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PRINCIPLE AND CONSTRUCTION OF D-C MOVING COIL METERS

1-1. Introduction

Electric meters are devices which measure electric current and
other electrical quantities and indicate the quantity measured. The heart
of an electric meter is the meter movement. The movement translates
electrical energy into mechanical energy which causes visual indica-
tion. The indicator usually is a pointer moving across a calibrated scale.

A number of different types of meter movements have been
designed and are in use. The most important of these is the moving-
coil movement, which in its original form was developed by the French
scientist D’Arsonval. The modern moving-coil movement is the result
of the work of Dr. Edward Weston, who considerably improved on
D’Arsonval’s original version. In its present-day form moving-coil
movement is referred to as either a Weston-type or a D’Arsonval move-
ment. A majority of the meters discussed in this book use this type
of mechanism.

1-2, Principles of the Moving-Coil Meter Movement

This type of meter depends for its operation on the reaction
between a direct current-carrying coil and a stationary magnetic field.
The magnetic lines of force generated by the current in the wire interact
with the unvarying lines of force of the magnetic field in which the
coil is located, and the coil is forced to move with respect to the sta-
tionary field. By virtue of its physical design, the coil rotates. In order
that there be useful interaction, the current in the coil must be unidi-
rectional, hence the instrument is a d-c meter.

Suppose a loop of wire is located in a magnetic field (Fig. 1-1A)
in which the poles of the magnet are concave, so that the loop of wire











































































26 HOW TO USE METERS

the total circuit current corresponding to any value of current flowing
through the meter.

In the case of moving-coil d-c meters, this is done by connecting
an auxiliary resistor across the meter coil to act as a shunt path for
some of the current. As in any parallel circuit, the current in the
branches is inversely proportional to the resistance of the branches. By
suitable design of the shunt around the meter, the current through the
meter can be made any desired fraction of the total current flowing in
the circuit where the meter is connected. This is illustrated for a
single shunt in Fig. 3-1.

Assume a d-c meter rated at 1 ma maximum and a coil resistance
of 100 ohms. If this meter movement is shunted by a 100-ohm resistor,
half of the current will flow through the meter and half will flow
through the shunt element. Immediately then the meter as a current
indicator is capable of showing twice as much current flow as it can
without the shunt, since 1 ma current flow in the circuit will result
in only 0.5 ma through the meter, hence half-scale deflection. With a
1:1 ratio between the shunt resistance and the meter resistance, full
scale indication on this meter would mean twice as much circuit cur-
rent as is shown on the instrument.

If the shunt resistance is equal to one-half of the meter resistance,
twice as much current will flow through the shunt as through the
meter, hence the meter will carry only one third of the total current,
and its maximum range of current indication has been increased three-
fold. By making the shunt equal to one-ninth of the meter resistance,
nine times as much current will flow through the shunt as through
the meter, so that the current indicating ability of the meter has been
increased ten-fold.

By arranging a series of shunts which are selectable, the current
indicating ability of a meter can be increased a thousand or more times
its basic current carrying capacity, all the while keeping the full scale
current through the meter within the original design figures. This is
commonplace in many commercial meters. By suitable selection of the
shunts controlled by a switch or a number of terminals, the current
ranges can be multiplied in any desired steps. By proper selection of
the multiplying factors, a single current scale serves several ranges, or
more than one scale can be used. An example of these is given in Fig.
3-2. The switch must not be operated while current is flowing as this
may burn out the meter. This is discussed further in Chapter 8.

Referring again to Fig. 3-1, the illustration of the meter face
shows the addition of a new scale with 2-ma full scale indication in
place of the original 1 ma. Such modification on a scale is not easy; a

































ADAPTING MOVEMENTS FOR CURRENT AND VOLTAGE 37

Ohms-per-volt sensitivity also is the reciprocal of the fullscale sen-
sitivity in terms of current. In other words, the full-scale current rating
in amperes divided into 1 gives the ohms-per-volt for the meter move-
ment. In the case of the 1-ma meter above, the ohms-per-volt sensitivity
is 1 divided by one-thousandth of an ampere. Thus:

Ohms-per-volt = Full scale current in amperes — W: 1,000

Let's return to Fig. 3-5 and check the other ranges to see that the
ohms-per-volt rating of a meter remains the same no matter what mul-
tipliers are used. If the full-scale voltage is 1,000 volts and the total
resistance is 1,000,000 ohms, the ohms-per-volt rating is 1,000,000,/1,000
= 1,000. If the full-scale voltage is 10 volts and the total resistance is
10,000 ohms, the ohms-per-volt rating is 10,000/10 = 1,000.

It becomes clear, then, that no matter what multiplier resistance
is used, the same meter movement still has the same ohms-per-volt sen-
sitivity rating. The lower the full-scale current rating of a meter the
higher its ohms-per-volt rating.

Why are we so much interested in ohms-per-volt sensitivity? Because
if a voltmeter resistance is too low, it may load a high impedance cir-
cuit and cause error in the voltage reading. By means of the ohms-per-
volt sensitivity it is possible to calculate the total resistance of a volt-
meter when set to a given scale, and thus know how likely it is to load
the circuit in which the measurements are being made.

3-16. Voltage Measurement

Voltmeters whether d-c or a-c always are connected across the cir-
cuit, between the two points where the voltage is to be measured. This
is shown in Fig. 3-11, and it is to be noted that the kind of voltage
applied to the circuit is omitted. The reason for this is that the fun-
damental requirement stated above applies to all sorts of voltage, and
is independent of the nature of the circuit.

Concerning Fig. 3-11, meter 1 measures the total voltage being
applied to the circuit; meter 2 measures the voltage drop across R2;

Rl *
Fig. 3-1). Application of volt- R2
meters for voltage measurement. SOURGE @
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VOLTAGE <
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The total circuit resistance between A and B is now no longer
200,000 ohms, but 150,000 ohms; and the voltage across R2 and the
meter will be equal to the ratio of 50,000 ohms (representing the resist-
ance of R2 and the meter in parallel) to the total circuit resistance of
150,000 ohms. Therefore, only one-third the total voltage E across the
circuit will be indicated by the meter. So, instead of being 50 volts, the
loading effect of the meter has reduced the voltage to one-third of 100
volts or 33} volts. This means that the error in reading amounts to
16-2/3 volts, which corresponds to 33} percent less than the true voltage
when the meter is disconnected from the circuit.

It is easily seen from this illustration that the error in reading due
to loading effect in high-resistance circuits can be far greater than meter
inaccuracies due to manufacturing causes. For this reason -it is impera-
tive to use a voltmeter of high resistance rating in high-resistance circuits.

Suppose for the moment that the meter has an ohms-per-volt rating
of 20,000, in which case the 100-volt scale presents a total meter resist-
ance of 2,000,000 ohms. Placing this resistance across R2 in Fig. 3-12A,
results in a final value of

100,000 4+ 2,000,000
100,000 x 2,000,000

= 95,200 ohms

The total circuit resistance then becomes RI 4 (R2 in parallel with
R,) or 195,200 ohms. The voltdge across R2 then is

95,200 _
mx 100 = 48.7 volts

or within 3 percent of the correct value. The advantage of the higher
ohms-per-volt rating is evident. This is even more important as the
circuit resistance becomes higher and the circuit voltage becomes lower.

Although the examples cited in Fig. 3-12 are based on d-c voltages,
the same condition applies to a-c circuits; the voltmeter resistance must
be high in comparison with the resistance of the circuit across which
the voltage measurement is made. As to what is meant by a high ratio
between voltmeter and circuit resistance, a suitable minimum is about
20:1, preferably higher. As much as it may be desired this cannot
always be realized, in which event the error may be more than a few
percent and will have to be tolerated. The important thing is to rea-
lize the possibility of circuit loading when the voltmeter is applied. The
subject also receives attention -elsewhere in this book.

It is in the area of sensitivity that the permanent-magnet moving-
coil meter movement shows its great superiority over a-c/d-c move-
ments, such as moving-iron types and dynamometers, for measurements



















































56 HOW TO USE METERS

overload somewhere in the circuit. The technician would then look for
such things as shorted or leaky filter or bypass capacitors, gassy tubes,
short-circuit between tube elements, failure of bias on one or more
tubes, etc. These would cause excessive currents to flow and thus
dissipate extra power, all of which is supplied by the line, and thus
shows on the wattmeter.

5-5. Polyphase Circuits

In measuring voltage (and power) in two-phase and three-phase
circuits, care must be taken in interpreting the readings obtained, even
though the actual procedure for any one voltage or current measure-
ment is no different than it is in a single-phase circuit. The points to
be reviewed here will be limited to interpreting voltmeter readings—
these being typical of the considerations that apply in polyphase circuits.

5.6. Two-Phase Circuits

Two-phase circuits, while not as commonplace in power genera-
tion as the three-phase systems, are widely used in the fractional horse-
power field—particularly in the case of servo motors. The typical servo
motor operates by the application of two voltages, 90° out of phase
with respect to each other. Generally each phase is electrically inde-
pendent and has two wires for its connection, resulting in four terminals
for the motor, two for the reference phase and two for the control

CONTROL
o | VOLTAGE
—o o-—
SINGLE-PHASE SIGNAL SERVO
INPUT AMPLIFIER
SIGNAL SOURCE k

° REFERENCE

VOLTAGE

Fig. 5-5. Two-phase arrangement applied to a servo motor; reference voltage is shifted
90° out of phase to the control voltage by capacitor C.

phase, that is, in quadrature with it. In the servo amplifier, these two-
phase voltages are usually obtained originally from a single-phase source
by using a capacitor in series with one of the voltages to produce the
required 90°-phase shift, as illustrated in Fig. 5-5. However, since each
of the two voltages is maintained electrically independent of the other,
the procedure for interpreting each voltage reading is kept quite
straightforward by simply relying on the designations “reference volt-
age” and “control voltage” to keep each phase distinct from the other.
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5.7. Three-Phase Circuits

The three-phase generator produces three phases, each phase being
120° out-of-phase with reference to the succeeding one. In effect, each
phase may be considered as a separate generator, with each of the three
phase windings interconnected to produce the over-all generator. There
are two methods for interconnecting the individual windings for each

——r .
w N\ o ]
EL-
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EL-
2 VI3
1 el
3 v
mg--I% -
(p)  DELTA-CONNECTED (E_ = Epy) (B)  WYE—CONNECTED (E V3 Eph)

Fig. 5-6. Three-phase, three-wire generator connections showing relation of line voltage
E. to phase voltage Epx: (A) delta-connected; (B) wye-connected.

phase, resulting in either a delta-connected or wye-connected generator,
as illustrated in Fig. 5-6 A and B. In each generator, the line voltage E;,
is defined as the voltage existing between any two lines, Vy, . and Vo,
and V,, 5. The phase voltage Epy is, by definition, the voltage generated
in each phase winding. In the case of the delta-connected generator, seen
in Fig. 5-6A, the line voltage E, is obviously the same as the phase
voltage Epy, or
E; = Epy (delta generator)

However, in the case of the wye-connected generator in Fig. 5-6B, any
line voltage E, is the result of the vector addition of two phase voltages
Epy. As a result of the phase conditions prevailing, the vector addition
of any two phase voltages results in a line voltage E,, that is /3 times as
large as either phase voltage Epy, or

E, = /3 Epy (wye generator)
By keeping in mind that the voltage obtained between any two terminals
of either type of generator is by definition the line voltage, there should
be no confusion up to this point, since each generator is a three-phase,
three-wire source.

The possibility of misinterpreting voltage readings arises when
the wye-connected generator is used with a fourth wire (neutral), con-
nected to point N, as in Fig. 5-7. Here the 208-volt, three-phase, four-
wire generator provides a line voltage E;, = 208 volts, when measured
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MULTIPLIER
R

A-C Fig. 6-5. Use of multiplier re-
sistance in rectifier type a-<

voltmeter.

being rectified. Forward resistance can vary from 2,000 to 500 ohms as
current in the rectifier varies from 0.1 ma to 1 ma. This tends to
make the calibration non-linear, with considerable crowding toward the
low end of the scale.

This difficulty is partially relieved by shunting the meter, and
not the rectifier, with a resistor (as shown in Fig. 6-6). This causes
the rectifier 1 to carry more current than the meter; thus, when the
meter is reading low values, the rectifier is carrying a high enough
current to keep it in the relatively linear portion of its characteristic.
Of course the shunt lowers the sensitivity on voltmeter scales, because
it takes more current to produce a given deflection. Typically, before
the shunt is connected, the sensitivity of the meter in Fig. 6-6 alone is
1/.0002 = 5,000 ohms per volt; after the shunt is connected it takes 1
ma to deflect full scale, thus the sensitivity drops to 1/.001 = 1,000
ohms per volt. However, the improved scale calibration is generally
considered worth the price of the lost sensitivity, and many commer-
cial instruments use the shunt.

6-4. Sensitivity of Rectifier-Type Instruments

The shunt resistor described previously is placed in the circuit
only when a-c quantities are being measured. This is one reason that
rectifier-meter sensitivities are ordinarily considerably lower than d-c
meter sensitivities in the same combined instrument. Also, the rectifier
has a definite amount of forward resistance and impedance which, for
simplicity, we have ignored in previous discussions. However these are
present, and result in less current through the meter than would be the
case in perfectly resistanceless rectification.

Because of these two factors, meter-rectifier sensitivities are ordi-
narily much lower than d-c meter sensitivities in combination instru-
ments using the same meter movement. For the better instruments
commonly available, a d-c sensitivity of 20,00 ohms per volt is common.
For a-c voltage measuremeunts, most instruments feature a sensitivity
of 1,000 ohms per volt, with a few having as high as 5,000 or 10,000
ohms per volt.

6-5. Frequency Characteristics of Copper-Oxide Meter Rectifiers

Because the copper-oxide rectifier has internal capacitance, bypass-
ing of higher frequencies takes place and the rectified current passing
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through the meter is accordingly decreased at the higher frequencies.
This occurs to a much lesser degree today than in the designs of years
ago because meter rectifiers have undergone substantial improvement
in design, Presently, the usual frequency error is about 1 percent up to
about 20,000 cps, and a copper-oxide rectifier type of a-c voltmeter is
down approximately 3 db at around 70,000 cps.

Except for the necessity for correction because of the frequency
characteristic of the rectifier, the meters used especially for a-f meas-
urements are the same as those already described. An a-f voltmeter is
simply an a-c meter, of the rectifier type, used at higher frequencies.
However, the scale of the audio-frequency meter is usually calibrated

° NL
L7 ]
MULTIPLIER |

Fig. 6-6. Circuit with scale A-C 2 s“':m
linearizing shunt resistor. T

in different units, either decibels (db) or volume units (VU). Because
of this, such meters are often referred to as “db” or “VU” meters.
6-6. The Decibel and the DB Meter

The decibel or db is a unit of power ratio, although it is just as
often used in connection with ratios of voltage and current. It was
developed to provide a convenient expression for power or voltage
ratios of large magnitude, such as are used in audio work and with
audio equipment.

The db meter, on the other hand, is a direct reading instrument
which is calibrated in db values above and below a reference standard,
thereby enabling direct measurement of a power or voltage level rela-
tive to the standard.

6-7. The Decibel Reference Level
The decibel is defined by the following equations:

Number of db = 10 Log ;f

_ E2
db = 20 Log E1
db = 20 Log g
where P2 is output power El is input voltage

Pl is input power 12 is output current
E2 is output voltage I1 is input current
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tor waveforms other than the sine is not 1.11. For example, Fig. 6-9
shows the familiar “sawtooth” waveform used in the deflection circuits
of tv receivers, and its average and rms values. Since the form factor is
1.15 instead of 1.11, the regular rectifier a-c meter reads about 4 per-
cent low. Although the average value operates the meter, its scale is
calibrated to indicate 1.11 times the average. Thus the indicated rms
value is lower than the actual rms voltage, which is 1.15 times the
average value. Of course, if we know what the waveform is, we can
correct each reading by multiplying it by 1.15/1.11, or 1.036.

6-10. Current and Potential Transformers

Although we are primarily concerned with problems involving the
rectifier type of meter, the basic a-c types, such as the moving-iron and
dynamometer, are also encountered. A word about the extension of
their scales should be said. Shunts are not as frequently used with these
meters, instead current scales are extended by means of current
transformers.

PEAK

AVI Gs RMSs VALUE

0.50 PEAK -STT PEAK

0.877

FORM FACTOR » CENLY

0.500

Fig. 6-9. Sawtooth waveform and relative value of the rms and average compared to
peak. The form factor here is 1.15, compared with 1.11 for the sine wave.

The secondary winding of the current transformer is connected to
the meter, and the primary of the transformer is connected into the
circuit where the current is to be measured (as shown in Fig. 6-10).
Due to the design of the current transformer, the load current is
stepped down by a predetermined factor so that the secondary current
is within the operating range of the current meter. The step-down ratio
between the primary and secondary windings then becomes a multiply-
ing ratio applied to the current indication of the meter. For example,
in Fig. 6-10, the connections to the transformer are such that a
step-down ratio of 10 is being used, full-scale deflection of 1 ampere in
the secondary circuit is the equivalent of 1 x 10 or 10 amperes flow-
ing in the primary or load circuit.
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SINE WAVE WAVE WITH"MIRROR SYMMETRY" AVG RDG MTR READS D-C VALUE
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Fig. 12-12. How combinations of a< and d-c voltages affect meter readings.

A d-c voltage reading with a permanent-magnet moving-coil meter is affected by the

presence of an added a-c component only if the latter has an average value different

from zero, as in (D). Note, in (E), that an a-c component wave does not have to be
symmetrical to have an average valuve of zero.

a-c voltage is symmetrical and in some cases unsymmetrical. An isolating
capacitor keeps dc out of the meter for a-c measurement. A-c voltage
can be kept from the meter during d-c measurements in some cases by
use of a low-resistance series choke in the meter lead. Whether the a-c
voltage affects the d-c voltage measurement is determined by the wave-
form of the a-c voltage and the kind of measuring equipment.

A wave is said to be symmetrical if the shape of the waveform of
one polarity is a duplicate of the waveform of the other polarity. For
example, a sine wave (Fig. 12-12A) is symmetrical. A special kind of
symmetry is that in which the value of one polarity are repeated in
reverse order by the other polarity, as shown in Fig. 12-12B. This is
known as “mirror symmetry."”

We are concerned here with measurement of voltages containing
both an a-c and a d-c component. For these, the important thing about
a symmetrical waveform a-c component is the fact that its average value
is zero. Thus an average-reading d-c meter, such as the moving-coil
permanent-magnet type, reads the same d-c voltage whether or not the
symmetrical a-c component is added to it. If the meter movepent is
of the dynamometer or thermocouple type, operating on the square-law
principle, it reads the rms value of the total voltage (a-c plus d-c) as
shown in Fig. 12-12C. In this case, a true indication of the d-c voltage
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alone could only be obtained if the a-c component could be somehow
removed or separated from the d-c component.

If the a-c component wave is unsymmetrical, the average value of
the composite voltage (a-c plus d-c) is different than the d-c value.
Then both average-reading and square-law instrument indications are
affected by the presence of the a-c component with the d-c voltage,

It should be noted that an a-c component wave does not have to
be symmetrical to have an avérage value of zero, as exemplified by the
unsymmetrical zero-average a-c component of Fig. 12-12(E). Of course,
such waves are rarely encountered.

As has been stated in Chapter 9, some a-c meters are intended for
the measurement of sine waveform voltages, whereas others are capable
of indicating the level, as peak or peakrto-peak, of complex unsymmetri-
cal waveforms. Moreover, the measurement of a-c signal voltages also
is influenced by the impedance of the source and the impedance of the
voltmeter at the frequencies represented by the a-c signal, and also by
the frequency of the signal and the range of frequencies over which
the meter functions, This may introduce the need for supplementary
equipment such as probes.

A book of this type cannot contain a discussion of the operational
theory of all of the circuitry to which meter type measuring devices can
be applied. It must presuppose that the user of the equipment has
guidance of some sort in the behavior of the equipment under test, and
is concerned with the methods involved in applying the different kinds
of meter type measuring devices. These are discussed herein.

12-4. Suitability of the Voltmeter

The suitability of the voltmeter for making measurements of volt-
age is determined by a number of factors. These are:

a. The kind of voltage to be measured; whether it is ac or dc. This
establishes whether the device must be a-c indicating or d-c indicating.

b. The amplitude of the voltage to be measured. This determines
the required voltage range of the voltmeter.

¢. The resistance of the circuit across which the voltage is to be
measured. This determines the required input resistance of the voltmeter
so as to minimize loading of the measured circuit and influencing the
performance of the system whose voltage output is being determined.
This is important in both d-c and a-c measurements. The 20,000 ohms-
per-volt voltmeter has become standard as a d-c voltage measuring unit
among many manufacturers of electronic equipment, although an equal
number favor VTVM. The recently announced 100,000 ohms-per-volt
voltmeter will, no doubt, gain popularity.

d. The waveform of the a-c voltage. This is important mainly
in the self-generating systems in electronic equipment which produce
























































































































190 HOW TO USE METERS

The partial schematic diagram of Fig. 14-5 shows the final transistor
stage and output arrangement. The a-c output is taken from the col-
lector of transistor Q4, opcrated in a common-cmitter configuration.
However, the inclusion of the unbypassed emitter resistor of 100 ohms
allows the a-c amplifier output to be taken separately from the emitter
as a low-impedance output (50 mv max). The full-wave rectifier bridge

e oe_ "_'j
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1

RI6
39K

S28
cs =
| 65
2 cl9
65
\
1
FROM §R 18 clo R36 OUTPUT
VI TUBE 27K 1o 100

R4 S3
27K

Fig. 14-5. Partial schematic of transistorized voltmeter circuit. Alto model D121A

uses two crystal diodes and two resistors in its arms, and feeds the
200 pa d-c indicating meter. Part of the output of this last stage is
fed back to the emitter of the first stage, providing feedback over all
the stages. The total amount of feedback is approximately 38 db at
mid-band, which ensures high stability of the voltmeter over the wide
: temperature and frequency range.
Of the five batteries used to supply power, one is used to supply
1.3 v for the filament of the tube, three 9.4-v batteries in series supply
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