


PR - TL SR

gl

Y
C >y

Elements of
Electronic Instrumentation
and Measurement

JOSEPH J. CARR

Reston Publishing Cempany, Inc., Reston, Virginia

~ APrentice-Hall Company ~ S3véo2é

5506026



- T-':)‘ 17.-'\” - {'f’} ) -~ )
: ) Lo [ 855
Library of Congress Cataloging in Publication Data

Carr, Joseph J.
Elements of electronic instrumentation and
measurement.
includes bibliographical references and index.
1. Electronic instruments. 2. Electronic
measurements. |. Title.
TK7878.4.C36 621.3815'4 79-1164
ISBN 0-8359-1653-2

© 1979 by

Reston Publishing Company, Inc.
A Prentice-Hall Company
Reston, Virginia 22090

All rights reserved. No part of this book
may be reproduced in any way, or by any means,
wi'thout permission in writing from the publisher.

10 9 87 65 4.3 2 1

PRINTED IN THE UNITED STATES OF AMERICA



CONTENTS

chapter 1

chapter 2

chapter 3

chapter 4

Preface, xii
DC DEFLECTION INSTRUMENTS 1

1-1 Objectives, 1 1-2 Self-evaluation, ]| 1-3 The Basic DC Meter,
! 1-4 The D’Arsonval Movement, 3 1-5 The Taut-band Movement,
4 1.6 Types of Meters, 5 1-7 Using Basic DC Meters, 7
1-8 Obtaining Higher Cumrent Scales, 9 1-9 Voltage Meascrements
from DC Current Meters, 12 1-10 Voltmeter Sensitivity, 14
1-11  Volimeter impedance, 14 1-12 Using Voltmeters, 15 1-13
Ohmmeters, 17 1-14 Multimeters, 19 1-15 Summary, 19 1-16
Recapitulation, 20 1-17 Questions, 20 1-18 Problems, 20

AC DEFLECTION INSTRUMENTS 22

2-1 Objectives, 22 2-2 Self-eveluation, 22 2-3 A]!emating Cur-

. rent Meters, 22 - 2-4 Which AC Valwe?, 23 2-5 Thermocouple Cur-

rent Meters, 23 2-6 Hot-wire Ammeters, 24 2-7 The Elec-
trodynamometer, 24 2-8 Iron-vane Movements, 26 2-9 Rectifier
Instruments, 27 2-10 Types of Rectifiers, 29 2-11 Other AC
Instruments, 29 2-12 Summary, 30 2-13 Recapitulation, 31 2-14
Questions, 31 2-15 Problems, 31

AC AND DC BRIDGES a3

3-1 Objectives, 33 3-2 Self-cvaluation, 33 3-3 DC Wheatstone
Bridges, 33 3-4 Bridges in the Null Conditien, 35 3-5 DC Bridge
Applications, 37 3-6 DC Null Indicators, 38 3.7 AC Bridges,
338 3.8 AC Null Detectors, 39 3-9 Phase Detectors, 40
3-10 Types of AC Bridge, 43 3-11 Maxwell's Bridge, 45 3-
12 The Hay Bridge, 47 3-13 The Schering Bridge, 48 3-
14 Summary, 48 3-15 Recapisdation, 48 3-16 Questions, 49
3-17 Problems, 49 3-18 References, 51 ’

COMPARISON MEASUREMENTS 52

4-1 Objectives, 52 4-2  Scif-cvaluation, 52 4-3 Comparison Mea-
surements, 52 4-4 Powatiometers, 53 4-5 Potentiometer Circuit,
55 4-6 Potentiometer Operation, 57 4-7 Equal Deflection Methods,
58 48 Automated Comperison Circtits, 59 4-9 Swwwmary, 61
4-10  Recapitulation, 62 4-11 Questions, 62 4-12 Probiems, 62



viii

chapter =

chapter 6

cﬁapter 7

chapter 8 4

chapter 9

CONTENTS

VACUUM TUBE TESTERS 63

S5-1 Objectives, 63 5-2 Seif-evaluation, 63 5-3 Introduction,
63 5-4 Vaccuum Tube Basics, 63 5-5 Amplification Factor, 65
5-6 Transconductance, 65 5-7 Vacceum Tube Testers, 66 5-8
Short-circuit Testers, 67 5-9 Emission Testers, 68 5-10 Trans-
conductance Testers, 69 5-11 Summary, 71 5-12 Recapitulation,
71 5-13 Questions, 71 5-14 Problems, 71

DIGITAL INSTRUMENTS 72

6-1 Objectives, 72 6-2 Self-evaluation, 72 6-3 What is ' Digi-
tal?,” 72 6-4 Binary Counters, 74 6-5 Decimal Counting Units
(DCU), 75 6-6 Display Devices, 77 6-7 Decimal Counting As-
semblies. 77 6-8 Frequency Counters, 82 6-9 Counter Displays,
84 6-10 Period Counters, 84 6-11 Tngger Circuits, 86 6-
12 Counter Errors, 88 6-13 Inherent Errors, 90 6-14 Signal Re-
lated Errors, 93  6-15 Commercial Equipment, 97 6-16  Sumunary,
98 6-17 Recapitulation, 98 6-18 Questions, 98 6-19 Problems,
99  6-20 . References, 100

ELECTRONIC MULTIMETERS 101

7-1 Objectives, 101 7-2 Seif-evaluation, 101 7-3 VOM-vs-
EMM, 101 7-4 The Basic Electronic Multimeter, 102 7.5 AC
Multimeters, 105 7-6 Electronic Ohmmeters, 107 7-7 Digital Volt-
meters, 109 7-8 Dual-slope Integration, 109 7-9 What does the
Dual-slope DVM Measure?, 112 7-10 Siepper-type DVMs, 112
7-11 Commercial Digital Multimeters, 113 7-12 Summary, 115
7-13  Recapitulation, 116 7-14 Questions, 116 7T-15 Problems,
116 .

THE OSCIRLOSCOPE 117

8-1 Objectives, 117 - 8-2 Self-evaluation, 117 8-3 The Cathode
Ray Oscilloscope, 117 8-4 Cathode Ray Tubes, 118 8-5 Deflection
Systems, 122 8-6 The X-¥ Oscilloscope, 124 8-7 The Y-T Oscil-
loscope, 128 B8-8 Triggered Sweep, 131  8-9  Oscilloscope Specifica-
tions, 135 8-10 Semsitivity, 135 8-11 Bandwidth, 136 8-12 Rise
Time, 137 8-13 Horizontal Sweep Time, 138 8-14 Dual Beam
Models, 138 8-15 Storage Oscilloscopes, 140 8-16 Digital Storage,
143 8-17 Operating the Triggered Sweep Oscilloscope, 145
8-18 Oscilloscope Controls, 145 8-19 Dela-time Oscilloscopes,

" 151 820 Oscilloscope Cameras, 151 8-21 Sampling Oscilloscopes,

153 8-22 Z-axis Modulation, 154 8-23 Summary, 155

' 8-24 Recapitslation, 156  8-25 Questicns, 156 8-26 Problems,

157 8-27 References, 160

SIGNAL GENERATORS 161

_9-1. Objectives, 161 9-2 Se!f-evaluaﬁon, 161 9-3 Signal
Gencrators, 161 94 Audic Generators, 163 9-5 Audio Oscillator
Circuits, 164 9-6 Gencrating Square Waves from Sine Waves,



-4

-+ ¢

- -

+ 4

CONTENTS

chabter 10

chapter 11

chapter 12

chapter 13

167 9-7 Output Circuits, 170 9-8 Function Generators, 171 9-
9 Sawtooth Generators, 175 9-10 Pulse Generators, 177 9-11 RF
Generators, 179 9-12  Frequency Synthesizers, 182 9-13 Summary,
184 9-14 Recapitulation, 186 9-15 Questions, 186 9-16 Prob-
lems, 186

GRAPHICS RECORDING SYSTEMS 187

10-1 Objectives, 187 10-2 Self-evaluation, {87 10-3 The Record-
ing VOM, 187 10-4 PMMC Instruments, 189 10-5 PMMC Writing
Systems, 191 10-6 Recording Potentiometers and Servorecorders,
195 10-7 X-Y Recorders and Plotters, 198 10-8 Recorder Prob-
lems, 199 10-9 Problems .in Recording, 202 10-10 Summary,
207 10-11 Recapitulation, 207 10-12 Questions, 207 10-
13 Problems, 208 10-14 References, 208

LABORATORY POWER SUPPLIES 209

11-1 Objectives, 209 11-2 Self-evaluation, 209 1!-3 The Power
Supply, 209 11-4 Transformers, 210 11-5 Rectifiers, 211 11-
6 Rectifier Ratings, 214 11-7 Filering, 215 11-8 RC Pi-Section
Filters, 217 11-9 Filter Output Voltage, 218 11-10 Voltage Regula-
tion, 220 11-11 Voltage Regulators, 222 11-12 Zener Diodes,
222 11-13 Series Pass Reguiators, 223 11-14 Feedback Regulators,
225 t1-15 Switching Regulators, 227 11-16 Commercial IC Reg-
ulators, 228 11-17 Regulators as Filters, 231 11-13 Output Current
Limiting, 231 11-19 Overvoltage Protection, 232 11-20 Constant
Current Supplies, 233 11-21 Precision DC Reference Supplies,
234 11-22 Commercial Products, 235 11-23 Summary, 238 11-,
24 Recapitulation, 238 11-25 Questions, 238 11;26 Problems,
240

OPERATIONAL AND LABORATORY AMPLIFIERS 241

12-1 Objectives, 241 12-2 Self-evaluation, 241 . 12-3  Operationai
Amplifiers: An Introduction, 241 12-4  Properties of the Ideal Op-amp,
242 12-5 Differential Inputs, 242  12-6  Analysis Using Kirchoff and
Ohm, 244 12.7 Noninverting Followers, 246 12-8 Operational
Amplifier Power Supplies, 248 12-9 Practical Devices: Some Prob-
lems, 248 12-10 DC Differential Amplifiers, 252 12-i11 Practical
Circuit, 255 12-12 Differential Amplifier Applications, 258 12-
13 Integrators, 259 12-14 Differentiators, 261 12-15 Logarithmic
and Antilog Amplifiers, 262 12-16 Current-to-voltage . Converters,
265 12-17 Chopper Amplifiers, 266 12-18 Carrier Amplifiers,
269 12-19 Lock-in Amplifiers, 274 12-20 Swnmary, 274 12-
21 Recapitulation, 276 12-22 Questions, 276 12-23 Problems,
276 12-24 References, 278

TRANSDUCERS 279

L

13-1 Objectives, 279 13-2 Self-evaluation, 279 13- Transducers
and Transduction, 279 1% .The Wheatstone Bridge, 280 13-5
Strain Gages, 280 13-6 Bonded and Unbonded Strain Gages, 284 13-
7 Strain Gage Circuitry, 286 13.8 Transducer Sensitivity,



chapter 14

chapter 15

chapter 16

chapter 17

CONTENTS

289 13-9 Balancing and Calibrating the Bridge, 290 13-10 Tem-
perature Transducers, 291 13-11 Thermistors, 292 13-12 Thenno-
couples, 294 13-13 Semiconductor Temperature Transducers,
295 13-14 Inductive Transducers, 298 13-15 Linear Variable
Differential Transformers (LVDT), 299 13-16 Position-displace-
ment Transducers, 300 13-17 Velocity and Acceleration Trans-
ducers, 302 13-18 Tachometers, 303 13-19 Force and Pressure
Transducers, 304 13-20 Fluid Pressure Transducers, 305 13-21
Light Transducers, 307 13-22 Capacitive Transducers, 308 13.23
Summary, 309 13-24 Recapitulation, 311 13-25 Questions, 311
13-26 Problems, 312 13-27 References, 313

DATA CONVERTERS 314

14-1 Objectives, 314 14-2 Self-evaluation, 314 14-3 What are
Data Converters?, 314 14-4 DAC Circuits, 315 14-5 Servo ADC
Circuits, 321 14-6 Successive Approximation ADC Circuits,
322 14-7 Parallel Converters, 325 148 Voltage-to-frequency Con-
venters, 325 14-9 Swummary, 327 14-10 Recapitulation, 327 14-
11 Questions, 327 14-12 Problems, 328 14-13 References, 328

PROBES, CONNECTORS, ETC. 329

15-1 Objectives, 329 15-2 Self-evaluation, 329 15-3 What are
‘““Probes?,”* 329 15-4 Test Leads, 331 15-5 Shielded Cables,
332 15-6 Connectors, 334 15-7 Problems with Shielded Cables,
335 15-8 Low-capacitance Probes, 337 159 Proper Probe Use,
339 15-10 High-voltage Probes, 340 15-11 RF Demodulator
Probes, 341 15-12 Special Probes for IC Circuits, 344  15-13 Current
Probes, 344 15-14 Summary, 346 15-15 Recapitulation, 346 15-
16 Questions, 346 15-17 Problems, 347

TESTING ELECTRONIC COMPONENTS 349

16-1 Objectives, 349 16-2 Self-evaluation, 349 16-3 Testing
Components, 349 16-4 Simple Semiconductor Tests, 350 i6-
5 Transistor Testers, 354 166 Checking Capacitors, 357 16-
7 Testing Capacitors with an Ohmmeter, 357 16-8 Testing Capac-
itors with a Voltmeter, 359 16-9 Measuring Capacitance, 359 16-
10 Summary, 361 16-11 Recapitulation, 361 16-12 Questions,
361 16-13 Problems, 362

MEASUREMENT OF FREQUENCY AND TIME 363

17-1 Objectives, 363 17-2 Self-evaluation, 363 17-3 Frequency
and Time, 363 17-4 Period Measurement, 365 17-5 Frequency
Measurement, 366 17-6 Rough Frequency Measurement, 366 17-
7 Absorption Wavemeters, - 368 17-8 Lecher Wires, 372 17-
9 Slotted Line Measurements, 374 17-10 NBS Radio Broadcast Ser-
vices, 376 17-11 Using NBS Broadcasts, 376 17-12 Atomic Fre-
guency and Time Standards, 380 17-13 Basic Frequency Meters,
380 17-14 Using Frequency Meters, 382 17-15 Using Frequency
‘Counters, 382 17-16 Transfer Oscillators, 384 17-17 Crystal



CONTENTS

chapter 18

chapter 19

chapter 20

chapter 21

Xi

Marker Oscillators, 386 17-18 Summary, 390 17-19 Recapinda-
tion, 391 17-20 Questions, 391 17-21' Problems, 392 17-22

"References, 393

MEASUREMENTS ON UNTUNED AMPLIFIERS 394

i8-1 Objectives, 394 18-2 Self-evaluation, 394 18-3 Untuned
Amplifiers, 394 18-4 Converting to Decibel Notation, 395 18-5
Special dB-based Scales, 396 18-6 Voltage Gain Measurement,
397 18-7 Output Power Measurements, 398 18-8 [Input Sensitivity,
400 189 Frequency Response, 400 18-10 Square Wave Testing,
401 18-11 Total Harmonic Distortion (THD), 402 18-12
Intermodulation Distortion (IMD), 404 18-13 Other Parameters,
406 18-14 Slew Rate ($). 407 18-15 Full Power Bandwidth, 408
18-16 [Input Offset Voltage, 409 -18-17 Common Mode Rejection
Ratio, 409 18-18 Summary, 410 '18-19 Recapitulation, 410 18-20
Questions, 410 18-21 Problems, 411

MEASUREMENTS ON TUNED CIRCUITS 412

19-1 Objectives, 412 19-2 Self-evaluation, 412 19-3 Tuned Cir-
cuits, 412 19-4 Testing Tuned Circuits, 418 19-5 Sweep
Techniques, 419 19-6 Spectrum Analyzers, 419 19-7 Swmmary,
425 198 Recapitulation, 426 19-9 Questions, 426 '19-10 Prob-
lems, 426 : :

ANTENNA AND TRAN‘SMISSION LINE
MEASUREMENTS. 427

20-1 Objectives, 427 320-2 Self-evaluation, 427 20-3 Antennas,
427 20-4 Transmission Lines, 430 20-5 Antenna System Measure-
ments, 432 20-6 Antennalmpedance, 432 20-7 ‘Standing Waves”
and SWR, 433 20-8 Measuring SWR, 437 20-9 SWR Meters, 438
20-10 Using Power Meters to Measure SWR, 440 20-11  Antenna Im-
pedance Bridges, 440 20-12 Noise Bridges, 444 20-13 Finding an
Antenna’s Resonant Frequency, 444 . 20-14  Find A/2 Length of Coaxi-
al Cable, 446 20-15 Use of the Noise Bridge to Find. Velocity Factor of
Coaxial Cable, 466 20-16 Sweep Techniques, 477 20-17, Polar Pat-
terns, 477 20-18 Antenna Gain, 499 20-19 Summary, 454, 20-20
Recapitulation,” 455 20-21 Questions, 455 20-22 ‘Problems, 455

RADIO RECEIVER MEASUREMENT AND
ALIGNMENT 457

21-1 Objectives, 457 21 2 Self-evaluanon, 457 21 3 Rgccxver
Basics, 457 21-4 Recciver Parameters, 459 21-5 Measuring Senw
sitivity, 460 21-6 Audio Power Method, 460 21-7 ‘The Quieting
Meinod, 461 21-8 Selectivity Measurement, 462 21-9 Sweep
Mecthod, 465 21-10 Image Response, 466 21-11 AM Alignmecat,
467 21-12 FM Receiver Alignment, 467 21-13 Sweep Alignmenf
470 21-14 Nonswept Alignment, 472 21-15 Dual-sweep Align-
ment, 472 21-16 Swmmary, 473 21-17 Recapindation, 473 21-
18 Questions, 473 21-19 Problems, 474



xii ‘ CONTENTS

chapter 22 RADIC TRANSMITTER MEASUREMENTS 475

22-1 Objectives, 475 22-2  Sclf-evaluation, 475 22-3 Transmitter
Measurements, 475 22-4 RF Power Measurements, 476 22-5 Ther-
mal Method, 478 22-6 Thruline® Watt-meters, 483 22-7 Dummy
Loads, 485 22-8 Modulation Measurements, 485 22-9 FM Devia-
tion Meters, 487 22-10 AM Modulation Measurements, 489 22-11
SSB Measurements, 492 22-12 Communications Monitors, 495 22-
13 Summary, 498 22-14 Recapitulation, 498 22-15 Questions,
498 22-16 Problems, 499

Index, 501

PREFACE

Even the least observant among us has to notice that we live in a world of mea-
surement; in fact, it has been said that you really cannot understand a physical
phenomenon until you can measure, i.e. quantify, it. A physicist friend of the
author is fond of saying that physics is the science that measures reality.

Just as measurements are a tool for our understanding, instruments are a
tool for measurements. Electronic instruments have proliferated to the extent that
it is not possible for a person to claim a technical or scientific education without
having some exposure to electronic instruments. People who never in the past
had any use for instruments now find themselves heavily involved with an array
of electronic devices. We find traditional analog and digital instruments wide-
spread. The advent of the microprocessor IC and the microcomputer adds near
limitless capability; from small units inside of other instruments to larger number

. crunching systems.

In this book, you will study certain instrumentation techniques, both tradi-
tional and modem. You will be introduced to certain commercial products, and
will come to understand what you are measuring. In certain cases, like the
triggered sweep oscilloscope, skill in operating an instrument is so crucial to
anyone in engineering, technology, or the sciences, that basic instructions are
offered. You are, however, advised that it is best if you obtain as much practice as
possible. If an electronics laboratory is available to you, then spend some time
learning to operate all of the instruments . . . with special attention to the oscil-
loscope. . . .

JosepPH J. CARR



chapter 1

DC DEFLECTION
INSTRUMENTS

1-1 OBJECTIVES

1. To learn the principles of operation of basic dc meter movements.

2, To learn methods for extending the current range of the basic dc meter.
3. To learn how to measure voltage by using a dc current meter.

4. To learn the operation of a volt—ohm-millia;hmetcr.

1-2 SELF-EVALUATION

Before studying the material in this chapter, try answering the questions given
below. These questions test your knowledge of the subject. If you cannot answer
any particular question, then look for the answer as you read the text.

1. Describe in your own words the D’ Arsonval meter movement.

2. What is the principa! difference between the D’ Arsonval and raut-band
meter movements’?

3. How may a dc current meter be used to measure an ac voltage?

4. A resistor is used 1o make a dc current meter into a dc
voltmeter.
5. A - resistor is used to increase the range of a dc current

meter.

1-3 THE:BASIC DC METER

For many decades the basic dc meter movement has been used as the readout
device in most electronic instruments, even in many instruments that measured
ac. Digital readout devices were too expensive for general application. until the
early 1970s, so most instruments relied on analog meter movements to provide
the readout function. '

The two most common dc meter movement configurations are the D’ Ar-
sonval and taut-band designs. Both are examples of a permanent magnet moving

5506028
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2 " DC DEFLECTION INSTRUMENTS / Chapter 1

cozl (PMMC) galvanometer, and work on the same fundamental electrical princi-
ple as the dc motor.

A simplified view of the PMMC galvanometer is shown in Figs. 1-1(a) and
1-1(b): a movabic +0il of wire is mounted i in the magnetic field between the poies
of a permanent magnet.

A current flowing in a wire generates a magnetic field. The polarity of the
field is determined by the direction of the current flow, while the strength of the
field is determined by the magnitude of the current.

The coil in a PMMC galvanometer is mounted so that it can rotate in the
space between the magnet poles. A current in the coil creates a magnetic fieid

(a)

™\

Loop (Side View)

1 (b}

Figure 1-1. (a) Construction of a D'Arsonval meter movement. This meter uses a loop of
' wire rotating in a magnetic field, much like an electrical motor. (b) Side view of
the D'Arsonval meter movement.
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that either aids or opposes the field of the nearby poles. A current flow in one
direction causes a clockwise rotation, whereas a current flow in the opposite di-
rection causes a counterclockwise rotation. The amount of rotational position
change is proportional to the magnitude of the current.

1-4 THE D’ARSONVAL MOVEMENT

The D’ Arsonval meter movement is shown in Fig. 1-2. A side view of the meter,
without the permanent magnet, is shown in Fig. 1-2(a), while a frontal view with
the magnet is shown in Fig. 1-2(b).

The coil in Fig. 1-2(a) is shown wound on an armature or bobbin, which is
mounted on a pair of jewel bearings to reduce friction. This assembly s shown
frontally in Fig. 1-2(b).

When a current flows in the coil, the armature assembly deflects clockwise
[as viewed in Fig. 1-2(b)] an amount proportional to the strength of the current.
The amount of deflection can be marked off in units of current on the dial scale.
The coiled pivor spring serves to dampen the pointer movement, and to return tl’lc
pointer to the zero position when the current flow in the coil ceases.

The travel of the pointer is limited by high and low end mechanical stops
Jjust beyond the zero and full-scale limits printed on the dial scale. The wires to
the coil are given just enough slack that they will not be stretched anywhere in the
pointer’s normal range of travel.

Pointer

Armature and Coil

Jewel Bearing

Jewel Bearin,
Pivot Spring ewe g

a)

Figure 1-2. (a) Construction of the coil and pointer assembly in a D’Arsonval meter move-
ment.
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0 FS

Pointer

High Stop

/0 t{/Armature

Low Stop

Permanent Magnet

(b)

Figure 1-2. (cont.) (5) Usual configuration for a D'Arsonval meter movement.

1-5 THE TAUT-BAND MOVEMENT

The taut-band meter movement is essentially the same as the D’ Arsenval, except
for the manner in which the armature coil is mounted (see Fig. 1-3). In the taut-
band movement the armature is suspended from fixed supports on a stretched,

e., taut, rubber band. The band is twisted as the armature rotates, so no restor-
ing force from a pivot spring is needed.

There are two principal advantages to the taut-band meter movement over
the older D’ Arsonval design: greater sensitivity and more durability.

Older D’ Arsonval movements are rarely found with full-scale sensitivities
of less than 50 microamperes, whereas there are taut-band models available that
boast full-scale sensitivity of only 2 microamperes.

D’ Arsonval movements are more easily damaged than taut-band types be-
cause of their jewel bearing construction. Even a short fall to the floor or a table
top is sufficient in many cases to break the bearings. The rubber band in a taut-
band meter can snap, but this occurs far less frequently than does bearing dam-
age.
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Pointer
/

— Rubber Band

Wire and Armature

Tension Spring

Figure 1-3. Construction of taut-band meter movement.

1-6 TYPES OF METERS

The two basic meter movements are available in an almost endless variety of
sizes and shapes, but we can classify meter types by the form of scale that is
used. Figure 1-4 shows three different configurations.

AMPERES R.F,

T

(a) (b)

Figure 1-4. (a) Thermocouple RF ammeter. (b) Zero-center dc microammeter.
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(c)

Figure 1-4. (cont.) {(c) Two views of an edgewise meter movement.

The meter in Fig. 1-4(a) is the type normally encountered. The zero-current
mark is on the left-hand side of the scale, and the pointer deflects to the right
when a current flows. The input terminals for this type of meter are marked *“+”
and “—", and must not be reversed, or the pointer may be damaged when it
attempts to deflect further to the left.

Figure 1-4(b) shows an example of the zero-center galvanometer; the
zero-current mark on this type of meter is in the exact center of the scale. Current
flowing in one direction will deflect the pointer to the left, while current flowing
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in the opposite direction will deflect the pointer to the right. When the polarity
markings on the input terminals are observed, a positive current deflects the
pointer to the right and a negative current deflects it to the left.

The type of meter movement shown in Fig. 1-4(c) is an edgewise panel
meter. Its design allows conservation of area on the front panels of equipment in
which the movement is used. Of course, this saving is at the expense of increased
depth. The high and low limits are sensed by external circuitry and are set by the
tabs on the meter face. Edgewise meters are available in both left-zero and
center-zero models.

N

1-7 USING BASIC DC METERS
There are three basic rules for using dc current meters:

1. Connect the meter in series with the load or circuit in which the current
is being measured.

2. Use the meter with a full-scale rating greater than the maximum ex-
pected current.

3. Use a meter that has an internal resistance that is low compared with the
resistance of the circuit in which it is being used.

A current meter is always connected in series with the load. There are
never any exceptions. Failure to observe this rule may result in permanent dam-
age 1o the instrument. In cases where-the meter is used to measure current in a
branch of a larger circuit, then the meter is to be connected in series with that
branch. ‘

Figure 1-5 shows the correct connection for the O to 1 mA dc current meter.
It is necessary to break the circuit, i.e., the wire to resistor R1, and connect the
meter in series.

M1

o 0-1mA
_________ - A R, =688
s N\
! )
!
i Rs=gn }
| - ’
! f
: +_J_"' : >

E=10V| = | 3 RI

b ! <
1 —r }
A

Figure 1-5. Circuit with 01 mA milliammeter.
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The current flowing in meter M1 is given by

E

Imi =

a-1n

R, + R, + R1

where I, = the meter curmrent in amperes (A)
E = the open-circuit voltage (V)
R = the power supply source resistance in ohms ({2)
R, = the internal resistance of the meter in ohms ({2)
R1 = the load resistance in ohms ({2)

In most cases R, and R, are very small with respect to R1, so are consid-
ered negligible. If that is true, then Eq. (1-1) reduces to Ohm’s law

Ipy=__"_ . (1-2)

Example 1-1
Find the current flowing in M1 if R1 is 15 k().
SOLUTION |
[Since R1 is very much greater than R, or R,,, use Eq. (1-2).]

In; = E/RI1 1-2)
Imi = (10 V)I(1.5 X 10: Q)
Imi = 67X 10A =0.67TmA

The current in Example 1-1 is less than the full-scale rating of the meter—
i.e., 1 mA—so our circuit obeys rule 2.
Example 1-2

Find the current flowing in M| if it were incorrectly connected in parallel
with R1 instead of in series as is proper.

SOLUTION

[Use Eq. (1-1) because R1 is very much greater than R, and R, so its paral-
lel effect is negligible; delete R1 from the equation.]



