9 ——— input signals are required for push-pull operation.
These signals must be ;) in magnitude and ()
in phase. Such signals can be obtained by using ()
coupling with a () secondary.

4. Comparing single-tube, parallel, and push-pull operation: (a) the
circuit requires the most expensive output transform-
er; (b) the circuit is least likely to cause saturation of
the output transformer; (c) the circuit requires the
largest input signal level for full power output; (d) the




circuit produces the least distortion; and (e) the cir-

cuit can produce the highest power output.

1. Parallel

2. Twice

ANSWERS

3. (a) Two; (b) equal; (c) opposite; (d) transformer; (e) center-tapped

4. (a) Parallel... Has the highest d-c flow in the primary and needs more iron

in the transformer core to prevent saturation.
(b) Push-pull... The d-c magnetizing effect of V, is canceled by the action

of V,.

(c) Push-pull...Two input signals equal in magnitude and opposite in
phase, or twice the peak-to-peak value for one tube.

(d) Push-pull. .. Distortion due to even harmonics is canceled.

(e) Push-pull... Because of the lower distortion, it can be driven harder.

PHASE INVERTERS... We have seen that push-pull operation re-
quires two input signal voltages that are equal in magnitude but op-
posite in phase. So far, we have met this requirement by using trans-
former coupling with a center-tapped secondary. When the power
amplifier (class B) draws grid current, transformer coupling must be
used, but otherwise we can get the desired input signals by using spe-
cial electronic circuits known as phase inverters.

phase inversion circuit

phase-inverter

.%.
'dl

Fig. 19

"
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a-c signal (180°out of phase with L)

Split-load phase inverter; supplies balanced input signals to push-pull
amplifier.
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A commonly used version is the single-tube, split-load phase inverter
shown in Fig. 19. Notice that this circuit resembles a simple RC-
coupled amplifier, except that the cathode bypass capacitor has been
omitted and that an output voltage is tapped off the cathode resis-
tor Rt in addition to the normal plate output.

As in any RC amplifier, when an input signal is applied, the plate
current varies, the plate potential varies, and the output voltage eo,,
coupled from the plate of the tube, is in phase opposition to the input
signal ei. In addition, the plate current flows through the unbypassed
cathode resistor and causes the cathode potential to vary with changes
in plate current. In other words, an alternating voltage is developed
across the cathode resistor, and this voltage is in phase with the in-
put signal.

The output voltage e.,, coupled through capacitor C,, is therefore op-
posite to e,,. Since the same plate current flows through Rs and Ry,
the output voltages will be equal when R» equals Rs.

How much gain can be obtained from a split-load phase inverter? We
saw above that the cathode potential varies in phase with the input
signal. When the signal becomes more positive, the cathode also be-
comes more positive, causing grid bias to become more negative and
reducing current flow through the tube. But this counteracts the ef-
fect of the increase in input signal voltage. Thus, the action of the
unbypassed cathode resistor produces negative, or inverse, feedback.
You have learned that negative feedback reduces the circuit gain.
Since R: equals Rs, this circuit uses 50 per cent feedback and the
maximum possible gain is just less than 2. Thus, for an input signal
of 1 volt, the total output approaches 2 volts, but each output volt-
age (e, and e,,) can never quite reach 1 volt. This circuit, then, mere-
ly provides the proper polarity signals and proper balance for push-
pull operation, and it does not provide substantial gain.

A phase-inverter circuit which does provide substantial gain is shown
in Fig. 20. Two tubes are usually employed. Tube V, is connected as
in any normal RC-coupled amplifier. If the stage gain is 20 and if an
input signal of 1 volt is applied, the output voltage from point A to
ground will be 20 volts. Now notice that what is normally the grid
resistor for the next stage actually consists of two resistors, R,4 and
R B.

If these resistors are accurately chosen so that R,.4 = 19 R, s, the volt-
age from junction B to ground will be 1/20 of the total voltage (20



to push-pull
grids

Fig. 20 Two-tube phase inverter.

volts from point A to ground) or I volt—the same magnitude as the
input signal but opposite in phase. When this voltage is fed to the
grid of V,, the output from V, will be equal and opposite to the out-
put from V.. Thus we have again obtained phase-inverter action, but
this circuit also provides gain.

WHAT HAVE YOU LEARNED?

1. Electronic circuits used to feed a push-pull circuit from a single-
ended stage are called

2. These circuits can be used only with class (a) - and )
push-pull amplifiers, because these power amplifiers do not ()

3. For a given input signal, these circuits will produce @y

output voltages that are ;) in magnitude but
__in phase.
4. In the circuit of Fig. 19, resistors (q) _and ;) _ = faTe

critical in value.
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5. If the tube in the circuit of Fig. 19 were to deteriorate (with age
or by other cause), the effect on the balance of the output voltages
(would) (would not) be affected.

6. A tube with a p of 80 is used as a split-load phase inverter. If
the input signal level is 0.5 volt, the probable output voltage at the
plate is volts.

7. The low gain from the split-load circuit is due to (o) — -
produced because the cathode resistor is () _ 3

8. In Fig. 20, (a) resistors and are critical in value.
If the stage with V| normally has a gain of 35, the ratio of these re-
sistor values should be )| If the input signal level is 0.5
volt, the output at the plate of each tubeis ) volts.

9. If the characteristics of tube V, should change (by aging or re-
placement), the output voltages (will) (will not) remain equal.

ANSWERS

1. Phase inverters 2. (a) A; (b) AB,; (c) draw grid current
3. (a) Two; (b) equal; (c) opposite 4. (a) R; (b) Rs
5. Would not . .. The same plate current flows through Rs and R:. Any change
affects both outputs equally. The balance is not affected.
6. Just less than 0.5 volt ... Each output voltage approaches, but cannot ex-
ceed, the input amplitude.
7. (a) Inverse feedback; (b) not bypassed
8. (a) Ra, R (b) 34 to 1. .. This will make the voltage from point B to
ground 1/35 of the total output, or just equal to the input amplitude.

(c) 17.5 volts ... Each tube in this circuit has its full normal gain.
9. Will not . . . The tubes in this circuit should have matched characteristics;
otherwise, the plate current changes through their respective plate resistors will
not be equal.

INPUT DEVICES—MICROPHONES

A variety of source, such as a microphone, record player, tape record-
er, or a computer, may be used to supply an input signal to an audio
amplifier. The most widely used of these input devices is the micro-
phone, which is used to convert sound waves to electrical waves.
Among the more commonly used types are the carbon, crystal, and
dynamic microphones. Each of these will be discussed briefly.
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{a) Microphone cross section (b) Externai circuit

Fig. 21  Carbon microphone.

THE CARBON MICROPHONE ... A carbon microphone is shown
in Fig. 21. As a sound wave strikes the diaphragm, it causes the dia-
phragm to move in and out in accordance with the sound-pressure
changes. This varies the pressure on the carbon granules, which
changes the electrical resistance between the carbon disks. These
disks, in turn. are connected to an external circuit as shown in Fig.
21(b), and the no-signal current is adjusted to the manufacturer’s
rated value. The change in the electrical resistance of the microphone
causes the current in the transformer primary to vary, and an alter-
nating voltage is induced in the output winding. The electrical output
E, is then a replica of the sound wave. Its magnitude is generally less
than 0.1 volt.

This device is known as a single-button microphone. The word “but-
ton” refers to the “box”’ containing the carbon granules. Because of
random changes in contact among granules, a continuous hiss is heard.
To overcome this effect a double-button unit was developed. Its ac-
tion is diagramed in Fig. 22. The push-pull action tends to balance
out the hiss and any even-harmonic distortion. To obtain full advan-
tage of the double-button action, it is necessary that the no-signal
current for each button be balanced.

Unbalanced currents are generally due to packing of the carbon gran-
ules. Such packing can be detected by abnormally high current val-
ues. A common cause of packing is subjecting the microphone to loud,
close-up sounds. When the granules are packed, there is little change
in resistance with sound pressure, and the microphone output is very
low.
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Fig. 22 Action of a double-button microphone.

The carbon microphone is essentially a low-impedance device that
ranges from 50 to 200 ohms in resistance. For optimum results, car-
bon microphones should be transformer-coupled to the grid of a vac-
uum-tube amplifier, using step-up transformers. Carbon microphones
have a distortion level that is fairly high compared to that of other
types of microphone, and their frequency response, although ade-
quate for voice, is very limited for music.

However, carbon microphones produce higher output levels than any
other type; they are rugged; and their initial cost is low. Consequent-
ly, they are often used in portable equipment and wherever low cost
or high output level is more important than fidelity considerations.

WHAT HAVE YOU LEARNED?

1. The microphone converts (o) — changes
into ()

2. The operating principle of the carbon microphone is that its elec-
trical (o) varies with changes in () of
the sound wave.

3. The box containing the carbon granules is called a Ly

4. Figure 21 shows a T — _ carbon micro-
phone.



LY

5. The meter and rheostat in the circuit of Fig. 21 are necessary to
permit adjustment of the - current to the
manufacturer’s specification.

6. For proper operation of a double-button microphone the (a) -
____ currents should be i) . To check for this
condition, milliammeters should be inserted in the circuit of Fig. 22
between points (q el - — _and points 4 and

7. Shouting directly into a carbon microphone can produce a defect
known as ) . When this happens, the resistance of the
button is () . This is indicated by currents appreci-
ably than the manufacturer’s specification. This con-
dition results in (d) ____output.

8. The impedance of carbon microphones ranges between (o)
and __ ohms. A carbon microphone is coupled to the grid of a
tube through a ) - transformer.

9. A carbon microphone (can/ (cannot) be used without a d-c supply
source.

10. A carbon microphone, complete with battery and rheostat, {can)
(cannot) be directly coupled to the grid of an amplifier tube.

ANSWERS

(a) Sound pressure; (b) electrical waves 2. (a) resistance; (b) pressure
Button 4. Single-button 5. No-signal

(a) No-signal; (b) balanced; (c) 3 and 4; (d) 1 and 8

(a) Packing; (b) reduced; (c) higher; (d) low

(a) 50 and 200; (b) step-up transformer

_ Cannot . .. Without the battery, no current would flow and no output volt-
age would be developed.

10. Cannot . .. There would be no complete d-c path and no current would flow.

©PNS L

THE CRYSTAL MICROPHONE ... When a crystal of any of cer-
tain substances is subjected to mechanical pressure, a difference of
potential is developed across opposite faces of the crystal. This is
known as the piezoelectric effect. (The term “piezo’ means pressure.)

Rochelle salts and quartz exhibit the piezoelectric effect. The former
is used in microphones because it develops a higher output voltage
for a given mechanical strain.
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Fig. 23  Crystal microphone construction.

One type of construction uses two thin crystals cemented together in
a differential arrangement called a bimorph cell. As shown in Fig. 23,
the free end of the cell is attached to a diaphragm. When sound waves
strike the diaphragm, the diaphragm vibrates. Its vibrations cause
mechanical distortion of the cell, and this produces an output volt-
age.

Crystal microphones have a high impedance (on the order of 1 meg-
ohm), and they can therefore be connected directly across the grid
resistor of a vacuum-tube amplifier. A simple two-stage amplifier with
crystal microphone is shown in Fig. 24. Notice that no power source
is needed with this microphone, because the crystal generates its own
voltage. A potentiometer control R, is used to adjust the output vol-
ume level. A pentode is used for V, to provide a high voltage gain,
and a beam power tube is used for V, because it has a1 high power
sensitivity.

Crystal microphones are rugged and lightweight, and they have bet-
ter frequency response than carbon microphones. However, their out-

Vi

Ri

Fig. 24  Crystal microphone with two-stage amplifier.
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Fig. 25 Construction of a dynamic microphone.

put level is appreciably lower. Also, they are sensitive to heat. The
piezoelectric effect of a Rochelle salt crystal drops off rapidly above
100°F, and the crystal microphone can be permanently damaged if
it is exposed to temperatures above 125°F.

In 1946 it was discovered that ceramic materials could be made piezo-
electric. This led to the development of the ceramic microphone.
This unit is almost exactly like the crystal microphone in all aspects,
and it has the added advantage that it is not affected adversely by
high temperature.

THE DYNAMIC MICROPHONE. .. Figure 25 shows the basic fea-
tures of the dynamic microphone. When a sound wave strikes the
diaphragm, it moves in and out in accordance with the sound-pres-
sure changes. As the diaphragm vibrates, it causes the coil to move
back and forth within the air gap of the permanent-magnet structure,
thereby generating a voltage that varies with sound-pressure changes.
Because of the motion of the coil, this microphone is also known as a
moving-coil microphone.

Since the coil has relatively few turns, the microphone has a low im-
pedance (5 to 20 ohms). Usually an impedance-matching transformer
is built into the microphone case itself. The dynamic microphone is
rugged; it is not subject to temperature or moisture effects; and it
can be designed to have excellent frequency response (40 to 20,000
cycles). It is, therefore, widely used both as a general-purpose unit
and as a high-quality microphone. Its output level, however, is even
lower than that of the crystal microphone.
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Fig. 26  Typical microphones. (Courtesy: The Turner Co.)

Three typical microphones are shown in Fig. 26. The unit at the left
is a hand-type carbon mike. The center unit is available either as a
crystal or dynamic type. The microphone at the extreme right is a
high-quality dynamic.

PREAMPLIFIERS . .. The signal level from most microphones is ex-
tremely low (on the order of a few millivolts). If the microphone is
connected to its amplifier through a long length of cable, it is possible
for the noise picked up by the cable to exceed the signal level. To
avoid this effect, it is common practice to connect the microphone to
a small (one- or two-stage) preamplifier placed as close as possible to
the microphone itself. The amplified signal is then fed through the
long cable to the main amplifier. Preamplifiers are also frequently
used to boost the output signal from record players, tuners, and other
devices to a level sufficient to drive other amplifiers.

WHAT HAVE YOU LEARNED?

1. The operation of crystal microphones is based on a phenomenon

known as the effect.

2. This effect is peculiarto@w . and is very pronounced
in () el __, the material used in crystal micro-
phones.

3. The basic crystal element used in the microphone is called a (o
___cell. When this element is @) , it devel-
opsae- . across its faces.




. Crystal microphones can be @ coupled to the @
1N of an amplifier tube because they have a (q .
impedance. A typical impedance is approximately @ -

5. In the circuit of Fig. 24, R, servesasa ______ control.

6. The ceramic microphone operates on the (o) PO
principle, and therefore ) ___battery is required with thls umt

7. If an intercom system were to be used between a control center
and an open-hearth steel furnace location, a (crystal) {ceramic) micro-
phone would be preferable at the furnace station.

8. A microphone which generates its output voltage because of a ()
______ cutting a magnetic field is known as @) Or ()
i = microphone. This micrephone has a
- _impedance and requires a () SES S TP _ trans-
former for coupling to the grid of a tube.

9. Comparing carbon, crystal, and dynamic microphones, list the
units in order of (a) best frequency response . e

. _, (b) highest output voltage .
and (c) highest impedance ; e

-9 -_—

- 2

10. A preamplifier is used to build up the o level above
the possible @y _level when the pickup pointis @ .
from the equipment location.

ANSWERS

Piezoelectric 2. (a) Crystals; (b) Rochelle salts
(a) Bimorph; (b) distorted; (c) voltage
(a) Directly; (b) grid; (c) high; (d) 1 megohm
Volume 6. (a) Piezoelectric; (b) no
Ceramic . . . Crystals (Rochelle salt) are not usable at temperatures near
100°F and are permanently damaged at 125°F.
8. (a) Coil; (b) dynamic; (c) moving coil; (d) low; (e) step-up
9. (a) Dynamic, crystal, carbon; (b) carbon, crystal, dynamic
(c) crystal, carbon, dynamic
10. (a) Signal; (b) noise; (c) remote

S BV SEY =
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Fig. 27  The dynamic loudspeaker. {Courtesy: University Loudspeakers.)

OUTPUT DEVICES

The end purpose of any audio equipment is to reproduce sounds.
Therefore, the output device must convert the amplified electrical
waves back into sound waves.

LOUDSPEAKERS. .. The most commonly used type of loudspeaker,
by far, is the dynamic loudspeaker. Its basic construction and exter-
nal appearance are shown in Fig. 27. The signal voltage from the out-
put of the power amplifier is fed to the voice coil, where it creates a
flux that varies with the audio signal. This varying flux combines
with the flux of the permanent magnet, setting up a force which
moves the voice coil back and forth along its axis. Since the voice coil
is rigidly attached to the cone, the cone also moves back and forth,
and the resulting air-pressure vibrations produce the sound waves.

To permit easy movement, the outer rim of the cone is attached to
the frame by means of a flexible suspension. Behind the cone, a
spider is used to keep the voice coil centered within the air-gap space.
Since the voice coil has only a few turns, speaker impedances are gen-
erally low, and matching transformers must be used as explained in
Topic 13. Transformers are used not only to match impedances but
also to keep the d-c component of plate current out of the voice coil
winding. To simplify transformer requirements, manufacturers have
standardized voice coil impedances at 3.2, 6, 8, and 16 ohms.

Sometimes it is necessary to transfer audio power to a high-imped-
ance load such as a permanent-magnet loudspeaker (similar to the
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Fig. 28 Impedance coupling to a high-impedance load.

headphone deseribed in the next topic) or the modulation stage of a
transmitter. Again it is necessary to keep the d-c out of the load.
However, since the load is high-impedance, matching may not be
necessary. Instead of a transformer, a more economical coupling is
impedance coupling as shown in Fig 28. Resistance coupling should
not be used, because too much power would be wasted in the plate
resistor.

The speaker and secondary of T are both shown grounded in Fig. 14.
This is often done when the speaker is mounted some distance away
from the power transformer. In this way, both the speaker and trans-
former are grounded to the chassis at any convenient point, and only
one lead is run from the transformer to the speaker.

HEADPHONES. .. In communications work, and for private listen-
ing, headphones are commonly used. These units use a moving coil, a
crystal element, or a magnetic diaphragm for converting electrical
waves into sound. The most common type of headphone is the mag-
netic diaphragm type shown in Fig. 29(a). The soft-iron diaphragm is
normally under some tension because of the attraction exerted by the
permanent magnet. When an audio signal is fed to the coils, the
resulting alternating flux increases and decreases this attraction,
causing the diaphragm to vibrate and produce sound waves. Head-
phones consume relatively small amounts of power, and they there-
fore do not require power amplifiers. When used with complete
amplifier circuits, it is common practice to feed the headphones from
a voltage amplifier stage. This is shown in Fig. 29(b). The phones are
connected to a plug. When the plug is inserted into the phone jack,
the phones are connected across the output of V, through the coupling
capacitor C.. Simultaneously the audio feed to the grid of V, is broken,
and no sound will be heard from the loudspeaker connected to the
output of V,.
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Fig. 29 Magnetic headphone; construction and connection.

The technique shown in Fig. 29(b) can be used with high-impedance
headphones, and the majority of headphones in use today are of this
type. Typical values for magnetic headphones generally range between
2000 and 5000 ohms. Values of crystal types may run as high as
100,000 ohms. However, low-impedance phones are also available.
These may be of the magnetic or moving-coil type. Such headphones
require impedance-matching transformers. Otherwise, their low
impedance will tend to short-circuit the output of the preceding stage.

WHAT HAVE YOU LEARNED?

1. Two devices for converting electrical waves into sound waves are
(a) and ()

2. A commonly used type of loudspeakeristhe @ ¥,
speaker. Its basic principle is the same as forthe ) .
microphone, but now the action is (

3. With reference to Fig. 27, the audio signal is fed to the @)

. Sound is produced by the vibrations of the @)
The (o keeps the moving mechanism from rubbmg
against the magnet structure.

4. Dynamic speakers generally havea@w_ . impedance.
Typical values range from ) to(@— . For
proper operation, they are coupled to the power amplifier through
an (d) e — G, _ transformer.



5. A high-impedance load can be (o) coupled to the

power stage. The () will keep the d-c
out of the load winding.

5. Compared to loudspeakers, headphones generally require a ()
power level. They are generally energized from a

b) stage instead of from the
) __ amplifier.

7. Most headphones are high- (q) devices and do not
require () for coupling. These units are generally

) __-coupled to the output of a voltage amplifier.

3. Redraw Fig. 29(b), eliminating the plug, jack, and the V, stage.

3. If low-impedance headphones are connected as in Fig. 29(b), the
>utput from V, will be very () (high) (low). For proper operation, such
neadphones must be coupled through an ) -

ANSWERS

. (a) Loudspeakers; (b) headphones 2. (a) Dynamic; (b) dynamic; (c) reversed
. (a) Voice coil; (b) cone; (c) spider

. (a) Low; (b) 3.2 ohms; (c) 16 ohms; (d) impedance matching

. (a) Impedance; (b) coupling capacitor

. (a) Lower; (b) voltage amplifier; (c) power

. (a) Impedance; (b) transformers; (c) RC

1 e W e e

+
Ebb

). (a) Low; (b) impedance-matching transformer
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Q2

2NI719

driver stage

Fig. 30 Class B push-pull power amplifier with driver stage.

PUSH-PULL TRANSISTOR AMPLIFIERS. .. As with tube power
amplifiers, it is advantageous to operate transistor power amplifiers in
push-pull. The circuit of Fig. 30 operates class B with a power output
of 4 watts. Since class B operation requires input signal power, which
is drawn from the previous stage, a driver stage (which is a class A
stage with adequate power output) must precede the push-pull stage.
The driver stage shown is capable of a power output of 400 mw, which
is far more than is really needed to drive the push-pull stage used here.

Notice that not all of the emitter stabilizing resistance (R; and R,)
in the driver stage is bypassed. The emitter a-c signal must pass
through a small amount, R,. This gives degenerative feedback that
improves the stability of the amplifier and increases the input and
output impedances for more efficient matching. The driver stage is
usually transformer coupled to the push-pull stage, as shown.

A transistor is operated class B if the collector current is close to zero
when there is no input signal. Since this condition is obtained when
the base bias current is zero, in theory class B operation can be simply
obtained by omitting the base bias circuit. In practice, things are
more complicated because of the need to compensate for temperature
sensitivity and because there is excessive distortion unless a small
base bias current is used. In Fig. 30 the total current used for biasing
is fixed by R, at 70/3500 = 20 ma. However, most of this current
goes through the temperature compensating diode D, which will have a

World Radio Histo
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resistance of less than 6 ohms. The actual resistance of D, changes
with temperature, and this varies the division of the R, current be-
tween bases and diode in such a manner as to compensate for changes
in transistor characteristics due to temperature changes. Emitter
resistors Re are not bypassed. They help stabilize the transistor
against temperature effects and help establish correct d-c transistor
values for minimum distortion.

GETTING THE HIGHEST OUTPUT FROM AMPLIFIERS...
You learned in Topic 13 that the greatest power output is obtained
when the impedance of the load is matched to the plate impedance of
the tube. This is the greatest power output without consideration to
the amount of distortion introduced. Often a more practical consider-
ation is how to get the most power output without the distortion
exceeding a certain amount. For this purpose, the load impedance
should be made equal to twice the tube impedance. Using the exam-
ple of Topic 13, where the plate impedance is 4000 ohms, we want the
load impedance to be 8000 ohms in order to get the highest output to
the speaker without the distortion exceeding an acceptable amount.
That is, the transformer turns ratio should be such that with the 10
ohm speaker connected to the secondary of T, the impedance of the
primary winding is 8000 ohms. The transformer impedance ratio is
8000/10 = 800, and the proper turns ratio is v'1:/'800 = 1:28.3.

The above discussion refers to a triode power tube. The plate resis-
tance of a pentode power tube is so high (perhaps 50,000 ohms) that
it is not practical to use a high enough load impedance to obtain a
match as described above. The load impedance used with a pentode
power tube is typically between 3000 and 10,000 ohms. Power tubes
usually use a reactive load, such as the primary of a transformer as
shown in Fig. 15, and high impedance values are difficult to obtain
with this type of load.

The above discussion refers to power amplifiers; stages from which we
want a high power output, such as for operating a speaker. The re-
quirements are different in the case of voltage amplifiers, where we
want to get the highest possible voltage amplification from the stage,
and are not much interested in the amount of power gain. For exam-
ple, in Fig. 3, we want to get the highest value of signal voltage we can
to the grid of V,. Since the only input power taken by V, is that dis-
sipated in grid resistor R,, we have no need for a high power gain
from stage V,.

47
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The gain of a voltage amplifier is discussed in Topic 12, and for a tri-
ode tube is given by

_pRL

- r» + RL

where RL (called the load impedance) is the total impedance seen by
the plate in looking toward the power supply. RL is approximately
equal to the reactance of L in Fig. 3, and is approximately equal to
the resistance of R, in Fig. 13. The formula shows that the higher RL
is, the better the voltage gain from a triode. From a practical point of
view, the best voltage gain is obtained when R is approximately three
times the plate resistance r». Then the gain of the stage is equal to 75
per cent of the amplification factor p of the tube. Larger values of RL
than this do not further increase the voltage gain enough to justify
their use. If an inductor were used for the load impedance as in Fig. 3,
a larger size than essential for good gain would be expensive, heavy,
and bulky. If a resistor is used, such as R, in Fig. 13, a larger size
than necessary will have an excessive voltage drop, requiring a higher
voltage power supply Es in order to get adequate voltage to the plate.

Since the plate impedance of a pentode tube is very high, it is not
practical to make R equal to three times the plate resistance. How-
ever, for maximum gain R. must be made as high as is practical, since
formula for the voltage gain of a pentode, given in Topic 12, shows that
the voltage gain will be proportional to load impedance Ri.



LESSON 2601-4
AUDIO AMPLIFIERS AND EQUIPMENT

EXAMIN ATION

Circle the aumber of the correct answer for each question that follows. When you are finished,
transfer the answers fo the answer sheet by putting X’s in the propef squares. When the graded
answer sheet is returned 1o you, correct in this book any questions you may have missed. By
doing so, YOV will hove @ record of the correct answers to all questions for review purposes-

1. When an electrical wave is converted to sound, the pitch of the
sound i8 determined by:
(1) The peak value of the signal voltage
(2) The rms value of the signal
(3) The frequency of the signal
(4) None of the above

9. The voltage gain of a triode audio amplifier stage depends on:
(1) p of the tube
(2) rp of the tube
(3) Load resistance RL of the circuit
(4) All of the above (1,2,3)

3. Inan RC-coupled amplifier, increasing capacitance of the cou-
pling capacitor:
(1) Improves the response to bass notes
(2) Improves the response t0 treble notes
(3) Improves the response equally well for all frequencies
(4) Causes distortion because the next grid 18 overdriven

4. 1If the coupling capacitor in an RC-coupled amplifier is short-
circuited:
(1) The low-frequency response will improve
(2) The next stage will be cut-off.
(3) The overall volume will increase
(4) The next grid will be driven positively, and the tube may

burn out.

5. Which of the following is NOT a cause for distortion in an audio
amplifier:
(1) Input signal too high
(2) Input signal too low
(3) Grid bias too low
(4) Grid bias too high
(5) Operating in the nonlinear portion of the dynamic characteristic

4¢



50

6. Figure 31 shows two transformer-coupled audio amplifier stages
This diagram needs correction as follows:
(1) None; the circuit is correct as shown
(2) Remove capacitor between points B and C and join B to C
(3) Remove resistor between C and F
(4) Combination of steps (2) and (3)

Fig. 31

7. Figure 32 shows a method of impedance coupling between two
audio amplifier stages. This circuit needs correction as follows:
(1) None; the circuit is correct as shown
(2) Remove capacitor between points A and B and join A to B
(3) Remove capacitor but do NOT join A to B
(4) Replace resistor between B and E by a second inductor

Fig. 32 Ebb

8. For amplifying very low frequencies, the following coupling

method is best:
(1) Loftin-White (3) RC
(2) Impedance (4) Transformer



9. “Motorboating” may occur in an audio amplifier if: 51
(1) The coupling transformers resonate with the circuit capacitance
(2) The plate choke becomes self-resonant
(3) A common power supply is used for three or more stages
(4) RC-coupling is used in all stages

10. Which of the following is NOT a cause of hum in an amplifier?
(1) Plate voltage too high or too low
(2) Coupling between heater and cathode
(3) Leaky or open filter capacitor
(4) Shorted power supply filter choke
(5) Stray field pickup from an unshielded power transformer

11. Figure 33 shows a two-stage audio amplifier using NPN transistors.
This circuit needs correction as follows:
(1) Bypass capacitors are needed across R, and R,
(2) Coupling capacitor C is not connected properly
(3) Resistors R, and R, should be omitted
(4) The polarity of Ve is reversed

+oVee
i B

R4 (

Fig. 33

12. Figure 34 shows a triode power amplifier stage inductively coupled
to a loudspeaker load. This circuit needs correction as follows:
(1) Remove capacitor C,
(2) A capacitor should be connected between points A and E
(3) Run a wire connecting points B, C, D, and F, and remove all
grounds but one.
(4) A transformer should be used in place of R,C,
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Fig. 34

13. In a multistage audio amplifier, interaction between stages is pre-
vented by using:
(1) Decoupling filters in the plate supply to each tube
(2) Different coupling methods for each stage
(3) Shielding the individual stages
(4) Using only RC-coupling to eliminate magnetic fields

14. The circuit in Fig. 35 is used to supply a signal to the grids of a
push-pull amplifier. This circuit needs correction as follows:
(1) A capacitor is missing between points 4 and B
(2) R, should be two resistors in series
(3) A resistor should be inserted between points D and E
(4) Disconnect Es and R, from point D and apply Es + to this

end of R,
¢ (°2_
i€ L
C
— Rs
A +
o & .
Ry D Ebb
*] Rp
B
l}—l

Fig. 35



15. In considering the input circuit requirements for a class B, audio
amplifier, which of the following is NOT appropriate:
(1) The preceding stage should be capable of supplying some power
(2) Transformer coupling should be used between stages
(3) The transformer should have a step-up ratio
(4) The secondary winding of the transformer is normally center
tapped.

16. Push-pull operation, as compared to single-ended circuitry does
NOT:
(1) Reduce third harmonic distortion
(2) Reduce d-¢ magnetization of the output transformer
(3) Allow for operation at higher efficiency
(4) Deliver more than twice the power output for the same dis-
tortion level

17. As compared to two tubes connected in parallel, two tubes con-
nected in push-pull DO NOT:
(1) Provide higher power output for a given percentage of
distortion
(2) Provide lower distortion for a given power output
(3) Produce a given power output with a lower input signal level
(4) Require a less expensive output transformer

18. Packing of the granules in a carbon microphone is an indication
that the unit:
(1) Is extra sensitive
(2) Is intended for high-impedance input
(3) Is ready for safe shipment
(4) Has been exposed to very loud sounds
(5) Has too many granules

19. Before using a double-button microphone:
(1) It should be rapped sharply to ensure that the granules are
free to vibrate
(2) The buttons should be checked for tightness
(3) The diaphragms should be checked for equal tension
(4) The buttons should be repacked
(5) The currents should be checked for balance
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20.

In the use or storage of crystal microphones, these units should
NOT BE:

(1) Exposed to high temperatures

(2) Exposed to loud shouts (close up)

(3) Exposed to lights

(4) All of the above

. The circuit of Figure 36:

(1) Requires transformer coupling between microphone and V,
for best results, and add a voltage source for operating the
mike.

(2) V, or V,, or both, should be pentodes

(3) Transformer coupling should be used at the output of V,

(4) One of the resistors is improperly connected

corbon To
isHREHo high-impedance
headphones or
next stage
E +
Fig. 36 &b
22. In discussing the use of “preamplifiers,” which of the following is

23.

NOT appropriate:

(1) To make up for insufficient gain after the main amplifier

(2) When there is a long run between microphone and amplifier
(3) To improve the signal-to-noise ratio on the mike line

(4) Because the microphone output level is low

Which of the following methods of coupling between two stages
requires the highest d-c supply voltage?

(1) Impedance coupling

(2) RC coupling

(3) Transformer coupling

(4) All methods require the same supply voltage



24. It 1s desired to connect low-impedance headphones to the output 55
of a vacuum-tube amplifier. Optimum operation is obtained by
using:
(1) RC-coupling
(2) Impedance coupling
(3) Direct coupling
(4) Transformer coupling

Co
I
C F—-
Y4 v |
AN Ry
R
(o .
=1 R2 R3 ,]\03

Vee

Fig. 37

25. What type of transistor is used in Fig. 37, and what is the correct
polarity for V.?
(1) Type is PNP. Vi should be positive
(2) Type is PNP. Vi should be negative
(3) Type is NPN. Vi should be positive
(4) Type is NPN. Vi should be negative

26. What effect will an increase in value of R, have on the voltage gain
of the stage of Fig. 37? Assume that the change will not affect
the gain of the transistor itself.

(1) The voltage gain of the stage will increase.

(2) The gain will decrease.

(3) The gain will not change.

(4) The gain may either increase or decrease, or possibly stay the
same.

27. If R, is removed from Fig. 37 and R, changed in value so that the
base bias current is proper, what will be the effect on the operation
of the circuit?
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28.

2%

30.

(1) The stage will operate erratically because there is no d-c path
between base and ground.

(2) The voltage gain of the stage will be reduced and distortion
will increase.

(3) The power output from the stage will decrease, with probable
increase in distortion.

(4) Stage will operate normally except that temperature stabili-
zation will not be as good as with R, in the circuit.

What is the difference between amplification factor and voltage

gain?

(1) Amplification factor refers to the maximum voltage amplifica-
tion that a tube is theoretically able to provide. Voltage gain
refers to the actual voltage amplification obtained in a circuit,
and is always less than the amplification factor.

(2) Same as (1), except that the gain may be either higher or lower
than the amplification factor.

(3) Amplification factor refers to the ability of a tube to provide
a high power output for a given input power. Voltage gain
refers to the ability of a tube to provide a high signal voltage
output in relation to the signal voltage input.

(4) The two terms mean essentially the same thing.

What turns ratio should a transformer have that is used to match
a 200,000-ohm crystal microphone to the 1000 ohm input imped-
ance of a transistor?

(1) 200:1 with the most turns on the primary.

(2) 200:1 with the most turns on the secondary.

(3) 14.1:1 with the most turns on the primary.

(4) 14.1:1 with the most turns on the secondary.

(5) None of the above.

For the high voltage amplification, choose a tube in which
(1) p is high if a triode, and g~ is high if a pentode.

(2) uis high if a pentode, and g~ is high if a triode.

(3) p is high, while g» and rp is low.

(4) p and g» are both high.



31.

For the best practical voltage gain from a pentode, the load im-
pedance RL should be

(1) equal to the plate resistance of the tube.

(2) equal to twice the plate resistance of the tube.

(3) equal to three times the plate resistance of the tube.

(4) as high as it is practical to make it.

To get the highest power output from a triode tube possible with-
out the distortion exceeding 5 per cent, the load impedance RL
should be (Choose your answer from the selections for Question

31)

. If the plate resistance of V, in Fig. 38 is 10,000 ohims, the highest

practical voltage gain is obtained from the V| stage when R, has a
resistance of

(1) 10,000 ohms (3) 30,000 ohms
(2) 20,000 ohms (4) 50,000 ohms
Vz
CI C3 _-_.f
> e o
udio 1 \ [
input !
signal S
> N '
Rz Cp <Rs Ra
T Re 7FCa
S l .
= Ebb°+ -
Fig. 38

END OF EXAM
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SCHEMATIC DIAGRAM
SYMBOLS

Loud speaker

- gt

Inductor with air core

SILR

Fuse

o or I~}

Inductor with iron core

50

Neon lamp (note: the dot indicates that the
tube is gas filled)

_@_

Inductor, value adjustable (air core)

%g—\or’?ﬁ!“

Crystal, piezoelectric

1+

Inductor, adjustable by varying position of Microphone
ferrite or powdered iron core
M = o« Orc
3 3
Transformer with iron core (leave out lines Headphones

for air core)

£

m or ﬁ/-

Transformer with adjustable ferrite or pow-
dered iron core for circuit 