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introduction

HERE are many possessions in life we see so frequently that we
take them for granted. Like the modern automobile, we even
manage to use them relatively efficiently, at least up to a point.
The volt-ohm-milliammeter or vom is one of these items. Many
technicians and engineers learn how to use it for a limited number
of measurements, without really understanding its versatility. Here
then we want to tell you what the voltohmmeter consists of, how
and why it works, what uses can be made of it, how to adapt it
for other purposes not usually known, how to care for the
instrument, how to check it for accuracy, how to use it in the many
ways it can be used in servicing and constructing electronic equip-
ment of all kinds.

It is absolutely no exaggeration to say that the vom is the
instrument most frequently used by professional service techni-
cians, engineers and maintenance men. From radio and TV repair
to such fields as automotive electrical repair, the advantages of the
vom are almost automatically realized and used without much
conscious thought. It is for many the handiest instrument avail-
able, the first they will turn to in their work.

Vom's come in many sizes, shapes, ranges and price classes, and
we will have something to tell you about the selection of the
proper instrument for your purposes. But they all have similar
characteristics in that they are applicable to many measurements
(because of their many ranges) and they they need no power
source, in contrast to their more expensive cousins, the vacuum-
tube voltmeters. Incidentally, following trade practice, the vom
(in this book) is variously referred to as an ohmmeter, multitester,
multimeter and volt-ohm-milliammeter.

The fact that a vom needs no power source is one of its greatest
advantages. For example, the marine radio technician, who must
service small-craft radio equipment is not likely to find a 117-volt
power source for instruments; thus whatever he carries he must
be able to use without power. The mere fact that the instrument
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must be carried around a lot, requiring ruggedness and light
weight, again recommends the vom.

Then, too, the vom can be relatively inexpensive, and is the
first instrument to be purchased or built by the ham, experimenter
and hobbyist. It can, for them, form the basis of many other instru-
ments, and we will tell you something of how this is done. Labora-
tories, rather than purchase many single-range instruments, often
use many vom’s, when their accuracy is sufficient. In this way they
save a great deal of money since they have “many” instruments
available in one case.

Besides the commercial units, there are many types of vom Kits,
and we will take a look at those. In addition there are a number
of ways of building your own vom with basic instruments. The
ranges of the vom can be extended, to read higher voltages, higher
resistances and, in many cases, lower voltages without necessarily
making a vtvm out of the instrument. We will discuss the various
ways of doing all this.

The vom of course has some limitations. There is, for example
a finite, and not always very high, input resistance to the instru-
ment, so that it may present a load to the circuit to be measured.
This and the effects you may have to consider will be discussed
in some detail. The ac ranges of the instrument may have some
limitation as to frequency, so that the unit may become less
accurate at higher frequencies, and may not be very useful at very
high frequencies.

Because it is a rugged and multipurpose instrument, some
compromise has had to be made with accuracy and, although the
vomn is certainly sufficiently accurate for almost all practical pur-
poses, it must not be regarded as a laboratory standard, unless it
is especially calibrated for this. There is, too, the disadvantage that
generally, as the higher resistances are measured, the scale becomes
more crowded, more difficult to read. This can be avoided in
expensive bridge type instruments only. But there is a saving
grace. You can use the vom to build your own resistance bridge.

Several books could be written on specific applications of the °
vom; we have limited this one to the most useful and general prac-
tical applications, hoping that when you have finished reading it,
you will have gained new skills and a new respect for this jack-of-
all trades in the electronics and electrical world.

Tom Jaski




the basic meter in the vom

THE basic meter in all voltohmmeters is the well known moving
coil or d’Arsonval type movement, named after the French
physicist Jacques Arsene d’Arsonval. As early as 1882, this sci-

entist made an instrument which he called a *reflecting galvanom-

eter.” Instead of a pointer, the instrument had a small mirror
attached to its coil. The mirror reflected a beam of light and, as
the coil and mirror turned, the reflected beam turned with it. A
scale mounted at-some distance from the mirror showed a spot
of light traveling from one position to another. The amount of
travel indicated the rotation of the coil and, therefore, the current
through it.

The first question we can ask of course is, “What makes the
coil rotate?” Let us begin with magnets. Magnets have two poles,
North and South, named after the poles of the earth. Two poles
which are alike—the North poles of two-magnets, for example—
repel each other, and two poles which are opposite, a North and
a South, attract each other.

We have learned by experience (we cannot really explain it)
that when we pass an electric current through a coil of wire, the
coil becomes a temporary magnet with a North and a South pole.
If we suspend such a coil (on pivots) in a magnetic field (supplied
by a permanent magnet) the coil (Fig. 101) will tend to rotate
when we pass a current through it. The temporary North pole is
attracted to the South pole of the permanent magnet and repelled
by its North pole. The opposite happens to the temporary South
pole. If we make the coil turn against a spring, the spring will
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resist more as we rotate the coil. To make the coil turn more we
must send a stronger current through it, creating greater attrac-
tion and repulsion forces in the field.

o

Fig. 101. The principle of the d’Arsonval meter is a ro-

tating coil in a magnetic field. The coil is wound on a

rectangularly-shaped aluminum bobbin mounted between

the poles of a permanent magnet. The meter works be-

cause of the forces of attraction or repulsion between
magnetic poles.

Thus, the coil’s rotation is directly proportional to the current
through it for a given magnetic field strength. When we turn off
the current, the coil, pulled back by the spring, will resume its
original position. If we were to reverse the current, the coil would
rotate in the opposite direction. Thus we must always make sure
the current in a d’Arsonval meter goes in only one direction, so
that the pointer will deflect to the right, and not to the left.

It takes a lot of refinements to make a d’Arsonval movement
from the crude idea of Fig. 101, but the principle is all there. One
refinement is that we make the field of the magnet in which the
coil rotates as uniform as possible. This is done by shaping the
pole pieces so that the coil can rotate just inside of them. The
space between the poles contains a soft-iron cylinder, which just




allows the coil to rotate around it. This is shown in Fig. 102-a.
This homogeneity or “sameness” of the field assures that the con-
tribution of the magnetic field to the rotation of the coil is always-
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Fig. 102. Interior view and construction details of the moving-coil meter. A well-
constructed meter is a precision instrument. The internal resistance of the meter is
the dc resistance of the coil wound on the bobbin.

exactly the same, making the rotation the indication of the
amount of current in the coil only. (Sometimes, for special rea-
sons, this is not done, but in vom’s we always have ‘“linear”
meters.)

The coil is mounted on small shafts which are supported in
jewel bearings (see Figs. 102-b and -c). The springs are two small
bronze spirals which are also used to carry the current to the coil.

To be useful, the coil must have a pointer. The longer the
pointer is, the easier it is to read the rotation of the coil. Theoreti-
cally, we can make the coil itself perfectly symmetrical, and it
would make no difference in which position we used it. But with
the long pointer attached to it, the meter would tend to deflect
simply from the weight of the pointer. We could counteract this
by using strong springs, but then the meter would show a different
reading for the same current, when held with the face horizontal
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or vertical. In one case, gravity would not help, and in the second
case it would.
The only alternative is to counterbalance the weight of the
pointer so that the meter will show exactly the same deflection for
'the same current in all positions. We do this with little weights

Fig. 103. Basic meters are available in many sizes and shapes.

As an indication of size, the unit shown at the top left is a

4-1/2-inch rectangular type; that at the bottom left is a

3-inch round while the one at the bottom right is 1-5/16-
inches square.

on a crossarm, shown in Fig. 102-b. By positioning these small
weights for exact balancing, we can make the meter read precisely
the same in all positions, even upside down.

The magnetic field created in any coil is proportional to the
current through it and to the number of turns in the coil; this
is what we call ampere turns. If we wind more turns on the coil
bobbin, it will take less current to get the same amount of coil
rotation or pointer deflection. With more turns in the coil, the
meter will be more sensitive. The coil is made with very thin wire,
and this wire has quite a bit of resistance. Sensitive meters have a
higher coil resistance. We call this internal resistance to avoid
confusion with other resistances we will use with meters.

Instruments can be selected for their sensitivity. But we must
remember that one thing does not change much from meter to
meter and that is the friction in the bearings. For very sensitive
meters, the bearings must be more precise, reducing the friction.
Some meter bearings are as accurate as and have the same quality
as watch bearings, making the meters very expensive and also
quite delicate. :
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Meters may also be selected for their size. Fig. 103 shows some
of those available. The larger the meter, the longer the pointer,
and thus the easier it is to read accurately. But, again, when we
have a long pointer, a relatively small force could bend it, and
the large meters are, therefore, more delicate than the smaller
ones.

Even if you buy a factory-made instrument, you will be con-
cerned with the sensitivity of the meter in it, for the resistance of
the unit (which will “load” the source you are measuring) will
be a function of the sensitivity of the meter.

Why we use external resistances
Deflection is proportional to the current through the coil, and

only the current. As a meter, then, it can measure only current,

M M
SERIES RESISTOR

SHUNT RESISTOR
+ a - o+ é -0

Fig. 104. To measure voltage (a) we use a series resis-

tor to reduce the amount of current flowing through

the meter coil. To measure a large current (more than

can be permitted to pass through the meter) we shunt

part of it through a resistor in parallel with the meter

(b). Series and shunt resistors are changed by a range
switch on the front of the vom.

and only as much current as will deflect the pointer the entire
scale length. This is a very limited amount at best. Should we
want to measure voltage, we will have to measure the current this
voltage creates in the coil. Usually this will be much more than
the coil can handle. The pointer will bend against its stop, and
eventually the coil would get hot and burn. We can reduce the
current by putting an external resistance in series with the coil,
thus reducing the current according to Ohm’s law. The more
sensitive an instrument is, the more resistance it will need exter-
nally. We will discuss in the next chapter how much resistance
to use.

Let us look at another way to reduce the current in the meter
coil. When we were interested in measuring voltage, it did not
matter exactly what the current was so long as it was proportional
to the voltage, and we could read the deflection of the pointer on
the scale as voltage. But suppose we want to measure current of
a greater magnitude than the meter coil can handle. We might
get another meter, but there is a simpler way. We can let only a
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part of the current go through the meter, and the other part we
send through a resistor. This resistor, which we call a shunt, must
be in parallel with the meter. With a shunt, we can make any
moving-coil meter capable of “reading” a larger current than
its coil can handle. Fig. 104 shows the two basic situations sche-
matically. '

Accuracy of the meter

There are several kinds of accuracy with which we are con-
cerned. Some of these are inherent in the basic meter. The first
of these is what is called “‘repeatability,” meaning that the meter
shows exactly the same deflection for the same kind of current.
This depends on the smoothness of the bearings and other me-
chanical features, such as the springs, etc. Repeatal)ility is a
built-in characteristic and is generally quite good. Full-scale re-
peatability accuracy of a meter is often within 1%,

Next, if we consider the factors which determine deflection,
you can see that if the magnets in meters vary a little bit in their
strength, the meters will also vary a little bit in their indication
of current. Thus, here is another item of accuracy, which we call
calibration accuracy. For example, a 50-microampere instrument
may actually deflect full scale with only 48 pa. There are two ways
to do something about this kind of accuracy. In the example men-
tioned, we could supply the meter with a new scale, which reads
48 microamperes full scale. Or we could shunt the meter with a
resistance of such a value that, when the meter reads 50 pa, 50 pa is
actually going through the combination of meter and shunt. Both
methods are used to provide calibration accuracy for meters,
although the latter is more often used commercially.

In a voltohmmeter, calibration accuracy will be a function,
not only of the meter itself, but also of all the external resistances
used with it. The more accurate our resistances, the greater the
calibration accuracy. This is something which we can control.

Why and how we change meter scales

One reason for changing meter scales was mentioned—changing
calibration. Meters are basically current-measuring instruments,
and so their scales are made to read current in microamperes,
illiamperes or amperes. But suppose we want to read voltage
only. It would then be much more convenient to have a scale
reading in volts. What's more, frequently we like to read voltage
in steps of 3 to 1, in other words, as 1 volt, 3 volts, 10 volts, 30 volts
and so on. In that case, we would need at least two scales, one with
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a number of divisions which is a multiple of 10, and one with a
number of divisions which is a multiple of 3.

New scales for meters can be made in many ways. You can draw
them on paper and paste them over the old scale. Or you can
make them photographically. You can even buy meter scales and
decals to make new scales. Whichever way the scale is made, to
install it, the meter must be opened up, the existing scale removed,
modified or replaced.

This is a rather delicate job. First, you must remove the screws
that hold the movement in its case. Do this only on a bench which

Fig. 105. The meter face is generally fastened to the meler movement by two

small machine screws. These are being removed as shown at the left. After

the screws have been taken out, slide (do not lift) the meter face out as shown

in the photo at the right. This job must be done carvefully or the meter
pointer will be bent.

is spotlessly clean, for particles of dirt or dust which get into the
movement are extremely hard to clean out. Worse, if there are
any iron particles about, they will be attracted to the magnet
and become almost impossible to remove.

After the movement is out of the case or, in some meters, after
the cover is removed, the next step is to take out the two screws
that hold the meter scale in place. The scale is usually a thin sheet
of brass with the scale printed on it. Next, carefully slide out the
scale, and do whatever modification you need to do on it. The
last two steps are shown in Fig. 105.

After changing the scale, the whole thing has to be put together
again. This is delicate work, for the pointers in meters are nade
from a very thin piece of aluminum, not much thicker than foil,
and are easy to bend. Once bent, they are very difhcult to
straighten, partly because the cross-section ol a pointer is not flat,
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x
but curved for strength. So be very careful with the pointer.
When you work on a plastic-front meter (Fig. 105) be very careful
not to scratch the front face; scratches will mar the meter per-
manently, for there is no good way to remove them.
Since the need to change scales on meters is so common, one
manufacturer has designed a meter on which the scale and face

Fig. 106. This meter is' designed for
easy interchangeability of scales. (Trip-
lett Electrical Instrument Co.)

can be changed easily. The same scale can be used with different
movements or, the same movement with different scales (Fig.
106).

Sometimes you may need several scales at once, depending on
the ranges you choose. The selection of the proper scales with
the choice of accessory resistors will 'be discussed in Chapter 2.
Here, in Fig. 107, we show some of the scales you might have
to use. The divisions in the 3. 30 and 150 scales are multiples of
3; in the 1, 5, 500 scales, multiples of 5. The logarithmic scale is
used for decibels, which is a logarithmic function and which we
will later discuss in detail.

Still other kinds of scales are needed for resistance measure-
ment. These are what we call nonlinear scales: the divisions at
one end are not the same length as on the other. The reasons for
this will become clear when we discuss ohmmeter principles. Some-
times other scales, such as the low-voltage scales on a meter, are
nonlinear, due to certain characteristics of the rectifiers involved.

Notice that all the scales shown encompass a total angle of only
90°. In Fig. 102-d the supports are shown for the coil bearings
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above and below the magnet. There are also supports for the cen-
tral core, which are part of the cut-away section and therefore
not shown. Obviously the pointer could not pass by these supports

Fig. 107. Representative types of scales used with the vom. These fall into three differ-

ent categories: linear, nonlinear and logarithmic. Linear scales are used for measuring

voltage and current, nonlinear scales for measuring resistance and logarithmic scales
for db. (Only linear and log scales are shown here.)

for the bearings, nor the coil by the support for the central core,
so the rotation of the coil is restricted to less than 100°. Some
special meters have been designed to rotate as much as 240°, but
these are large rugged panel types not generally used for unit
instruments.

Protecting the meter
Because of the delicacy of the pointer and the thinness of the
coil wire in a meter, we will want to include some sort of protec-
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tion for the movement. Mechanical protection is not easily built
in. If you drop a meter it will probably never be the same.

Electrical protection is much easier to come by. We can simply
tuse the meter. This is common practice for expensive sensitive
instruments. Fuses are available for as little as 2 milliamperes.
For a sensitive instrument this may sound a high value, but
these are very fast acting fuses and will blow before serious
damage is done to the meter. Often meters are protected by being’
connected in the circuit in such a way that the bare meter termi-
nals never are available to the outside; in other words, there
is always a series resistor or shunt present. This can be detected,
for example, when you have an instrument with a 200-micro-
ampere movemenyt, yet the lowest current rating of the voltohm-
meter is 250 ya or some other higher value.

The rating of a meter is easily determined from the instrument’s
specifications. These usually state that the meter is so many ohms
per volt. This means that, on a specific scale, the total resistance
of the instrument is the voltage rating of that scale multiplied by
the listed ohms per volt. For example, a 20,000-ohms-per-volt
meter means that, on the 1-volt scale, the meter will have a total
resistance of 20,000 ohms. From Ohm’s law then you know that
the instrument has a 1/20,000 = .00005 ampere, or 50-micro-
ampere, meter.

Balancing the meter

Normally, all meters are caretully balanced at the factory. But,
when the meter undergoes a certain amount of handling, as when
scales are changed or when the meter is moved around a good
deal while being built into a cabinet, it is possible for the coil and
pointer combination to get out of balance. This is easy to ascertain.
If the meter points exactly to zero when the face is horizontal,
hold it up with the face vertical. Now rotate the meter slowly and
see if the pointer changes position from the zero mark. If it does,
the meter is out of balance. If the unbalance is minor, say one
division, it would hardly pay to experiment with the balancing.
But if the unbalance is serious, you may have to consider balanc-
ing. However, if the balance weights are cemented in place it is a
job for an expert.

Balancing is not difficult, but it is a delicate and possibly tedious
task. Start with a spotlessly clean bench, and remove the meter
from its case. In Fig. 108, we have redrawn the balancing cross
also shown in Fig. 102. Weight A counterbalances the weight of
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the pointer when it is in a horizontal position, and the combina-
tion of A, B and C together counterbalance it in any other posi-
tion. With the meter face vertical and with the 0 mark and the
pivot in a horizontal line (see Fig. 108-b), observe the pointer. If it
sags off scale, weight A must be moved out from the pivot. If the
pointer moves up scale, weight A must be moved in toward the
pivot. When this balancing is precise, rotate the meter to the posi-
tion shown in Fig. 108-c. Now if the meter pointer moves to the

POINTER
SHAFT
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Plg 108. Tiny weights are used to counterbalance the pointer. The first illustra-

tion (a) shows the general relationship of the weights to the pointer. The

pointer should rest on the zero mark when the meter is in either the hori-
zontal position (b) or in the vertical position (c).

left, off scale, either weight B must be moved in toward the pivot
or weight C out from the pivot. It does not matter which, since
the effect of either is the same in terms of balancing moment at
the pivot. However, it is best to keep the distances of the counter-
weights from the pivot approximately equal.

After this you may have to repeat the first balancing. Be sure
in any case to check it. These balance arms are extremely delicate,
so be careful how you go about moving the weights. They can be
pushed along the arm with the tip of a small screwdriver. Hold
the pointer cross in one position by the balancing arm A, not by
the pointer!! After balancing, you probably will also have to reset
the zero adjustment. This is easily done from the front of the
meter, after the movement has been replaced in its case. When
replacing the movement, be sure that the zero-adjustment pin slips
between the sides of the zero-adjustment bracket. This bracket
changes the zero position by changing the fixed attachment point
of the top spring a little, thus altering the tension of the spring,
which pulls the coil and pointer with it (see Fig. 102).
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Selecting a meter

Although many excellent factory made types and kit types are
available, you may decide to build your own voltohmmeter. The
problem of selecting a meter immediately arises. This is not only
a technical choice, but also involves the problem of how much
you are willing to spend.

There are so many possible choices of meters that only a few
general rules can be set down. First of all, do not buy a meter
of greater sensitivity than you need. The more sensitive, the
smaller the load on the circuit—but one disadvantage is the great
resistance which will be needed for higher voltage ranges, since
precision resistors of higher values will also be more expensive.

The size of the meter must be considered. If you want accuracy
and readability, the largest meter is just good enough. But the
instrument will then also be large. If you want a rugged, handy
pocket instrument, the meter will have to be small, and you will
sacrifice some accuracy in your measurements. If you want reason-
able accuracy and yet portability, a 3-inch round or 4-inch rec-
tangular meter is about the best choice.

Making your own voltohmmeter is a lot of fun, but also a lot
of work, and you will not be able to save any money over the
kit type instruments offered. But if you need special ranges, you
will find in the following chapters all the information you will
need to build many kinds of vom’s.

A word of caution: Whenever building any equipment includ-
ing a meter, avoid inserting the meter until the last possible
moment, thus avoiding damage to the delicate meter or scratches
to its face if it happens to have a plastic front.
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chapter

multirange meters

THE basic meter we have discussed can be used to build many
measuring instruments. The choice will depend on what is
to be measured, but you will always have to have certain informa-
tion about the meter you are going to use. You will need to know
its full-scale range and its internal resistance. These can be estab-
lished with very simple tools. Fortunately, the majority of d’Ar-
sonval meters come in standard ranges. Once you have established
the approximate full-scale range of the meter, you can with con-
fidence assume it is the next standard range. These standard ranges
are: 20, 50, 100, 500 microamps (occasionally you may encounter
a 10- or 30-pa instrument, but these are rare); 1, 2, 3, 5, 10, 15, 25,
50 and 100 milliamperes. Anything over 5 ma is unsuitable for
vom’s, and even that is high. But the ranges are listed because you
may have to recognize unsuitable meters as well. If you buy a new
meter, you will certainly know its range and probably also its
internal resistance. But if you find a meter in surplus or salvage
one from a used piece of equipment, you probably will know
neither.

How to measure range

To measure the approximate range of a meter, all you need is
a fresh flashlight cell and a handful of resistors. As shown in Fig.
201, connect the resistors in series with the meter, beginning with
the highest resistance, until you have obtained nearly full-scale
deflection. Start with the highest resistor to prevent overloading
the meter and possibly damaging it.
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By referring to table 2—1 you can determine the range of the
meter. (For example, if a meter deflects full scale with 3,000 ohms
in series, it is a 500-pya unit.) Be sure to observe polarity marks

RESISTORS
o-AAA~O

METER

Fig. 201. You can determine the

full-scale range of your meter by

using the appropriate series re-
sistors.

FLASHLIGHT CELL

I 1.52V

on the meter. These will appear on or near the terminal studs;
the positive pole will be marked with a 4. On the battery cell,
the center small rod is always the 4.

How to determine internal resistance
To find the internal resistance of the meter, use similarly simple
tools. A fresh flashlight cell is the first one. A fresh cell always has
R

+ METER
"' FRESH FLASHLIGHT CELL

(DO NOT CHANGE
SETTING)

a b

Rg Rp

( DO NOT CHANGE
+{ SETTING)

T

-

4

Fig. 202. Steps in finding the internal resistance of a meter. First (as shown in a)

adjust R, for full-scale deflection. Now add R, (see b) and adjust for half-scale

deflection, but do not touch the setting of R,. Finally (drawing c), put R, and R,
in series with the meter and then read the deflection.

a voltage of 1.52. This varies practically not at all and, with the
small loads you will be applying, it can be used intermittently
for hours without losing much of its voltage.

Next you will need two potentiometers. One (R, in Fig. 202)
must be at least the same value as the resistor shown in table 2—1
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for that particular meter. Thus, for a 500-pa meter the rheostat or
potentiometer should be at least 3,000 ohms. You will probably
use a 5,000-ohm pot for this. The other one, which we will call
R,, must be about the resistance you believe the meter to have.

Table 2—1. Series resistors and current ranges for full-scale
deflection

resistance in ohms for

meter range full scale at 1.52 volts

20 microamperes 75,000
50 " 30,000
100 " 15,000
200 " 7,500
500 " 3,000
1 milliampere 1,500
2 milliamperes 750
5 " 300
10 " 150
15 " 100
25 " 60
50 " 30
100 " 15

Table 2—2 shows some of the common values for popular brands
of meters. You can see that for one range the internal resistance
does not vary too much. For 500 pa this is 80 to 500 ohms. For
R, we would then select a potentiometer of 500 ohms.

Table 2—2. Approximate internal resistance of
representative meters

make microamperes  current ranges milliamperes

20 50 100 200 500 1 2 5 10
Burlington — 1,150 1,150 330 225 46 — 10 5
Emico* — — — — - 900 — 1,250 430
General
Electric
type DO-41 2,000 2,000 1,600 360 250 70 30 7 4
Marion -
53 SN 1,750 1,750 1,000 500 300 50 -— 10 5
Shurite _ — —_ - - 1,000 — 3,475 870
Simpson — 2,000 2,000 1,000 200 46 — 23 7
Triplett - 1,770 900 360 156 55 — 8.5 3.1
Weston

type 301 1,520 1,140 600 660 195 105 27 57 20
Weston
type 801 - 900 1,100 400 80 80 — 24 125

*These are not d’Arsonval type instruments. Note the increase in
internal resistance.
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. Now proceed as illustrated in Figs. 202-a, -b and -c. First, as in
Fig. 202-a, adjust the potentiometer until you'get exactly full-scale
deflection. Now add R, in parallel with the meter, as shown in
Fig. 202-b, and adjust R, for exactly half-scale deflection on the
meter, leaving the adjustment of R, strictly alone. Some of the
current will be going through the potentiometer and, when the
meter shows half the current, the current through the potentiom-
eter will also be half, and thus its resistance will be exactly equal
to the meter’s internal resistance. But we still have to determine
what it is.

This we do next by connecting R, and R, in series with the
meter, as shown in Fig. 202-c. The adjustment of the two poten-
tiometers must not be changed when you do this. Divide the bat-
tery voltage, 1.52, by the meter full-scale current in amperes. Now
read carefully what the meter deflection is. Next, divide the
voltage by the current noted on the meter, also in amps. Subtract
the second figure from the first, and the difference is twice the
meter’s internal resistance. Here's an example of how this works:

Suppose you have a 500-ya meter. As in Fig. 202-a, adjust R, for
full-scale deflection. You now have in the circuit both R, and the
meter resistance, which we will call R,,. The current (.0005 amps)
goes through both: 1.52/.0005 = 3,040 ohms, or R, + R,, = 3040.
Next suppose in Fig. 202-c you read the meter at 0.9 of full-scale,
or 450 microamperes. R, = R, therefore R, + 2R, = 1.52/.0045
= 3,377 ohms. We can expand this to read R, + R,, + R, = 3,377
ohms. Since R, + R,, = 3,040 ohms we can substitute this and we
then have 3,040 + R, = 3,477. Transposing, we have R,, = 3,377
— 3,040 = 337 ohms.

The accuracy of this measurement depends on two things: how
fresh the flashlight cell is, and how accurately you can read the
scale of the meter. In Fig. 203, a scale is shown which might be
used in a 500-uya meter; the arrow near the 5 shows what your
second reading would have looked like. The other arrow is shown
to explain how to read the meter as accurately as possible. The
scale has five major divisions, each of which represents 100 pa.
Each major division is divided into five equal parts, and thus each
of these divisions represents 20 pa. Because the second arrow is
shown in the fourth major division, the first digit to read is 3.
The arrow is also two-thirds of the way in the first small division,
which is then 2/3 of 20, or about 13.3 ja. Round this figure off
and, with the pointer in this position, you would read 313 ya.
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There are other ways of determining the internal resistance of
meters, but they presuppose the availability of other meters cali-
brated and ready to use. For example, with an ohmmeter you
could simply read the resistance of the shunt, R,, after you had
adjusted it for half-scale deflection on the meter. On the other
hand, the method discussed requires nothing but one standard—
a fresh flashlight battery—and some careful work in reading the
meter.

Making multirange current meters
Most meters in use actually indicate currents other than their
original range, by means of shunts and other accessories. If you

\_ J

Fig. 203. How accurately you determine the

internal resistance of a meter depends in

part on how carefully you read the meter

scale. The type shown here is linear. Each

small division has a value of 20 microam-

peres. Full-scale deflection is 500 micro-
amperes.

consider the economics of it, the reason becomes obvious. With a
I-ma meter we can read ranges of 1, 10, 100 ma and 1 amp, or
more, simply by using an inexpensive external shunt. The manu-
facturer therefore needs to make only 1-ma movements for all
these ranges, and can do it more economically by far.

To make a meter indicate half the current from the same sup-
ply or to extend its range to twice the original value, shunt the
meter with a resistance exactly equal to its internal resistance.
Similarly, to make a meter usable on a range five times as large,
bypass 4/5 of the current through a shunt. The meter takes 1/5,
and the ratio between the shunt and meter resistances is the
reciprocal of the current ratio, or 1 to 4. In other words, the shunt
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must be 1/4 the resistance of the meter. For 10 times the original
range, the shunt must then be 1/9 the meter’s internal resistance.

Changing the meter range

Knowing the internal resistance, you can figure any shunt
needed to change the range of the meter..For example, let’s con-
sider the 1-ma movement in Table 2—2 that has an internal
resistance of 46 ohms. To make a 10-ma unit out of it, we would
shunt it with 46/9, or 5.11 ohms.

There are several ways to obtain such a resistance. We could
buy one for example. Another way would be to make the shunt.
In this case, if you made it from copper wire, use 15 feet, 8-5/8

Fig. 204. One method of making a low-resistance shunt. With
current passing through the meter, twist the bare wire forming
the shunt until the meter passes the correct amount of current.

inches of No. 34 AWG wire, which at room temperature would
have very nearly 5.1 ohms resistance. But there is the problem
of ““at room temperature.” If the temperature varied considerably,
so would the resistance of the copper wire. For this reason, pre-
cision resistors are wound from a wire called Manganin, which
is hardly affected by temperature and has about 400 times as much
resistance as copper, making it much easier to use. Manganin, or
its cousin, Nichrome, which is just about as good, can be obtained
from electrical supply houses, but is not otherwise generally avail-
able. However, for making a few shunts, you will need only a
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small quantity, and you can obtain some from an appliance repair
shop by asking them for burned-out toaster, flatiron and heater
elements. They are made from Nichrome or similar wire.

Particularly if you intend to make the meter read very high
currents in comparison with its original range, you may have
to make your own shunts. To make a 1-ma meter read 1 ampere
full scale, you must bypass 999 ma. In other words, your shunt
would have to be 46/999, or .046 ohms approximately. You will
not find a ready-made precision resistor to do this job. You’ll have
to make it yourself.

Making low resistance shunts

To make such a low-resistance shunt you can use several meth-
ods. One is illustrated in Fig. 204. A copper wire has been attached
to each meter terminal, and the wires twisted together, while

Fig. 205. The shunt must be able to pass its current without an increase
in temperature. A substantial shunt is needed for heavy currents (several
amperes or more). A copper bar makes a good shunt. Keep filing the bar
until the meter reads the correct amount of current. Drill minimum
clearance holes for mounting the shunt on the meter. This will permit
maximum copper contact between the meter and the shunt. Use flat
washers on both sides of the clearance hole on the shunt.

a current goes through the meter. When the wires have been
twisted enough, the meter will show the correct current, and you
can solder the twisted ends and cut off any excess wire. If you
were to make, say, a l-amp meter this way, you'd calculate the
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approximate length of wire needed and make the two pigtails
somewhat longer. Then use a current of 1/2 ampere or some such
value, and twist the wires together until the meter reads the exact
value of the current you are applying.

Notice that in Fig. 204 only one continuous wire is used. This
prevents the danger of opemno the shunt while the heavy current
is on. Opening the shunt under those conditions might well burn
out the meter.

Another way to make a heavy shunt accurately is shown in Fig.
205. Here the meter terminals have been paralleled by a heavy
wire or bar. With a small file, the cross-section of the bar can be
diminished. As it is reduced, 'the resistance goes up, until the
meter reads the correct current value. This method is used only
when the shunt is already quite close; it would not be practical
to file away half the bar to make the shunt exact.

Notice the essential difference in these two methods. In the first
case the shunt has more resistance than needed, in the second case
less than the final value. The latter method is sometimes used
commercially to calibrate shunts for very accurate indication.

Establishing standards

How would you establish an accurate current of these magni-
tudes, say 0.5 amp or more? This is really quite simple. Start with
a freshly charged auto battery, which is capable of delivering
hundreds of amps for short periods if necessary. At 68°F (what
we like to call room temperature) and at a specific gravity of
1.280, which is about normal full charge, a three-cell storage bat-
tery will have a voltage of 6.363v. This can be a standard. To get
a known current, use a wirewound 25-watt resistor of 12 ohms or
thereabouts.

If you do not have such a resistor handy, an appliance such as
a flatiron or similar heating-element unit can serve as a resistor.
(Be sure it doesn’t have an ac thermostat in it.) The manufacturer
will have marked the current (at 117 volts) on the device. From
this you can calculate the resistance and then work out the cur-
rent at 6.363 volts, using Ohm'’s law. The markings of such appli-
ances may not be accurate, so use several, checkmn one against the
other and averaging the difference. A I-amp meter, for example,
seldom needs great accuracy anyway, unless you are doing sci-
entific experiments. In that case, buy a resistor of known value.

Another way to solve the shunt problem also takes advantage
of standard resistors. Suppose you have a meter, which has an
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internal resistance of 77 ohms. Now suppose also that you make
this meter read on a 10 times and a 100 times range. You can
obtain resistors of 1 and 11 ohms exactly. Since 99 X 1 = 99 and
9 % 11 = 99, we could use these shunts nicely if our meter had
an internal resistance of 99 ohms. But it has only 77. So to make
matters right we add a 22-ohm resistor in series with the meter,
“inside” the shunt. This now causes the exact amount of the
current we want to go through the meter, 1/9 or 1/99. It does not
matter how we achieve this; the meter will read accurately. This
scheme is illustrated in Fig. 206. Thus, if we had to change meters

METER

SERIES
RESISTOR

Fig. 206. A small series resistor can be in-

cluded to modify the internal resistance of the

meter to permit the use of shunts having a
convenient resistance value.

in midstream, we would simply change the little series resistor to
fit in the new meter, provided of course it has an internal resist-
ance of less than 99 ohms.

Changing shunts

It is not convenient to change shunts for a multirange setup
all the time, so arrange the meter and shunts with a switch, as
shown in Fig. 207.

INTERNAL RESISTANCE 708
IMA METER

Fig, 207. Switched multirange current meter. Re-

member to include switch contacts and leads to the

resistors as part of the shunt. The meter should be IMA
disconnected while switching current ranges, unless

A . . 7774

the switch is of the shorting type.

IO MA

o o

Here then is a multirange ammeter or milliammeter, as the
case may be, and you now have all the information you need to
make either from your basic meter, whatever its range and internal
resistance.
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Making voltmeters and multirange voltmeters

Let us analyze the necessity of using series resistors with meters
to make them read voltage. Suppose we try the 1-ma meter we
used before. It had an internal resistance of 46 ohms. If we con-
nect this to a 1.52 volt battery, and ignore the internal resistance
of the battery, the current would be 1.52/46 = .033 amp, or 33
milliamps, 33 times as much as the meter can take. That is why we
would put in a series resistor, and you can quickly see what value
it would have to be. To reduce this current to 1 ma for 1.52
volts, we need a total of 1,520 ohms. The external resistance
should then be 1,520 — 46, or 1,474 ohm:s.

We cannot ignore the meter’s internal resistance in this case,
for the resistance is more than 3% of the total. If we did, our
meter would be 39, off. But if we made a scale for 15 volts and
ignored the meter resistance, the error would be only 0.39,, and
on a 150-volt scale this is really very little. Therefore, when build-
ing a voltmeter from a basic meter, the series resistors for the
lower ranges must be made with greater accuracy than the others.
In this case, for example, with the 1-ma meter, we would use re-
sistors of 1,474, 15,000 and 150,000 ohms, respectively, for those
three scales. These can be easily arranged with a switch, as shown
in Fig. 208.

The simple way to calculate the value of these resistors is to
multiply the voltage range by 1,000 and divide by the meter full-
scale range. Thus, if the meter is a 500-microamp unit which we
want to provide with a 30-volt range, divide 30,000 by 0.5 (ma)
and you come up with a series resistance of 60,000 ohms. It
becomes obvious that a meter resistance of 200 ohms is not going
to make very much difference; actually not even enough to detect
on the scale!

Making series resistors

Series resistors are much easier to make than shunts. Almost
any value can be made by adding resistors in series, or by paral-
leling one or more resistors. Use the standard flashlight cell as a
basic calibration source or you can, of course, use a number of
them. Thus, for a 1.5-volt scale you would use only one, but a
15-volt scale would use four, which would be a fraction over 6
volts. This would get almost half scale on a 15-volt scale and
would provide a good calibration point. For a 100-velt scale, at
least 20 of them are required to get up to only 30 volts, and this
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would be cumbersome and, eventually, expensive. But because
series resistors are what they are, you could calibrate for a 15-volt
scale, again calibrate for a 15-volt scale, and add the two resistors
together. In this way you can calibrate series resistors for a 30-volt
scale—or any multiple of 15 volts—with care, with only four flash-
light cells.

Switching arrangements

There are two basic ways of connecting a multirange meter
with its switch and resistors. One is shown in Fig. 208-a and the
other in Fig. 208-b. The difference is that in the first case the
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Fig. 208. Switching arrangement (drawing a) for series resistors to obtain a multi-

range voltmeter. An alternate arrangement (b) is used in some commercial meters

for reasons of economy, but has no particular advantage for the home-built instru-

ment. The combination multimeter (c) uses shunt resistors when on the current

range and series multiplier resistors for measuring voltage. The range switch in

this example is made up of two wafer sections of a rotary switch, mounted on a
common shaft.

resistors can be standard values, while in the second they always
are odd values because the lower-range resistors are subtracted
from the total for the higher ranges. However, if you are in the
process of matching resistors anyway, one method is as good as
another.

Table 2—3 shows common values of series resistors for meters
of different ranges. Note in the column for the lowest range that
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the meter internal resistance must be subtracted, whatever it may
be. This table is arranged for the switching scheme used in Fig.
208-a.

It is ‘entirely possible to join a multirange current-switching
system with a multirange voltage-switching system for one meter,

Table 2—3. Values of “‘multiplier series resistors for
commonly used scales and various meter ranges

range
full scale meter sensitivity

(volts) microamperes milliamperes

50 100 200 500 1 5

1 20,000 10,000 5,000*  2,000* 1,000  200*
1.5 30,000 15,000 7,500 3,000* 1,500*  300*
25 50,000 25,000 12,500 5,000* 2,500*  500*
3 60,000 30,000 15,000 6,000 3,000  600*
5 100,000 50,000 25,000 10,000 5,000* 1,000*
6 120,000 60,000 30,000 12,000 6,000 1,200
10 200,000 100,000 50,000 20,000 10,000 2,000
12 240,000 120,000 60,000 24,000 12,000 2,400
15 300,000 150,000 75,000 30,000 15,000 3,000
25 500,000 250,000 125,000 50,000 25,000 5,000
30 600,000 300,000 150,000 60,000 30,000 6,000
50 1,000,000 500,000 250,000 100,000 50,000 10,000
60 1,200,000 600,000 300,000 120,000 60,000 12,000
100 2,000,000 1,000,000 500,000 200,000 100,000 20,000
150 3,000,000 1,500,000 750,000 300,000 150,000 30,000
250 5,000,000 2,500,000 1,250,000 500,000 250,000 50,000

300 6,000,000 3,000,000 1,500,000 600,000 300,000 60,000
500 10,000,000 5,000,000 2,500,000 1,000,000 500,000 100,000
1,000 20,000,000 10,000,000 5,000,000 2,000,000 1,000,000 200,000
1,500 30,000,000 15,000,000 7,500,000 3,000,000 1,500,000 300,000

* Meter internal resistance should be subtracted.

ending up with the familiar multimeter, with the exception of
the resistance-measuring ranges, which will be discussed in the
next section. Fig. 208-¢ shows a combination multimeter. Usually
we would also have other functions, which we must yet discuss.
Instead of switches, simple pin jacks could have been employed,
requiring the user to insert the test lead in different jacks for
different ranges. This is done, even commercially, but is not so
economical that it merits much consideration, except for making
the instrument extremely compact.
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Making ac voltmeters

From our early discussion of the d’Arsonval meter, you may
remember that this meter depends on the magnetic field created
around the coil. Should we apply an alternating current to the
coil, the magnetic field would reverse itself as many times as the
current. The coil and pointer have considerable inertia, and they
could not possibly follow such alternations. Consequently this
mneter refuses to indicate anything when we try to measure ac with
it. To do so, we must first turn the ac into dc.

Meter rectifiers

This is done, as everywhere else, with rectifiers. They need
only be very small rectifiers, since we will be dealing with very
small meter currents. Some essential facts about rectifiers must be
considered in relation to meters. One is that rectifiers are not
perfect. Metallic rectifiers always have some reverse current, even
if this is very small in a good rectifier. Thus, if we used the scheme
shown in Fig. 209-a, we would deflect the meter with each positive
pulse of current, and we would subtract a little from that with
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Fig. 209. The illustration at the left shows the
meter used with a half-wave rectifier. The ar- \
rangement at the right has an advantage in that
it reduces the amount of reverse current through
the meter.

each negative pulse. This could be made more efficient by using
the scheme shown in Fig. 209-b, where the other rectifier presents
a low-resistance path for the ac when the negative half-cycle
arrives. This would prevent most of the reverse current.

When we pass such a rectified ac through a meter, the meter
will stay in one place as long as the current is on, because the
meter has a lot of inertia in its mechanically moving system of
coil and pointer. But actually the current through the coil wanes.
and waxes regularly, and even is zero for as long a time as it is
on altogether. Thus, with a half-wave rectifier, the energy required
to keep the meter deflected (remember that time X current —
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energy) must be supplied during the half-cycles used. The meter
shows an average, actually the average of only half the current
supplied.

Much more efficient is the full-wave rectifier shown in Fig. 210-a.
Here current is supplied to the meter on each half-cycle, both
positive and negative, with the current flowing as shown by the
arrows, solid arrows for one half-cycle and dotted arrows for the
other. This is the rectifier scheme used in practically all com-
mercial meters.
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Fig. 210. The drawing at the left shows a full-wave meter rectifier. This is the tyi)e
of circuit that is used in most commercial vom’s. The full-wave bridge shown at the
right supplies a higher output.

Following the arrows, you will see that the current flows
through the meter in the same direction each time so that the
energy from the two half-cycles, positive and negative, work
together. The current through the meter is again an average,
but now it is an average of each half-cycle. Because it is more con-
venient to use what is called the root-mean-square value of the
current, we simply calibrate the scales of ac voltmeters in these
values. So long as we are dealing with sine waves this is perfectly
legitimate, since there is a certain unchanging relationship be-
tween the average and the root-mean-square (rms) value. But
when we change or distort the waveform, this is no longer true.
Then you will be reading some proportion of the average current,
but what it is you will not know unless you also know the exact
waveform.

Finding the rms value

The rms value is derived by taking the square root out of the
means of squares of instantaneous values of the current or voltage
to 