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ELECTRONIC COMPONENTSf TRANSDUCERS, AND BASIC CIRCUITS

INTRODUCTION

This guide is designed for use by the student who is studying electronic

components, transducers and basic circuits.

Electronic components are devices which affect the flow of electricity.

Some of the components which will be discussed are:

Resistor Transistor

Conductor Meter

Rheostat Battery

Linear Operational Amplifier Inductor

Capacitor Switch

Transformer

Transducers are electronic components which convert physi.cal parameters

into electrical signals. Following are several of these physical

parameters:

Temperature Force

Pressure Displacement

Sound .Light

Radiation Flow

These components and transducers may be combined to produce these

basic circuits:

Series Resistors
Parallel Resistors
Voltage Dividers
Power Amplifier

Inverting Op-Amp
Wheatstone Bridge
Electronic Thermometer
Differential Amplifier

Electronic test instruments such as voltmeters, ammeters, andoscil-

loscopes can be utilized to investigate these components and circuits.

SAFETY

Since electrical shock and burns cause severe injury, precautions should

be taken to minimize this hazard. The following are a few of these

precautions:

1. Disconnect civuits from power sources whenever possible while

modifying or testing them.

i
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2. Do not wear conductive objects such as rings and bracelets when

working with electrical circuits.

3. Make certain that all equipment is properly grounded.

4. Do not replace blown fuses with fuses of higher current ratings

than recommended.

GLOSSARY OF TERMS

An Ammeter is an instrument for measuring electric current.

A Circuit is any closed path through which current can flow.

A Conductor is a material, usually metal such as wire, through which

current can flow easily.

The gain of an amplifier is the ratio of output signal to input signal.

An Ohmmeter is an instrument for measuring electrical resistance.

A Power Supply or voltage source provides the energy necessary to move

charge through a circuit.

Resistance is an electrical quantity which provides opposition to the

flow of electrical current and is measured in ohms (M.

A Resistor is an electrical component which has a designated amount

of resistance.

A Voltmeter is an instrument for measuring potential differences.

A circuit diagram, or schematic diaram, is a way of representing an

electrical circuit, using standard symbols such as those in Table 1,

to represent circuit components. Other symbols will be added as new

components are encountered. Figure 1 is an example of a circuit

diagram.

ii



Table 1.

Schematic Symbols

Resistor

Switch

DC Voltage Source

Ammeter

Voltmeter

AC Volt" Source

Conductor

Ground

Figure 1.

Schematic Diagram
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CHAPTER

BASIC ELECTRICAL QUANTITIES

Electric Charge is a property of matter which causes objectspossessing this
characteristic to react with each other in certain ways. In-particular, there

are two types of electric charge-positive and negative. Objects having

harges of the same type repel each other and objects having charges of dif-

ferent types attract each other.

The unfit of electrical charge is the mulomb (C). The symbol, Q, is used to

represent electrical charges.

Current refers to a flow of electrically charged particles. The symbol, I, is

used to represent current.

Current is measured in amperes (A). If a coulomb of electric charge passes a

point in 1 second,we say that the current is 1 'ampere - i.e., 1 A A 1 C /s.

The electron has a charge of 1.60 x
past a point each second when the c

0
-19

C. Hence, 6.25 x 10
18

electrons flow

rent is 1 ampere.

I =

If this flow of electric charges is,always in one direction, we speak of Direct

Current'(DC). If the flow periodically ibeverses itself, first flowing one way

and then the other way, we speak of an Alternating Current (AC).

AC currents are usually sinusoidal functions of time as shown in Figure 2. The

instantaneous value of current at time, t, is given by

I = I
o

sin(2nft)

Where I
o

is the amplitude as indicated in Figure 2, and f is the frequency.

I

Figure 2
Sinusoidal Alternating Current
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The period (T) of the oscillation is given by

T =
1

%

The Potential Difference (Voltage) between 2 points in a circuit is measured by

the work W required to.move a unit positive charge from one point to the other.

Voltage is measured in volts (V). If one joule of work is needed to move 1 cou-

lomb of charge between two points in a circuit, we say that the potential dif-

ference between these two points is 1 volt. That is, 1 V = 1 J/C

If a charge Q moves between 2 points in a circuit that differ in potential by V

volts, then the \work W done by the charge Q in moving from the higher to the

lower potential point is'W = QV.

If the polarity (+ orientation) f a voltage remains the same, we speak of a

DC voltage. If the polarity period cally reverses itself, we speak of an'AC

voltage.

AC voltages, like alternating currents, are usually sinusodial functions of time.

The instantaneous voltage at time, t, is

V = V
o

sin (21Tft)

where V
o

is the voltage amplitude as shown in Figure 3.

Figure 3
AC Voltage

Electrical Power P is the electrical energy per unit time and is measured in

wafts (W) or kilowatts (kW). In a DC circuit

P= IV

For example if a current of 100 mA moves through a potential of 12V the elec-

trical power developed is P = IV = (0.1 A)(12 V) = 1.2 W.
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In dealing with AC currents and potentials, it is often more meaLingful to use

the effective or root mean square (rms) currents and potentials. The rms cur-

rent is the value of DC current which would prodUce the same heating effects

in a resistor.

rms current is related to current amplitude by

I = 0.707 I
rms o

For example an AC current of amplitude 25 mA has an rms current of I'
rms

(0.707)(0.025 A) = 0.0177 A.

Similarly rmsi potential is related to potential amplitude by

V = 0.707 V
rms o

For example an AC potential of 155.6 V in amplitude has an rms potential of

V = (0.707) (155.6 V) = 110 V.
rms

In AC circuits containing only resistance, the electical power produced is

given by
P = I 'V

rms rms

For example an AC potential of 24 V rms produces a current through a resistor

of 0.5 A rms. The electrical power developed is P = I V = (24 V)(0.5 A)
r

= 12 W.
rms rms

Examples

1. What is the current if 75 pC of charge moves through a circuit in 5 ms?

= 75 PC 7.5 x 10-5C .

,.5 x 10
-2

A = 15 mA
t 5 ms

5 x 10
-3

s

2. How much\electrical charge flows through a circuit when a current of 1 A

flows for 50 minutes:

I = 2

Q = It = (1 A)(50 min) = (1 A)(3000 s) = 3000 C

3. What electrical power is developed when a potential of 10 V produces a

current of 150 mA*?

P = IV = (150 mA)(10 V) = (0.15 A)(10 V) = 1.5 W
116

4. What AC voltage amplitude is necessary to produce an rms potential of 5 V?

1 .7
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V = 0.707 V
rms o

V
o

=
1,7

rms = 5 V = 7.1 V

0.707 0.707

r-

5. What electrical power is developea in a resistor if an AC potential of 15 V
rms produces an AC current of 25 mA rms?

P =I V1.' = (25 mA)(15 V) = 375 mW
rms rms

6. What is the-period of an AC current of frequency 60 Hz?

1 1
T =

f 60Hz
- 1.67 x 10

2
s

Problems

1. A current of 45 mA flows for 2.5 s. How much eiectical charge moves through

the circuit? .46

(112.5 mC)

2. What the current if an electrical charge of 3 x 10
4
C flows through a

circuit in 1 hour?

(8.3 A)

3. What is the electrical p. ler developed when a potential cf,16 V DC produces

a Current of 25 mA?

4. What is the rms current for an AC current of amplitude 50 mA?

5. What is the frequency of an AC potential of 2.5 ms period?

(250 mW)

(,S.4 W)

(400 Hz)

6. What is the electrical Power developed in a resistor if An AC potential of

50 V amplitude produces an AC current of 0.10 A amplitude?
(2.5 W)

At
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CHAPTER II

TEST INSTRUMENTS

A voltmeter is usea to measure electric voltages., Some voltmeters are de-

signed to measure DC voltages while some are designed to measure AC voltages,

and others are designed to measure both DC and AC voltages. In any case, volt-

metess are connected in parallel with(across) the desired voltage as shown

in Figure 4. ,

Figure 4
A voltmeter connected to measure the voltage across RI

In order that the voltmeter not change the characteristics of the circuit, it

is:necessary that the voltmeter have a high resistance. The resistance of a

voltmeter is usually given in terms of the sensitivity, S, such as 1000 niv.

When the sensitivity is multiplied by the full scale reading, Vmax, of the

voltmeter, the resistance of the voltmeter is determined. That is R = SVma.

For example, when a voltmeter with a sensitivity of 5000 0/V isset on the

50 V range, the resistance of the voltmeter is R = SV = (5000 WV) (50 V) =

250 Ka.
MaX

When using a multiranP ,.meter, or any other type of meter, it is desirable

to start with the met.n. - on the highest range available,tIlln reduce ranges

until an acceptable reading is Obtained;

Ammeters are used to measure electrical current. Ammeters are also available

as DC, AC or AC/DC meters. As Figure 5 indicates, an ammeter must be placed in

a circuit in series with the desired current.

Figure 5
An ammeter connected to measure the current through R1

1
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Unlike the voltmeters, ammeters must have a low resistance in order not to

disturb the circuit being measured. Like voltmeters, multirange ammeters

should be used on the highest range first then the range reduced until a

reading is obtained. This prevents damage to the meter.

Meters used to measure resistance are called ohmmeters. An ohmmeter must be

connected to the device for which the resistance is desired. If that device

is a component in a circuit, it must be removed from the circuit in order to

insure accurate Measurement of its resistance.

Multimeters are a combination voltmeter, ammeter, and ohmmeter contained in

one package. Multimeters are usually multirange, combination AC/DC meters

and may use either digital or analog readout. AlthoUqh a multimeter can per-

form several different functions, it can perform only one at a time.

V

An oscilloscope is an instrument which displays a graph of an input voltage

signal versus time (or another voltage). The oscilloscope is quite valuable

in analyzing AC signals for such characteristics as wave shape, peak voltage,

and period. Figure 6 illustrates the appearance of an oscilloscope.

Figure 6

Oscilloscope

An oscilloscope usually has two primary sets of controls: one for vertical

sweep; one for horizontal sweep. The vertical controls usually consist of

gain controls which determine the relationship between the input voltage and

the vertical scale of the screen (expressed in V/cm or V/div) and v,siti,,n

-.)ntrols 411171.1 control the vertical zero position. r

1U
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The horizontal controls consist of a position control and a time -base control.
The time-base control determines, the rate at which the beam moves across the

screen (expressed in ms/cm or ms/div). There is also a trigger control which
selects the source and level of the signal that starts the trace across the

oscilloscorf-.

Another useful instrument that is valuable in testing AC circuits is the

function generator. The funttion , enerator produces AC voltages of a variety,

of periodic waveforms, such as sine, triangular, or square waves, over a

range of frequIpciEts and amplitudes.

For many circuits it is necessary to provide a source of DC power. This is

done utilizing a power supply. Power supplies may be regulated to maintain

constant voltage or Constant current. In any case, the manufacturer's speci-
fications will state tYe maximum current, voltage, and power available from

the-power supply. The specifications ghould also give the ripple in the signal
--that is the ratio of alternating current to direct current in the power

supply output.

Laboratory

The student should be able to use a multimeter, oscilloscope, power supply,
and function generator to determine DC and AC circuit parameters.
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CHAPTER III

Resistors and Resistahce Circuits

SECTION 1: DC and AC Characteristics

Values of resistance are measured in ohms (A). An ohm is the resistance

which will carry 1 amp4s, of current when the ends of the resistance differ

in potential by 1 volt.' The values of some resistors are indicated by a color

code in which various colors stand for specific numbers as shown in Table 2.

Table 2
Resistor Color Code

Black 0 =

Brown 1

Red 2

Orange 3

Yellow 4

Green 5

Blue 6

Violet 7

Gray a

White 9

Gold ±5%

Silver ±10%

The first two color banes indicate two significant digits. The third band

is the multiplier and indicates the power of ten by which the first two digits

are multiplied. The color of the fourth band indicates the tolerance of the

resistor. If there is no fourth band, the tolerance is 20% A color coded

Nssistor is shown in Figure 7.

ce,,,frn
4CP

1st Digit Tolerance
2nd Digit

Multiplier

Figure 7.

Color Coded Resistor

(Stated Value: 15 X 10
3
A - 5%)

1"'



For exapple, i resistor with a color code Brown-Green-Orange-Gold would have A

value of 15,000 A ±5%.

Ohm's relates the voltage V across a circuit element which has a resistance

R to th current I passing thrdough it. as in Figure 8.

V = IR

V

Figure 8.
Voltage and Current for a resistance

This relationt.hip can be applied to most resistance in DC ciicuits.

Solved Problems

1. A potential difference of 120 V produces a current of 0.1 A through a

resistor. What is the value of the resistor?

V = IR

V V
R = 0120T-it 1200

2, A 50 it resistor carries a current of 2 amps. What is the potential dif-

ference across the resistor?

V = IR = (2 A)(50,0) = 100 V

Student Problems

\1. What potential difference is necessary to produce a current of 0.01 A

\\ through a 250 A resistor?
(2.5V)



- 10-

2. A potential difference of 220,V is placed across a 1000 SZ resistor.

What is the current through the resistor? (0.22 A)

3. A 100 V potential difference causes a 2.5 mA current through a resistor.

What is the value of the resistor? (40 }di)

AC voltages are usually generated to produce a sine wave pattern. The instan-

taneous value of the voltage V as a function of time is

V = V
o
sin (2rft),

where V is the amplitude as indicated in Figure 9, f is the frequency, and

t is time. The period (T) of the wave (or oscillation) is related to the

frequency by 1
T =

f

V

Figure 9.

AC Voltage

t

Since the current through a resistor is related to the applied voltage by

Ohm's Law, the instantaneous current can also be written as a sinusoidal

function of time.

I
o

sin (2itft)

where I
o

is given by

V
I =
o R

1:)



Solved Problem

3. What is the current through a 100 0 resistor when an AC potential of

amplitude 10 V and frequency 60 Hz is applied?

V
o

I = sin (2wft)

10
I =

100
sin (21T 60 Hz t)V

Q

I = 0.1 sin (380

Student Problem

t) A where t is in seconds

4. What is the current through a 250 0 resistor when an AC potential of

amplitude 1000V and frequency 600 Hz is applied?
(4 sin (3300 t)A)

In dealing with AC currents and potentials it is often more meaningful to use

the effective or root mean square (rms) currents and potentials. The rms cur-

rent equals the value of DC current which would produce the same heating

effects in the resistor.

rms current is related to current amplitude by

I = 0.707 I
rms o

Similarly rms potential is related to\potential amplitude by

V = 0.707 V
rms o

Mot AC meters read rms values.

The power (in watts) dissipated by a resistor is given by

P = IV

When combined with Ohm's Law, the above equation can be written as

Or

P = I
2R

P
V
2

R
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When dealing with AC circuits, the power must be calculated using rms values

of current and potential.

Solved Problems

4. What is the power dissipated by a resistance which carries 0.5 A rms

current when the applied rms potential is 120 V?

P = IV = (0.5 A)(120 V) = 60 W

5. What power is dissipated by a 25 0 resistor when an AC potential of

amplitude 200 V is applied?

2 2
V
rms

(.707 Vol
(.707 200 V)2

P _
R R 25 0

20,000 V
2

25 0

Student Problems

5. What power is dissipated by a 50 1 resistor which carries a DC current

of 2 A? (200 W)

- 800 W

f

6. What is the power dissipated by a 10,000 0 resistor when a DC poteritial of

1,000 V is applied? (100 W)

7. What is the rms current through a 100 watt light bulb when the rms poten-

tial is 110 V? (0.91 A)

8. What power is dissipated by-a 15 St resistor when an AC current of amplitude

0.05 A is passed through it? (19 mW)

Labora tea

The student should be able to determine the values of resistors using the color

cod.and/or ohmmeter and properly connect the resistors to an AC or DC voltage

source. th,ing a meter and an oscilloscope, the student should.

be, able lo measure the current, and voltage in a DC circuit. and calculate the

power dissipated. In an AC circuit, the student should be able to use a

multimeter and an oscilloscope to measure Vrms, Inns, Vo, and T. The student

should then be able to calculate frequency, f, current amplitude, Io, and

dissipation.

2
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SECTION 2: Series and Parallel Circuits

When resistors Ri, R2, R3... are connected in series as in Figure 10, the

resulting resistance R is given by

R.2g Ri + R2 +-R3 +

Figure 10.
Resistors in Series

Resistors'in series all carry the" same ourrsInt as the equivalent resistance.

Resistors in parallel as in Figure 11 have the same effedt as a single resistance

R given by

1 1 1

R R1 R2 R3

1

RN

,

Figure 11.
Resistors in Parallel

Resistors in parallel all have the same potential difference.

Any number of series and parallel resistors can be added by these rules.

2t̂i
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Solved Problems

1. Find the equivalent resistance of 50 S2, 100 SI, and 250 S2 resistors placed

in series.

R = R1 + R2 + R3 = 50 S2 + 100 S2 + 250

R = 400 S2

2. A circuit contains 100 c, 200 ( and 300 S2 resistors in parallel. What is

the equivalent resistance?

1 =
1 1 1

R R1 R2 R3

1 1 1 1

R Imo a
+

200 300

6 3 2

600 S2 600 S2 600 S2

11

600 S2

600 S2
R = - 54.6 SI

11

3. A circuit contains 30 S2 and 60 S2 resistors in parallel. This com-
bination is in series with an 80 S2 resistor. A 10 V D.C. potential
is connected as shown. Find the current through each resistor.

R1= 30 S2

'.-nAA/"w R
3
= 80

R
2
= 60 0

10 V



15-

First replace the parallel circuit with its equivalent resistance.

1 1 1

p
R1 R2

1 1

3

30 SI

2

60 Q

1

60 a 60 0 60 P

6052=0
20 0R -

P 3

2052

10 V

80U

This series combination can be replaced by its equivalent

R = R + P
P 3

= 20 W + 80 1

R = 100 0

This equivalent circuit then becomes

100 Q

1

10 V
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By Ohm's Law the current through this circuit is then

V 10 V

Q
0.10 A-

I 100

This is also the current through the 80 St resistor and the sum of

the current through the parallel resistors.

The current 'through each of the parallel resistors can be found by

first using the equivalent resistance of the parallel combination

to calculate the voltage drop.

V IR
P P

= (0.10 A ) (20 C2)

V= 2 V

Now the current through the 60 S2 resistor is given by

I ipI2

2 V
60

= 0.033 A

Similarly the current through the 30 Q resistor is given by

=0.067 A

Note that the sum of the currents through the parallel network equals

the current through the circuit.

2:;
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Student Problems

2.6

1. What is the equivalent of 30, 60, and 90 S2 resistors in series?
(180 0)

2'. What is the equivalent of 30, 60, and 90 0 resistoYs in parallel?
(16.4 0)

3. Three resistors of50, 100, and 150 0 are_in parallel. This parallel
combination is in series with resistors of 20 and 300 Q. A 100 V
D.C. source is connected as shown. Find the current through each
resistor.

100 V

(1
1
= 157 mA, 1

2
= 79 mA, 1

3
= 52 mA, 1

4
= 1

5
= 288 mA)

2r
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SECTION 3: Voltage Dividers

One consequence of Ohm's Law is that when resistors are connected in series,
as in Figure 12, the ratio of the voltage across a single component to the

applied Voltage is equal to the ratio of the resistance of the component to

the total resistance.

R1 R2

Figure 12.
Voltage Divider

V
1

R1
1

V Rtotal R
1
+ R

2
+ R

3

A device or circuit which utilizes this concept to produce a voltage smaller

than the applied voltage is known as a voltage divider circuit.

A special type of voltage divider is called a potentiometer. It uses a resistive

'element and a sliding contact to produce a continuously variable voltage divider.

The schematics for two types (circular and linear) of potentiometers are shown

in Figure 13.

a

I

b

Figure 13.

Linear and circular potentiometer schematic. symbol:

2'"



Solved Problems

1. If a 100 V potential is applied to 200 a and 300 SI resistors in series,

what will be the potential across each resistor?

For the 200 S2 resistor

V200
R
200

V
total

200
100 V

200 0

200 a loo v = 40 V
200 500 1

For the-300 Q resistor

V300
R
300

V R total

V300 300

100 V 500 c

300 0
V = 100 V = 60 V
300 500 a

2. What resistor could be used in series with a'10,000 a resistor to pro-

duce a potential of 1 V when the applied potential is 12 V?

4.

Ri Vi

R V

1 1 V

R
1
+ 10,000 12 V

R
1
= 0.0830 (R

1
+ 10,000)

R
1
- 0.08 $0 R

1
= 830

0.92 R
1
= 830

8R =
30

1 0.92

= 900 a

wj
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Student Problems

go-

1.

2.

What potential would be produced across a 250 SI resistor in series

with a 500 SI resistor when the applied potential is 6 V?
(2 V)

What resistor in series with 25,000 SZ will produce a potential of 0.5 V

when the applied potential is 10 V? (1320 0)
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SECTION 4: Kirchoff Laws

Circuits containing more then one voltage source may be resolved using Kirchoff's

Laws:

Kirchoff's Current Law::

The algebraic sum of currents flowing into a junction is equal 'to

the algebraic sum of currents flowing away from the junction.

Kirchoff's Voltage Law:

In any circuit loop, the algebraic sum of the voltage sources is

equal to the algebraic sum of the IR voltage drops.

Suggestions for applying Kirchoff's Laws:

1. Assume an arbitrary direction for the current through each

branch in the circuit and indicate these on the schematic

diagram. (The selection of direction is not critical since

negative values in the solution will indicate currents opposite

the assumed direction.)

2. Apply Kirchoff's Current Law to each junction in the circuit.

3. Arbitrarily select a direction for the loops and apply Kirchoff's

Voltage Law.

4. Simultaneously, solve the equations. resulting from Steps 3 and 4.

Solved Problem

Find the currents in the following circuit.

30



-22-

Soluti?n1

1. ASSUME branch currents I as shown.

2. Apply Kirchoff's Current Law:

(1) I
1
= I

2
+ I

3
+ 1

4

(2) I + I = I
3 4 .5

(3) I
2
+ I

5
= I

1

3. Apply Kirchoff's Voltage Law to the loops indicated.

loop 1

(4) V1 - V2 = RlIl + R2I1 + R3I2

(V
2
is negative due to + td - polarity)

loop 2

V3

(5) V
2
= -R 3I2 + R4I3 + R7I5

(R
3
I
2

is negative due to the direction of I
2
relative to loop 2)

loop 3

(6) V
3
= -R 4I3 + R5I4 + R6I4
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Reordering and combining terms in the above equations yields

(1) I1- I2- 1
3

- I
4
= 0

(2) I
3
+ I

4
- 1

5
= 0

(3) I
2

+ I
5
- I

1
= 0

(4) (R
1
+ R

2
)1

1
+ R3I2 = V1 - V2

(5) R3I2 + R4I3 + R715 = V2

(6) -R
4
I
3
+ (R

5
+ R

6
)I

4
= V

3

Substituting the values and rewriting so that Cramer's Rule* may be

applied.

(1) (1)I
1
+ (-1)I

2
+ (-1)I

3
+ ( -1)14 + (0)I

5
= 0

(2) (0)I
1
+ (0)I

2
+ (1)I

3
+ (1)1

4
+ (-1)I

5
0

(3) (-1)I
1
+ (1)I

2
+ (0)13 + (0)14 + (1)1

5
0

(4) (15)I
1
+ (15)1

2
+ (0)I

3
+ (0)I

4
+ (0)I

5
= -5

(5) (0) I
1
+ (-15) 1

2
+ (6)1

3
+ (0) 1

4
+ (4)1

5
= 10

(6) (0)I
1
+ (0)I

2
+ (-6)1

3
+ (14)1

4
+ (0)I

5
= 7

*See study guide "Algebraic & Trigonrmetric Equations with Applications."
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This system of equations may be solved by applying Cramer's rule or one

of the many computer or calculator programs available to any five of the
above equations.

This yields the following values for the branch currents.

I
1
= 0.139 A

I
2
= -0.472 A (in opposite direction as indicated)

I
3
= 0.078 A

I
4
= 0.533 A

I
5
= 0.611 A

Student Problem:

Find the currents in the circuit below.
V
1

if

R1

R
2

R
1
= 100

R
4
= 75

0

0

R
2
= 50 0

R
5
= 20 Q

R
3
= 25

6
= 30

0

0

V
1

= 12 V - V2 = 10 V V3 = 8.11

(I 82 mA I = 69 mA, I = 151 mA, I = 69 mA, I
R

= 119 mA, I
R

= 188 mA)

R1 R3 R
4 5 6

Laboratory

In the laboratory the student should be able to connect a multiloop circuit

and measure the currents through each branch in order to verify Kirchoff's Laws

3'11.1
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CHAPTER IV

Operational Amplifier

SECTION 1: The Op -Amp

The operational amplifier or op-amp is a direct-coupled, high voltage gain

(103 109) amplifier characterized by high input resistance and low

output resistance. These are available as integrated circuits. The symbol

for the op -amp is a triangle pointing in the direction of signal flow as

shown in Figure 14. It has two input terminals called the inverting (-) and

non-inverting (+) inputa.

Figure 14.

Op-Amp Symbol

output

Power for the op-amp is supplied by a DC power supply connected as shown in

Figure 13.

Figure 15.
Basic Op -Amp Circuit

3.,2;
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The amplifier amplifies the voltage difference between the inverting and

non-inverting inputs by a large constant factor A. For this reason the op-amp

is also called a differential amplifier. This relation between the output

voltage V
o

and the input voltage (VA
and V ) is

V
o
= A(V

A
- V

B
)

where A is the open loop gain which can vary from 10
3
to 10

9
depending on

the device.

The range of possible output voltages is determined by the power supply

voltages so that

- V < Vo < + V

where -V and +V are the power supply voltages.

Power supply voltages are typically ±9 to ±15 volts. Thus the voltage difference

(V - VD) can only be fractions of a millivolt without exceeding the maximum

alrowabre output voltage.

SECTION 2: Inverting Amplifier

Most commonly, op-amps are used with feedback circuits - a portion of the cir-

cuit which connects or feeds the output back to the input. The result is called

a closed-loop op-amp circuit. In this connection the gain is essentially in-

dependent of the_open loop gain of the op-amp. The simplest of these circuits

is the inverting amplifier shown in Figure 16. In this circuit the`, eedback

resistor,
input.

, provides a current loop connecting the output back to the in-

verting nput.

R.

Figure 16.
Inverting, Amplifier
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The'closed-loop gain (G)of the inverting amplifier is determined by the fraction

of the output voltage that appears at the inverting input. In the circuit

of Pigure16, this is determined by the values of the voltage divider,

resistors R
f

and R..
Rf

G
Vo

-
Vi R:

The negative voltage gain i the result of a polarity inversion between the input

-and tbe output.

The input resistance (the resistance between the input connections) of the invert-

ing amplifier is determined by the value of

R. R,
in i

Colved Problems

1. What. is the ir4ut resistance and closed-loop gain of an inverting amplifier

with R,
1
= 10,000 n and R

f
= 50,000 g?

R. = R.
1
= 10,000 a

in

R
f 50,00052

G = - =
10,000 g

- 5

2. What values of R. and R f will produce an inverting amplifier with an in-

put resistance of/250 g and a closed-loop gain of -1000?

R. = R, = 250 g
1 in

-R
f

G = R.

R
f
= -G R

i

= -(-1000)(250)

R
f
= 2.50 x 10

5
a - 250 k12

3G
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Student Problems

1. What are the input resistance and closed loop gain of an inverting amplifier

withR.=1,000 a and R
f
= 250,000 I? (1 k0,-250)

2. What values of R. and Rf
will produce an inverting amplifier with an input

resistance of 10,600 0 and a gain of-100? (10 1(0, 1 N(2)

SECTION 3: Non-Inverting Amplifier

An op-amp can be used_to produce ar rplifier which does not cause a polarity

inversion. This circuit, called a . n-inverting amplifier, is shown in Figure

17. R. Rf

1111=1

Figure 17.

Non-Inverting Amplifier

The closed -loop gain for this amplifier is given by

G

V
o o

R
a I + f

V
i

Rf

For most circuits R /R. is large and the gaji4ls approximately G =
f

R.

The input resistance is the resistance between the + and - inputs of the op-amp,

and is generally quite large, several megohms.

3



- 29-

Solved Problems

1. What is the gain of a non-inverting amplifier with Ri = 1.5 1'2 and

R
f

= 250 kip ?

R
f

G = 1 +

= 1
2.5 x 10

5

+

1.5 x 10
3

Gr.= 170

2. What must be the value of R f to produce a non-inverting amplifier with a

gainof1000whenR.=50
Rf

G = 1 +

R

G - 1 =
R.

Rf = Ri (G - 1)

50 12 (1000 - 1)

= 5.0 x 10
4

= 50 kfl

Student Problems

1. What is the gain of a non-inverting amplifier with Ri = 7.5 k0 and

R
f

= 150 3627 (20)

2. What value of R. is necessary to produce a non-inverting amplifier with

a gain of 200 Aen Rf = 100 kW (500 0)

A special case of the non-inverting amplifier is the voltage follower in which

.
the output of the amplifier is connected directly to the inverting input

with no feedback resistors as shown in Figure 18. This amplifier connecticn

has a gain of one and is often used as a buffer stage when a high input re-

sistance circuit is required.

33
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V.

Figure 18.
Voltage Follower

SECTION 4: AC Characteristics

The op-amp can operate over a wide range of frequencies from zero to

fairly high AC frequencies. The response of the amplifier is desig-
nated by the half-power point (or corner frequency) and the roll off.
The corner frequency is the frequency for which the gain has dropped to
0.707 of the DC gain. The roll off describes the decrease in gain as
frequency increases and is usually stated in dB/octave. The dB in this
case is defined by

dB it 20 log (G /GDC)

where G is the gain at a given frequency and Gnr is the DC gain.
Most linear op-amps have a roll off of about 6-BB/octave. When the

op-amp is connected to a feedback circuit, the closed-loop gain is
considerably smaller than the open-loop gain; the corner frequency'
is, however, increased considerably.

Laboratory

In the laboratory the student should be able to connect an op-amp
into circuits to produce an inverting and non-inverting amplifier.
The characteristics of the amplifiers, such as closed-loop gain, input

impedance, and AC response, should then be determined.

ti



CHAPTER V

Bridge Circuits

(SECTION 1: DC Bridge

.

,

The Wheatstone bridge is a circuit for measuring resistance. The circuit can

'
be operated in two modes. The balanced condition results in zero output

voltage, and the unbalanced condition uses the output voltage as a measu e of

the resistance. The basic bridge circuit is shown in Figure 42, It con istsof

two voltage dividers in parallel having a detector across the center connections.

sFigure 19.
Wheatstone Bridge

In Figure 18 Rx is the unknown resistance to be measured, R3 is a variable,

"mown resistance, R 1 and R 2 are fixed resistors.

The condition for bridge balande (VBc = 0) is

Rl

R = R
x 3 R2

a

In the balanced condition values of Rx can be determined to high precision

(6 significant figures) provided that the values of R 1 , R
2
and R

3
are accurately.'

,Anow0to the same precisicn and the bridge detector D is sufficiently sensitive.

40



The sensitivity of the bridge is the ratio of the output voltage change Asc

to a small change in Rx, ARx.

AV
Sensitivity =

AR
x

The sensitivity is greatest when Rx = Ri and R3'= R2, the resulting maximum

sensitivity is also dependent on the applied voltage:

Sensitivity =

The sensitivity is given in volts/ohm.

-v
4R1

In the unbalanced (off null) bridge the unknown resistance is determined from

the output voltage. if Rx equals R1 at balance, then a small change in Rx

results in a voltage given by
AR

V
BC

= -V
4R

1

x

The unbalanced bridge is quite useful when a resistive transducer (such as a

the u..:stor, photoconductor or rain gauge) is used as the unknown resistor

sine_ Ole variation in output voltage_is nearly linear with changes in AR
x.

over a smail range. Iftlhe_resiStance change is also linear with changes in

the physical varies- (temperature, light, strain) then the bridge voltage is

a direct measure of the change in physical variable.

Solved, Problems

1. 'What is the value of the unknown resistance, Rx, when a bridge is balanced

with R
1
= 400 S2, R

2
= 600 S2 and R

3
= 1000 i.2?

1
R = R

3
--

x R
2

400 St
= 1000 QQ--0-7-2)

R
x

= 667 St
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2. What is the maximum sensitivity for a bridge circuifif the applied

voltage is 1.5 V and R
1
= 2.0 kU?

Sensitivity =
4R

1

-V

-1.5 V

4(2.0 x 103 0)

= -1.9 x 10-4 VA

3: For an unbalanced bridge with an applied voltage of 6 V, what will be the
output voltage if Rx changes from 1.5 kS2 at null to 1.6 kc2?

Student Problems

AR
xV

BC
= -V

4R
1

= -6 V
.1 x 10352

V
BC

= .1 V

4(1.5 x 10
3

St)

1. What is the unknown resistance, R
x'

if a bridge is balanced when P = 10 kQ,

R
2

= 8.0 kS/ and R
3
= 12 kQ? (15 )62)

2. What is the maximum sensitivity for a bridge if the applied voltage is

1.0,,,y and P1 = 10 kQ? (-2.5 x 10
5
VA)

3. A voltage of 1.5 V is applied to a bridge. The bridge is balanced for

R
x
= 800 Q. What is the output voltage when R

x
changes to 775 Q?

SECTION 2; AC Bridge

(12

Tt brOge circuit can also be used to measure the AC impedance of circuit

c(rponents. The AC bridge circuit is shown in Figure 20.
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Figure 20,

AC Bridge Circuit

The cofdition for balance of this circuit is the same as for a DC circuit.

Z
1Z= Z

3 Z

where Z is the AC impedance of the components. Most commonly this type of

circuit is used to measure capacitance by inserting a known capacitance for

Z1, a known resistor for Z2, and a variable resistor for Z
3
as in Figure 21.

Vac

Fiqur,

Ciatiar. t:inf:, I: r dru r I r' 1.11 t
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Since the impedance for a capacitortis given by

1
Z -

where f is the frequency in heftz and C the capacitance in farads.

and the impedarce for a resistor is

Z =

the condition for balance of the capacitor bridge is

1 ,

R3
1

2nfc
x

R
2

ZnfC
1

or

R
2

R
3

Solved Froblem

4 What is the value vi the unknown capacitance when a capacitance bridge

is balanced with C
1
= 1.0 vicrofarad R

2
= 600 it and R

3
= 500 C2?

R
2

C = C
x 1 R

3

600 (.2
= (1.0 x 10

-6
F)

500 it

1.2 x 10
-6

F

-Student Problem

4. Wha.. is the unknown capacitance when a capacitance bridge is balanced with

C
1
= 2.5 nanofarads, R

2
= 1.5 162 and R

3
= 2 162?

(1.9nF)

4
4

Lx
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CHAPTER VI

Temperature Transducers

SECTION 1: Resistance Thermometer

The resistance thermometer utilizes the fact that resistivity and thus resis-

tance changes with temperature in a known and reproducible manner. The re-

sistance of an element is related to temperature approximately by

R = R
0
(1 + AT + BT2)

where R
o

is the resistance at 0°C, and A and B are constants characteristic of

the material from which the resistor is made. As can be seen from the equa-

tion, the resistance of a resistance thermometer increases as the temperature

increases and vice-versa. The temperature for various values of R can be

found from known values of R, A,and B, by solving the above quadratic equa-

tion,but are usually found froom calibration graphs. The resistance of the

resistance thermometer is generally 4etermined by using some type of Wheat-

stone bridge. Some commonly used materials for resistance thermometers and

their range of operation are given irk Table 3.

.
\

Temperature Range, C°

Material Lower Upper

Platinum -260 650

Copper -200 150

Nickel - 70 150

Table 3

Common Resistance Thermometer_MAterials and Ranges
4

Solved Problem

1. For platinum A = 3.96 x 10
-3

and B = -5.83 x 10
-6

. If a platinum resistor

has a resistance of 130 0 at 0° C, for what temperature will the resistance

be 180 0?

R = R
o
(1 + AT + BT

2
)

180 !.2 = 130 0a + (3.96 x 10-)T (5.83 x 106)T2]

180 = 130 + (5.15 x 10
1
)T -(7.58 x 10

-4
)T

2

0 = -50 +. 5.15 x 10
-1
T - 7.58 z 10

-4
T
2

A quadratic solving program gives 118 and :61 :I% trif vAJtie,n, in,

equation. We seleft the value nearest r) as Mpg rritJr, .
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Student Problem

1. A platinum thermometer has resistance of 130 Q at 0° C. For what tempera-

ture is the resistance 210 Q?
(240 C)

SECTION 2: Thermistors

Thermistors are a type of resistance thermometer made from a mixture of metallic

oxides. These mixtures are called semiconductors because their conductivity

is less than that of most metals but greater than that of typical insulators.

These semiconductor materials have high negative temperature coefficients of

resistance. As a result their resistance decreases as temperature increases

according to

log R = 0.434 a
1

+ b

B is a constant characteristic of the semiconductor material of the thermistor

and b is a constant characteristic of the particular thermistor at the time

the temperature is measured. Although the log of the resistance varies as

1/T, for very small ranges of temperature R changes almost linearly with T.

The resistance of thermistors is best determined by the use of a Wheatstone

bridge although an ohmmeter may be used. Once the resistance is measured,the

temperature can be determined from a calibration curve or from the manufacturer's

data. The range of operation of thermistors is typically from -60 C° to 300 C°.

SECTION 3: Thermocouples

Thermocouples are a pair of junctions of two dissimilar metals. When there

is a temperature difference between the two junctions, a voltage is produced.

The greater the difference in temperature the greater the voltage produced: In

order to measure temperature, one junction is held at a reference temperature

such as the ice point or room temperature, and the other junction is placed in

contact with the temperature to be determined. Since the resulting voltage is

only a few millivolts, it is necessary to measure this with a millivolt meter

or a potentiometer. One can also amplify the voltages by a known amount

and measure the amplified voltage with a conventional voltmeter. Once the

voltage is determined a calibration table such as Table 4 can be used to find

the temperature difference of the thermocouple junctions. For example, if

copper-constantan thermocouple prodsces a voltage of 3.087 mV with one junction

of 0
oC, the other junction is at 74 C. Ranges of operation for some common

thermocouples are given in Table 5.

4;;
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(

COPPER-CONSTANTAN THERMOCOUPLE
REFERENCE JUNCTION 00C

millivolts

0 1 2 3 4 5 6 7 8 9

j+)0 0.000 0.038 0.077 0.116 0.154 0.193 0.232 0.271 0.311 0.350

10 0.389 0.429 0.468 0.508 0.547 0.587 0.627 0.667 0.707 0.747

20 0.787 0.827 0.868 0.908 0.949 10.990 1.030 1.071 1.112 1.153

30 1.194 1.235 1'.277 1.318 1.360 1.401 1.443 1.485 1.526 1.568

40 1,610 1.652 1.694 1.737 1.779 1.821 1.864 1.907 1.949 1.992

50 2.035 2.078 2.121 2.164 2.207 2.250 2.293 2.336 2.380 2.423

60 2.467 2.511 2.555 2.599 2.643 2.687 2.731 2.775 2.820 2.864

70 2.908 2.953 2.997 3.042 3.087 3.132 3.177 3.222 3.267 3.312

80 3.357 3.402 3.448 3.493 3.539 3.584 3.630 3.676 3.722 3.767

90 3.813 3.859 3.906 3.952 3.998 4.044 4.091 4.138 4.184 4.230

100 4.277 4.324 4.371 4.418 4.465 4.512 4.559 4.606 4.654 4.701

110 4.7 9 '4.796 4.843 4.891 4.939 4.987 5.035 ,5.083 5.131 5.179

120 5.2 7 5.275 5.323 5.372 5.420 5.469 5.518 5.566 5.615 5.663

130 5.71,- 5.761 5.810 5.859 5.908 5.957 6.007 6.056 6.105 6.155

140 6.204 6.254 6.303 6.353 6.403 6.453 6.503 6.553 6.603 6.653

153 6.703 6.753 6.803 6.853 6.904 6.954 7.004 7.055 7.106 7.157

160 7.208 7.258 7.309 7.360 7.411 7.462 7.513 7.565 7.616 7.667

170 7.719 7.770 7.822 7.874 7.926 7.978 8.029 8.080 8.132 '8.184

180 8.216 8.288 8.340 8.392 8.445 8.497 8.549 8.601 8.654 8.707

190 8.759 8.812 8.864 8.917 8.970 9.023 9.076 9.129 9.182 9.235

200 9.288 9.341 9.394 9.448 9.501 9.555 9.608 9.662 9.715 9.769

Table 4.

Calibration Table for Copper-Constantan

Temperature Range, C
o

Thermocouple Pair Lower Upper

Copper-Constantan -200 400

Iron-Constantan - 20 800

Chromel-Alumel - 20 1300

PlatinuM/Rhodium Platinum - 20 1500

Table 5.

Thermocouple materials and rangs

4"'
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SECTION 4: Applications

In the use of any temperature transducer it is important to keep in mind that

the temperature indicated is the temperature of the transducer; not necessarily

the temperature desired. Alsoka certain amount of time,the response time, is

necessary for the transducer to indicate any change in temperature. Et is also

desirable that the method used for measuring the electrical signal produced

not change the temperature of the transducer. This means that care must be taken

in using resistance thermometers and thermistors to keep the current through

these deviCes t a minimum as greater currents produce self-heating effects.

Another import t consideration is to select a transducer appropriate for the

range of temper tures to be measured. One of the most important considerations

in selecting a emperature transducer is accuracy. Approximate values of accuracy,

response time,/and range of operation for the various types of temperature trans-

ducers are given in Table 6.

LABORATORY

/ransducer
Type

Iiesistance

Thermometer

iThermistor

Range, C
0

Response Accuracy

Time

' Thermocouple

-250 to 800 1 second -±0.2 C°

7 60 to 300 several depends on

seconds temperature

-260 to 900 2 seconds -±3.2 C
0

Table 6.

Temperature Transducer Characteristics

-
The student should be able to use any of the above transducers with appro-

priate devices to determine temperatures. By inserting a thermistor into one

arm of a Wheatstone bridge circuit and amplifying the output with a non-inverting

amplifier the student should ocmstruct and calibrate an electronic thermometer.



CHAPTER VII

Power Amplifier

SECTION Transistor Basics

Transistors are solid state devices made of two types of materials. The "P"

type material has an excess of positive charge carriers (holes) and the "N"

type material has an excess of negative charge carriers (electrons). These

materials are combined as in Figure 21 to produce a PNP transistor.

emitter base collector

P N P

Figure 22.

PNP Transistor

The parts of the transistor are identified as the emitter, base- and collector.

The schematic_symbol for the PNP transistor is shown in Figure 23a.

Figure 23a.

Schematic PNP Transistor

A second type of transistor is produced by reversing the types of materials

of the emitter, base, and collector. This produces an NPN transistor as shown

schematically in Figure 23b.

41;.)



Figure 23b.
Schematic NPN Transistor

Both types of transistors act much like a valve. A small Current from the base

to emitter (IB) can control relatively large currents from the collector to
the emitter (I C . This process of current amplification makes the transistor
quite useful. The DC current gain (p

e
) is given by

=

B

The only major difference between PNP and NPN transistors is that voltage
supply polarities must be reversed and thus current flow is reversed.

Transistors are usually connected in one of three ways: common base, common

collector, or common emitter. The most frequently used method is the common
emitter as shown for NPN and PNP transistors in Figfare 24.

T
C

Figure 24a.
NPN Common Emitter
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Ao

-1 I I

410

Figure 24b.
PNP Common Emitter

The output characteristics of transistors in common emitter configuration
are usually presented graphically by plotting collector current (lc) against
collector-emitter voltage for various base currents (IB) as in Figure 25.

Ira

I
B7

T
B6

I
B5

I
B4

V
CE

Figure
1

Common Emitter Characteristic Curves

I
B3

B2

I
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The specifications of a transistor are usually found on the mainifaciuret::

"spec sheet". These include such general specifications as the uses and
physical dimensions of the transistor and specific characteristics such as
maximum ratings and thermal characteristics. Figure 26 is a spec sheet for

an NPN power transistor.

1

52ti
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Transistor Spec Sheet
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Althoughthe transistor is rapidly being replaced in most applications by

integrated circuits Ws), in cases where large amounts of power must be dis--

owesipated, such as the r amplifier, power transistors are used. One

problem with transist rs in such applications is that as temperature in-
creases, so does the gain of the transistor. This can result in "thermal

runaway," a process in which the transistor is quickly damaged.
the

method

of preventing therMal runaway is to insert a resistor (RE) alto the emitter

circuit. If the emitter current increases the voltage drop across RE'

increases. This causes a decrease in current and thus prevents runaway.
Figure 27 shows a typical common emitter amplifier circuit which con-
trols thermal runaway, designed for operation with a single power supply.

r
LABORATORY

Figure?-17,

Common Emitter Amplifier with Temperature Compensation

1

In the laboratory, the student should be able to connect a common emitt.rr ampli-

fier using an NPN or- ;a PNP transistor. The student should re able to
determine characte./stics of these circuits such as gain, power dissipation,
phase relatidnship for AC signals-and distortion of signals.
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\SECTION 2: Power AmElifier-

46-

Currently transistors are used in power amplifiers where large amounts of

power must be transferred. In ,,.lost applications a high input impedance is

required to prevent distortion of the signal source. At the sane time a low,

output impedance is frequently required in order to operate certain readout

devices. These two requirements are best met by using the emitter-follower

(common collector) transistor circuit shown in Figure 28.

0

+ v

Figure 28.
NPN Emitter Follower

The maximum output voltage of the emitter-follower is given by

R
L

V
(R )V
C

+ RL

and the maximum load current is

4

'L
max

, RC + RL
V

Thy inp resistance is given by

R: = (1 + S
F
)R
L

where V ii the power supply voltage.
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and the power gain is approximately given by

(;

The voltage transtet caraclerIsLicsof an emitter-tollower are best pre-
sented by graphing output voltage (V

0
) against voltage (V

I
) as in Figure 29.

( .6 V)

Figure 29.

NPN EmitterFollower
Voltage Transfer Characteristics

V
I

The "dead" region 'of the voltage trans7er is caused by the fact that the NPN
transistor does not "turn on" until the input voltage is greater than 0.6
volts.

The NPN emitter-follower allows amplification of only positive signals. It %

is necessary to use a PNP emitter-follower as in Figure 30 to amplify negative
signals

V

Figure 30.
PNP Emitter-Follower

5c
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The voltage transfer characteristic for the PNP emitter-follower is shown

in Figure 31.

V0

Figure 31.

PNP Emitter-Follower
Voltage Transfer Characteristics

) V1

The PNP emitter-follower circuit amplifies only negative signals. Since it is

often desirable to amplify both positive and negative signals, a combination

of NPN and PNP emitter-follower circuits,must be used. Such a circuit, called

a complimentary emitter-followeT amplifier is shown in Figure 32.

R
S

Figure 32.

Complimentary Emitter-Follower Amplifi

Li



When the signal
has no effect..
and the NPN has
tion of the NPN

voltage is positiveothe
When the signal voltage
no effect. The voltage
and PNP characteristics

- 49-

NPN transistor conducts and the PNP
is negative the PNP transistor conducts
transfer characteristic is a combina-

as in Figure 33.

. VI

Figure 33.
Complimentary Emitter-Follower Voltage Tr=nsfer Characteristic

The result of the dead region of the complimentary emitter-follower is that

for an AC signal, the output suffers from "crossover distortion" as in Fig-

ure 34.

input

siTpal

V0

output
signal

V
I

Figure 34.

Crossover Distortion by Dead Region in
Complimentary Emitter-Follower

5(
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This crossover distortion can be nearly eliminated by the addition of an

op-amp in the non-inverting mode as in Figure 35.

R.
1

+V

Rc

vz

WWWND

Dane

fW/W44D

Figure 35.

Op-Amp and Complimentary Emitter-Follower Amplifier

V

The resistor Rf provides feedback from the emitter-follower output to the op-

amp input. This feedback loop is open when the emitter-follower is not conduct-

ing. The result is that the dead region is reduced by a factor of approximately

l/A where A is the open-loop gain of the op-amp. The voltage gain of such a

power amplifier is the same as the gain of the non-inverting amplifier:

V R
f

+ R.

VI R.
1

In practical applications it is desirable to be able to control the gain and

DC offset of the power amplifier. This car be accomplished by including two

potentiometers in the circuit as in Figure 36.
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+v + v

offset
potentiometer

R.

MUNN
IMOD

VI

I 1..

.41.-------.

Gain

potentiometer

Figure 36.
Power Amplifier with Gain Control and DC Offset Control

The power amplifier is characterized by the following parameters:

maximum output voltage
R
L

VOmax
RC +

RL)V

V
maximum load current i

L R + R
max C L

input impedance at transistor base Rin =(1 a
F
)R
L

Input impedance of op-amp, approximately 10 M2

maximum voltage gain
V
0

Rf + Ri

V
I

R,

Gil
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LABORATORY

In the laborory the student should be able to assemble a power amplifier

with gain and DC offset controls. The student should then determine it'; charac-

teristics; gain, crossover distortion and maximum operating range.
.
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CHAPTER VIII

Recorders

Recorders are devices which produce graphical representations of electrical

signals. There are two main types of recorders: Chart recorders and X - Y

recorders.

SECTION 1: Chart Recorders

Chart Recorders will draw a graphical representation of an electrical signal

as a function of time. This is accoMplished by pulling-a,paper chart at a

constant Speed under a pen. The displacement of the pen is determined by

the input signal. There are two typei of chart recorders. Linear chart

recorders utilize a servo motor and resistance feedback to drive the pen in

such a manner that pen displacement is linearly related toinput signal.

A linear chart recorder and the type of chart it uses are shown in Figure 37.

r-r-r rrr
L 1 1i

I fIL
I I

minummummummummul
OOMMIMMONIMOOMOMMOO
wriantainagnal
MOMOMMOOMMUMMOMMMOIMMOTOMMMME

Miff, EMOOMOMMI
Mum MOMIMMION
111111111111
MUT IBM.

Figure 37. Linear Chart Recorder
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Non-linear chart recorders,use a galvanometer movement to cause the pen
to pivot about some point. Whilauthis type of recorder is less expensive
to build than a linear recorder, the deflection of the pen is not linearly
related to input signal and a non-linear chart must be used. Figure 38

shows a non-linear chart recorder.

Figure 38. Nonlinear Chart Recorder

Chart recorders are available with a wide selection of sensitivities
ranging from a few millivolts to several hundred volts for full scale

deflection. There is also a wide selection of chart speeds typically from

several centimeters per minute to a few centimeters per day. The sensi-

tivity and chart speed required depend on the magnitu4 of the signal to

be plotted and the rate at which it changes. Some chart recorders have

the capability of recording more than one signal at a time. These are

referred to as multi-channel chart recorders. Chart recorders are often

used to monitor' physical parameters (such as temperature or pressure)

over periods of time and are often used as the output device in physical,

chemical, and medical instruments.

SECTION 2: X - Y Recorders

X - Y recorders draw a graphical representation of one electrical signql

(Y) as a function of another electrical signal (X). A typical X - Y rorder

is shown In Figure 39.

rA

tJ
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II 1 1111
11!11111 U = µ 1111
1121111 11111

PILO! -1111rriusurarin..p.........vme.
...mum MIMEO

Figure 39. X-Y Recorder'

X - Y recorders are also available with a variety of sensitivities and are
usually calibrated in V/cm or V/in. By choosing the proper transducer
and necessary auxiliary circuits the X - Y recorder can be used to plot
one physical parameter as,a function of another, such as pressure as a
function of temperature. Some X - Y recorders-also provide the option of
plotting time on one of the axis. This allows the plotting of one physical
parameter as a function of time over time intervals of a few seconds.

LABORATORY

In the laboratory the sc.:dent should be able to connect a chart or X - Y
recorder to obtain a plot of one physical parameter as a function of
another or as a function of time.

6
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CHAPTER IX

Strain Gauge

The strain gauge is a force displacement transducer. Strain gauges are commonly

made of wire or metal foil arranged as in Figure 40.

)

)

)

111IL

Figure 40.
Typical Strain Gauge Configuration

Changes in the length of the wire or foil of the strain gauge cause changes in

the resistance of the gauge according to

QR =KAL
R L

where 4R is the change in resistance, R is the original resistance, AL is the

change in length, L is the original length, and K is the gauge factor. The gauge

factor is a characteristic of the strain gauge and is usually supplied by the

manufacturer.

Strain gauges can be cemented to the surface of the object in which strain is to

be measured in a variety of configurations as shown in Figure 41.

S.G. 1

S.G. 2

a.

Two strain gauges on a thin beam

Figure 41.

b.

Four strain gauges on a load cell
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c.

Four strain gauges on a force ring

Figure 41.

Strain gauges are usually mounted in opposing pairs so that strain produces an in-

crease in resistance of one gauge and decreases in :resistances ofipthe other. The

use of pairs of gauges also decreases the effect of temperature changes. These

changes in resistance are measured by use of a Wheatstone bridge as in Figure 42.

Temperature

Compensation

SG

Calibration Resistance

Figure 42.

The Strain Gauge Wheatstone Bridge

The use of two or four opposing strain gauges in the Wheatstone bridge produces
greater output signals than does a single gauge.

Strain gauges can also be used to measure physical quantities which cause re-
sulting strains such as force, pressure, and acceleration. Figure 43 shows a'

circular-diaphragm with strain gauges attached for measuring pressure.

66
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Pressure

NN44.

S.G. 2

Figure 43.
Circular Diaphragm for Pressure Measurement

The disadvantage of this type of arrangement is that it is linear only for a

small range of pressures. For a greater range of linearity a cantilever spring
and bellows arrangement as in Figure 44, may be used.

Pressure

Bonded Strain Gauges
Cantilever
Spring

Push
Rod

Hinge

LABORATORY

Figure 44.
Cantilever-type Pressure Transducer

The studcnl should be able to connect strain gauges in a bridge circuit with linear

op-amp to measure stress in a load cell or force ring. Using a strain gauge pres-

sure transducer in a bridge with the output amplified by a power amp and fed to

a strip-chart recorder, the student should be able to build a recording pros,;ur,.

gauge.

6 4-
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Light Transducers

Light transducers are devicedWhich convert electromagnetic radiation to electric

signals. There are three major types of light transducers: photoemissive,
photovoltaic, and photoconductive.

SECTION 1: Photoemissive Tubes

, Photoemissive transducers are vacuum tubes which rely on the principle of electrons
being emitted by some materials wheri light strikes the surface. This surface is

the cathode of the tube and the emitted electrons are moved to the anode by the
potential provided by a power shpply. Figure 45 illustrates a photoemissive
(photoeectric) tube.

Light

Anode

Gas or Vacuum Tube

_Cathode

+V

Figure 45,

The Photoemissive Tube

4

Each photosensitive material has a threshold wavelength. It _is necessary

for the wavelength of light to be shorter than this threshold in order to
emit electrons. For most materials the threshold wavelength is in the ultra-
violet region (200-400 nm) of the spectrum. For potassium and cesium oxide,
however, the threshold wavelength is in the visible region (400-700 nm) of
the spectrum.

For the photoemissive tube, the saturation current is a function of the lum-
inous flux striking the cathode. Sinbe the currents in the tube are small
(about 10 4A), the photoemissive tube is best connected to an op-amp as in
Figure 46.

LJ
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R
f

Figure 46.
Photoemissive Tube in an Op-amp Circuit

SECTION 2: Photovoltaic Cells

Photovoltaic cells are solid-state, semiconductor devices which convert radiant

energy directly into a voltage. These devices are more commonly called 'solar

cells" since they are frequently used to convert radiation from the sun into

electrical power. Silicon and selenium are the materials most often used in photo-

voltaic cells.

''The potential produced by the cell is small (approxi,-ately 0.6 V for silicon in

full sunlight) and is not a linear function of illumination for an open circuit.

For a low resistance circuit, such as a microammeter, howev.i. the current Is a

nearly linrar function of illumination as in Figure 47.

250
100

200 500 SZ

1000 Q
150

1500 Q

100

3000 0

50

10 20 30 40 51 60

(Footcandles)

Figtre 47.

Output Current for a Typical Photovoltaio,Cell
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fAfLr A r,Lri(A (A- Lontinually drawing current from the photovoltaic cell, the
fatigue effect reduces the amount of current produced by a constant illumination.]

In the measurement of radiation, this can be avoided by drawing very small currents
or by limiting measurements to short time intervals. In the production of

cal power, however, the fatigue cannot be avoided.

SECTION 3: Photoconductive Cells

Photoconductors (or photoresistors) are devices for which the resistance changes
depending on illumination. The resistance of these cells decreases as illumina-

tion increases. This change is non-linear as seen in Figure 48.

10
6

c

10 .

10
2

10
1

0.5 1.0 1.5 2.0 2.5

Illuminance (Lux)

Figure 48.
Photoconductor Response

Mdmtuv, sulfIde (CdS) is commonly used in photoconductive cells to produce dark
resistance up to 100,000 times greater than light resistance. Photoconductors
using CdS also have spectral responses which very closely match that of, the\human
eye'and can be used to measure illumination without the photometric filter neces-
sary for other light transducers. Because of their low cost, low power consump-
tion, and spectral response, CdS cells are often used in phut-.,araphic light meters.

A pair of these cells, with one 'sealed from the Ugh,- for tempei. :lire compensation,
'an be used in a Wheatstone bridge (Figure 49) for phutometytc measurement.
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Light-tight

face

Figure 49.
Wheatstone Bridge with Pair of Photoconductors for

Temperature Compensation

Although photoconductors can be used for photometry, their non-linearity has
led to their wider use in chopping and tric,jering circuitry such as in some

electronic automobile "ignition systems.

LABORATORY

By varying the distance from a standard lamp, the student should be able to mea-
:/re input-output characteristics for photoemitters, photovoltaic cells, and photo-

conductors. With these input-output characteristics and auxiliary circuits (op-
amp, power amp, counter, etc.) the student-should be able to measure light levels, or

build light controlled devices.

7.;
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CHAPTER XI

Sound Transducers

SECTION 1: Crystal Microphone

Jne of the most versatile sound transducers is the crystal microphone which uses
the piezoelectric effect to transduce vibrations into electric signals. In

piezoelectric crystals, such as quartz and Rochelle salt, elastic strain along the
mechanical axis of the crystal results in a proportional electric potential between
opposite sides of the crystal.

In the crystal microphone, vibrations in the air strike a dia_hragm-TATch is
mechanically, connected to the crystal as shown in !figure This results in a

potential difference between the electrodes which is proportional to the strength
of the vibration. The crystal microphone can be used to detect frequencies from
a few hertz to several megahertz. The impedance of a crystal microphone is rather

high, which makes it I. good input device for an amplifier.

The piezoelectric effect can also be used in other types of transducers where
forces are produced, such as an accelerometer.

Diaphragm Crystal

Electrodes

Figure 50.
Crystal Microphone

r
ti

Signal
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ioutkpeaKor

louchweaker is most frequently used to transduce electric signals into sound
vibrations although the reverse can be done. The loud speaker consists of a mag-
net (either permanent or an electromagnet) and a "spider" with a coil, the voice
coil,,around it. The spider is made of a soft-fabric and is attached to the speak.2r

cone. Figure 51 shows the arrangement of the magnet, voice coil, spider and speaker
cone.

-.Permanent Magnet

Spider

Voice Coil

Speaker Cone

Figure 51.
Permanent Magnet Loud Speaker

As a current is passed through the voice coil, the resultin magnetic field
interacts with that of the permanent magnet resulting in vibrations of the speaker
cone which are the same frequency as the current to the voice coil. In speakers
using an electrOmagnet, the magnetic field is produced by a steady current though
the electromagnet rather than by .a permanent magnet.

One major factor governing the amount of sound produced is the mechanical resonance
of the speaker cone. As a result, large cones are used to produce low frequency
sounds end small cones are used to produce high frequencies. Another factor
the impedance of the speaker which should be closely matched to the output 411-
pedance of the amplifier in order to produce the maximum power transfer. Ine
impedance of a speaker is primarily the resistance of the voice coil and changes'
very little over the range of audio frequencies. Speakers are commonly available
with impedances of 4, 8, 25, 50, 100, and 200 ohms over the range of audio
frequencies.

1.1borat ory

:stiRfilit should investigate the characteristics (particularly frequency
w_p(41,;) f)f a crystal microphone and loud speaker.

7



CHAPTER XII

Linear Variable Differential Transformer

The linear variable differential transformer (LVDT) is a displacement transducer
which relys on changes in mutual inductance to produce a signal. The LVDT con-

sists of a transformer with a single primary coil (P) coupled t6 two identical
secondary coils (S1 & by by a movable core as shown in Figure 52.

V1 V2

Figure 52.
Linear Variable Differential Transformer

The core is mechanically linked to the object for which the displacement is to

be measured. With the core in its neutral (or null) position, the mutual inductance

between P and S is the same as between P and S
2.

As a result, the voltages from

the secondaries
1
(V

1
and V,) are the same. When the core is moved, one secondary

voltage will increase white the other decreases. The amount of voltage change in

each coil is proportional to the amount of 'displacement of the core. By connecting

a spring of a known force constant to one end of the core, the LVDT can be used

as a force transducer.

LVDTs are available with ranges from a few hundredths of an inch to several feet.
The primary may be excited by the 60 Hz 110 V line voltage or from oscillators

4ith frequencies from a few hundred to several thousand Hz. The linea-ity of the

LVDT usually depends on the excitation frequency, which is usually specified by th,

manufacturer.

Laboratory

The student should be able to connect a LVDT to the appropriate circuit and deter-
mine the relationship between output voltages and core displacement.

7,;
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lifier

The linear op-amp can be used to amplify the difference between the two

applied to the input terminal. This type of amplifier is referred to as a

differential amplifier. The result of a signal +V applied to the inverting

input and a signal -V applied to the non-inverting input is an output signal of

-2V as in Figure 53.

+v

-V

I

Inverting

Input

+V

Non-Inverting
Input

Figure 53.

Basic Differential Amplifier

-V

Output

11011,

-V -(+V) = -2V

One advantage-of the
differential amplifier is that any signal common to both

inputs is not amplified. Such a signal is referred to as the common-mode signal.

As with the linear op-amp, the differential amplifier is most commonly used with

a feedback loop as in Figure 54.
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Rf

Figure 54.
Differential Amplifier with Feedback

For high closed-loop gain, the output voltage is given approximately by

Rf
V0

R
= (V

A
- V )

The factor by which the difference in signals is amplified is called the differential
gain.

When lower gains are used, the above approximation is not good enough. The dif-
ferential gain is a combination of the inverting and non-inverting gaLris of the
op-amp.

V
0 ,

= (1
R
f)

V
A R
- (

Rf
V
B

)

.

If R
f
is not very much larger than R., the non-inverting gain is somewhat larger

than the inverting gain and the true difference is not amplified faithfully.
Also, the common -mode signal is not exactly cancelled out. These problems can
be remedied by the use of a potentiometer to balance the gain as in Figure.55.

f

7(r;
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R
f

WO

Figure 55.

Balanced Gain for Differential Amplifier

The condition necessary for balanced gain is

The gain is given by

and the output voltage is

R R.
1' 1 1

R2 t Rf

R
f

G =

R
f

V
0

=
R.

(V
A

- V
B
)

1

+

V0

The input impedance of the balanced gain cifferential amplifier is equal to Ri

and is usuel'y low. In cases where a high input impedance is desired, voltage

followers an be used as buffers at the inputs. Figure 56 shows such a circuit.

If a non-inverting amplifier is desired, the circuit in Figure 57 can be used.
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v

I

MO,

R
f

Gain = G =
R.

0
= G(V

A
- VB)'

Input Impedance Greater Than: 1 M?

Figure 56.
High Input Impedance Differential Amplifier
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v
o

AMP

GAIN: G = 1 +
"

Rf

i 1JJ

V
0
= G(V

A
V
B

)

Input Impedance: 1 MU or more

Figure 57.
Differential Amplifier with Non-Inverting Buffers

The term which is used to specify how well a particular differential amplifier

rejects the common-mode signal is the common-mode rejection ratio (CMRR).

The CMRR is defined operationally as follows: measure the output voltage with a

signal applied at one input (inverting, for example) with the other input (non-

inverting, for example) shorted to ground; then, measure the output voltage with

the same signal applied to both inputs simultaneously, and take the ratio of these

two numbers. In terms of the circuit of Figure 55 this gives:

. V
0

(V
A

shorted to ground)

CMRR -
V
0
(V

a
shorted to V

B
)

This ratio is often quoted in deciBel units. The conversion is:

CMRR(dB) = 20 log
10

CMRR

In an ideal amplifier, the denominator of the equation would be zero, leading to

an infinitely large CMRR.

A large CMRR is therefore the mark of a good differential amplifier (typical values

are 1000 (60 dB) or better). In any given amplifier chip the ultimate CMRR is

determined by the internal construction.
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Laboratory

The student should be able to construct a differential amplifier of speci-

fied gain and use it to amplify signal differences.

we.

so

5



AC Bridge, 33
Alternating current, 1

Ammeter, 5

Ampere, 1

Balance, 31
Base, 40
Buffer stage, 29

Charge (see electric charge)
Chart recorders, 53

Linear, 53
Non-linear, 54
X - Y, 54

Closed loop gain
Inverting amplifier, 27
Non-inverting amplifier, 28

CMRR,170
Colle tor, 40
Common-mode signal, 66
Corner frequency, 30
Coulomb, 1
Crossover distortion, 49
Crystal microphone, 63
Current, 1

Differential amplifier, 26, 66
Differential gain, 67

Akirect current, 1

Electric charge, 1
Etitter, 40

Fatigue effect, 60
Function generator, 7

Input resistance, 27
Inverting amplifier, 26

Kirchoff's Laws, 21
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INDEX

Light transducers, 59
Loudspeaker, 64
LVDT, 65

Multimeter, 6

Non-inverting amplifier, 28

Ohm, 8
Ohmmeter, 6
Ohm's Law, 9

/
Op-amp, 25 /

Open-loop g n, 26

Oscillosco/ p , 6

/

Parallel, 13
Photoconductor, 60
Photoemissive tubes, 59
Photovoltaic cell, 59
Piezoelectric effect, 63
Potential difference, 2
Potentiometer, 18
Power, 2, 11
Power amplifier, 46
Power supply, 7

Roll off, 30
Root mean square, 3, 11
Resistance, 8
Resistance thermometer, 36

Semiconductor, 37
Sensitivity, bridge, 32
Series, 13
Strain gauge, 56

Thermal runaway, 45
Thermistor, 37
Thermocouple, 37
Transistor, 40
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Volt, 2
Voltdgo 1F

Volt,Ip- follower, 29
Voltacw transfer

characteristics, 47
Voltmeter, 5

Wheatstone bridge, 31
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