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Chapter 8

DC METERING CIRCUITS
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8.1 What is a meter?

A meter is any device built to accurately detect and display an electrical quantity in a form
readable by a human being. Usually this ”readable form” is visual: motion of a pointer on
a scale, a series of lights arranged to form a ”bargraph,” or some sort of display composed
of numerical figures. In the analysis and testing of circuits, there are meters designed to
accurately measure the basic quantities of voltage, current, and resistance. There are many
other types of meters as well, but this chapter primarily covers the design and operation of the
basic three.

Most modern meters are ”digital” in design, meaning that their readable display is in the
form of numerical digits. Older designs of meters are mechanical in nature, using some kind
of pointer device to show quantity of measurement. In either case, the principles applied in
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236 CHAPTER 8. DC METERING CIRCUITS

adapting a display unit to the measurement of (relatively) large quantities of voltage, current,
or resistance are the same.

The display mechanism of a meter is often referred to as a movement, borrowing from its
mechanical nature to move a pointer along a scale so that a measured value may be read.
Though modern digital meters have no moving parts, the term ”movement” may be applied to
the same basic device performing the display function.

The design of digital ”movements” is beyond the scope of this chapter, but mechanical meter
movement designs are very understandable. Most mechanical movements are based on the
principle of electromagnetism: that electric current through a conductor produces a magnetic
field perpendicular to the axis of electron flow. The greater the electric current, the stronger the
magnetic field produced. If the magnetic field formed by the conductor is allowed to interact
with another magnetic field, a physical force will be generated between the two sources of
fields. If one of these sources is free to move with respect to the other, it will do so as current
is conducted through the wire, the motion (usually against the resistance of a spring) being
proportional to strength of current.

The first meter movements built were known as galvanometers, and were usually designed
with maximum sensitivity in mind. A very simple galvanometer may be made from a mag-
netized needle (such as the needle from a magnetic compass) suspended from a string, and
positioned within a coil of wire. Current through the wire coil will produce a magnetic field
which will deflect the needle from pointing in the direction of earth’s magnetic field. An antique
string galvanometer is shown in the following photograph:

Such instruments were useful in their time, but have little place in the modern world ex-
cept as proof-of-concept and elementary experimental devices. They are highly susceptible to
motion of any kind, and to any disturbances in the natural magnetic field of the earth. Now,
the term ”galvanometer” usually refers to any design of electromagnetic meter movement built
for exceptional sensitivity, and not necessarily a crude device such as that shown in the pho-
tograph. Practical electromagnetic meter movements can be made now where a pivoting wire
coil is suspended in a strong magnetic field, shielded from the majority of outside influences.
Such an instrument design is generally known as a permanent-magnet, moving coil, or PMMC

movement:
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8.1. WHAT IS A METER? 237

wire coil

meter terminal
connections

magnet magnet

"needle"

0

50

100

current through wire coil
causes needle to deflect

Permanent magnet, moving coil (PMMC) meter movement

In the picture above, the meter movement ”needle” is shown pointing somewhere around
35 percent of full-scale, zero being full to the left of the arc and full-scale being completely to
the right of the arc. An increase in measured current will drive the needle to point further
to the right and a decrease will cause the needle to drop back down toward its resting point
on the left. The arc on the meter display is labeled with numbers to indicate the value of the
quantity being measured, whatever that quantity is. In other words, if it takes 50 microamps
of current to drive the needle fully to the right (making this a ”50 µA full-scale movement”),
the scale would have 0 µA written at the very left end and 50 µA at the very right, 25 µA
being marked in the middle of the scale. In all likelihood, the scale would be divided into much
smaller graduating marks, probably every 5 or 1 µA, to allow whoever is viewing the movement
to infer a more precise reading from the needle’s position.

The meter movement will have a pair of metal connection terminals on the back for current
to enter and exit. Most meter movements are polarity-sensitive, one direction of current driv-
ing the needle to the right and the other driving it to the left. Some meter movements have
a needle that is spring-centered in the middle of the scale sweep instead of to the left, thus
enabling measurements of either polarity:
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238 CHAPTER 8. DC METERING CIRCUITS

0

100-100

A "zero-center" meter movement

Common polarity-sensitive movements include the D’Arsonval and Weston designs, both
PMMC-type instruments. Current in one direction through the wire will produce a clockwise
torque on the needle mechanism, while current the other direction will produce a counter-
clockwise torque.

Some meter movements are polarity-insensitive, relying on the attraction of an unmagne-
tized, movable iron vane toward a stationary, current-carrying wire to deflect the needle. Such
meters are ideally suited for the measurement of alternating current (AC). A polarity-sensitive
movement would just vibrate back and forth uselessly if connected to a source of AC.

While most mechanical meter movements are based on electromagnetism (electron flow
through a conductor creating a perpendicular magnetic field), a few are based on electrostatics:
that is, the attractive or repulsive force generated by electric charges across space. This is
the same phenomenon exhibited by certain materials (such as wax and wool) when rubbed
together. If a voltage is applied between two conductive surfaces across an air gap, there will be
a physical force attracting the two surfaces together capable of moving some kind of indicating
mechanism. That physical force is directly proportional to the voltage applied between the
plates, and inversely proportional to the square of the distance between the plates. The force
is also irrespective of polarity, making this a polarity-insensitive type of meter movement:
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8.1. WHAT IS A METER? 239

force

Voltage to be measured

Electrostatic meter movement

Unfortunately, the force generated by the electrostatic attraction is very small for common
voltages. In fact, it is so small that such meter movement designs are impractical for use in
general test instruments. Typically, electrostatic meter movements are used for measuring
very high voltages (many thousands of volts). One great advantage of the electrostatic meter
movement, however, is the fact that it has extremely high resistance, whereas electromagnetic
movements (which depend on the flow of electrons through wire to generate a magnetic field)
are much lower in resistance. As we will see in greater detail to come, greater resistance
(resulting in less current drawn from the circuit under test) makes for a better voltmeter.

A much more common application of electrostatic voltage measurement is seen in an device
known as a Cathode Ray Tube, or CRT. These are special glass tubes, very similar to tele-
vision viewscreen tubes. In the cathode ray tube, a beam of electrons traveling in a vacuum
are deflected from their course by voltage between pairs of metal plates on either side of the
beam. Because electrons are negatively charged, they tend to be repelled by the negative plate
and attracted to the positive plate. A reversal of voltage polarity across the two plates will
result in a deflection of the electron beam in the opposite direction, making this type of meter
”movement” polarity-sensitive:

electron "gun"

electrons

plates

voltage to be measured

-

+
electrons

light

view-
screen(vacuum)

The electrons, having much less mass than metal plates, are moved by this electrostatic
force very quickly and readily. Their deflected path can be traced as the electrons impinge on
the glass end of the tube where they strike a coating of phosphorus chemical, emitting a glow
of light seen outside of the tube. The greater the voltage between the deflection plates, the
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240 CHAPTER 8. DC METERING CIRCUITS

further the electron beam will be ”bent” from its straight path, and the further the glowing
spot will be seen from center on the end of the tube.

A photograph of a CRT is shown here:

In a real CRT, as shown in the above photograph, there are two pairs of deflection plates
rather than just one. In order to be able to sweep the electron beam around the whole area
of the screen rather than just in a straight line, the beam must be deflected in more than one
dimension.

Although these tubes are able to accurately register small voltages, they are bulky and
require electrical power to operate (unlike electromagnetic meter movements, which are more
compact and actuated by the power of the measured signal current going through them). They
are also much more fragile than other types of electrical metering devices. Usually, cathode
ray tubes are used in conjunction with precise external circuits to form a larger piece of test
equipment known as an oscilloscope, which has the ability to display a graph of voltage over
time, a tremendously useful tool for certain types of circuits where voltage and/or current levels
are dynamically changing.

Whatever the type of meter or size of meter movement, there will be a rated value of voltage
or current necessary to give full-scale indication. In electromagnetic movements, this will be
the ”full-scale deflection current” necessary to rotate the needle so that it points to the exact
end of the indicating scale. In electrostatic movements, the full-scale rating will be expressed
as the value of voltage resulting in the maximum deflection of the needle actuated by the
plates, or the value of voltage in a cathode-ray tube which deflects the electron beam to the
edge of the indicating screen. In digital ”movements,” it is the amount of voltage resulting
in a ”full-count” indication on the numerical display: when the digits cannot display a larger
quantity.

The task of the meter designer is to take a given meter movement and design the necessary
external circuitry for full-scale indication at some specified amount of voltage or current. Most
meter movements (electrostatic movements excepted) are quite sensitive, giving full-scale indi-
cation at only a small fraction of a volt or an amp. This is impractical for most tasks of voltage
and current measurement. What the technician often requires is a meter capable of measuring
high voltages and currents.

By making the sensitive meter movement part of a voltage or current divider circuit, the
movement’s useful measurement range may be extended to measure far greater levels than
what could be indicated by the movement alone. Precision resistors are used to create the
divider circuits necessary to divide voltage or current appropriately. One of the lessons you
will learn in this chapter is how to design these divider circuits.

• REVIEW:
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8.2. VOLTMETER DESIGN 241

• A ”movement” is the display mechanism of a meter.

• Electromagnetic movements work on the principle of a magnetic field being generated by
electric current through a wire. Examples of electromagnetic meter movements include
the D’Arsonval, Weston, and iron-vane designs.

• Electrostatic movements work on the principle of physical force generated by an electric
field between two plates.

• Cathode Ray Tubes (CRT’s) use an electrostatic field to bend the path of an electron beam,
providing indication of the beam’s position by light created when the beam strikes the end
of the glass tube.

8.2 Voltmeter design

As was stated earlier, most meter movements are sensitive devices. Some D’Arsonval move-
ments have full-scale deflection current ratings as little as 50 µA, with an (internal) wire re-
sistance of less than 1000 Ω. This makes for a voltmeter with a full-scale rating of only 50
millivolts (50 µA X 1000 Ω)! In order to build voltmeters with practical (higher voltage) scales
from such sensitive movements, we need to find some way to reduce the measured quantity of
voltage down to a level the movement can handle.

Let’s start our example problems with a D’Arsonval meter movement having a full-scale
deflection rating of 1 mA and a coil resistance of 500 Ω:

black test
lead lead

red test

+-

500 Ω F.S = 1 mA

Using Ohm’s Law (E=IR), we can determine how much voltage will drive this meter move-
ment directly to full scale:

E = I R

E = (1 mA)(500 Ω)

E = 0.5 volts

If all we wanted was a meter that could measure 1/2 of a volt, the bare meter movement we
have here would suffice. But to measure greater levels of voltage, something more is needed.
To get an effective voltmeter meter range in excess of 1/2 volt, we’ll need to design a circuit
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242 CHAPTER 8. DC METERING CIRCUITS

allowing only a precise proportion of measured voltage to drop across the meter movement.
This will extend the meter movement’s range to higher voltages. Correspondingly, we will
need to re-label the scale on the meter face to indicate its new measurement range with this
proportioning circuit connected.

But how do we create the necessary proportioning circuit? Well, if our intention is to allow
this meter movement to measure a greater voltage than it does now, what we need is a voltage

divider circuit to proportion the total measured voltage into a lesser fraction across the meter
movement’s connection points. Knowing that voltage divider circuits are built from series re-
sistances, we’ll connect a resistor in series with the meter movement (using the movement’s
own internal resistance as the second resistance in the divider):

black test
lead lead

red test

+-

500 Ω F.S. = 1 mA

Rmultiplier

The series resistor is called a ”multiplier” resistor because itmultiplies the working range of
the meter movement as it proportionately divides the measured voltage across it. Determining
the required multiplier resistance value is an easy task if you’re familiar with series circuit
analysis.

For example, let’s determine the necessary multiplier value to make this 1 mA, 500 Ω move-
ment read exactly full-scale at an applied voltage of 10 volts. To do this, we first need to set up
an E/I/R table for the two series components:

E

I

R

Volts

Amps

Ohms

TotalMovement Rmultiplier

Knowing that the movement will be at full-scale with 1 mA of current going through it, and
that we want this to happen at an applied (total series circuit) voltage of 10 volts, we can fill in
the table as such:

E

I

R

Volts

Amps

Ohms

TotalMovement Rmultiplier

10

1m1m1m

500

There are a couple of ways to determine the resistance value of the multiplier. One way
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8.2. VOLTMETER DESIGN 243

is to determine total circuit resistance using Ohm’s Law in the ”total” column (R=E/I), then
subtract the 500 Ω of the movement to arrive at the value for the multiplier:

E

I

R

Volts

Amps

Ohms

TotalMovement Rmultiplier

10

1m1m1m

500 10k9.5k

Another way to figure the same value of resistance would be to determine voltage drop
across the movement at full-scale deflection (E=IR), then subtract that voltage drop from the
total to arrive at the voltage across the multiplier resistor. Finally, Ohm’s Law could be used
again to determine resistance (R=E/I) for the multiplier:

E

I

R

Volts

Amps

Ohms

TotalMovement Rmultiplier

10

1m1m1m

500 10k9.5k

0.5 9.5

Either way provides the same answer (9.5 kΩ), and one method could be used as verification
for the other, to check accuracy of work.

black test
lead lead

red test

+-

10 volts gives full-scale
deflection of needle

- +

9.5 kΩ

500 Ω   F.S. = 1 mA

Rmultiplier

10 V

Meter movement ranged for 10 volts full-scale

With exactly 10 volts applied between the meter test leads (from some battery or precision
power supply), there will be exactly 1 mA of current through the meter movement, as restricted
by the ”multiplier” resistor and the movement’s own internal resistance. Exactly 1/2 volt will
be dropped across the resistance of the movement’s wire coil, and the needle will be pointing
precisely at full-scale. Having re-labeled the scale to read from 0 to 10 V (instead of 0 to 1 mA),
anyone viewing the scale will interpret its indication as ten volts. Please take note that the
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244 CHAPTER 8. DC METERING CIRCUITS

meter user does not have to be aware at all that the movement itself is actually measuring just
a fraction of that ten volts from the external source. All that matters to the user is that the
circuit as a whole functions to accurately display the total, applied voltage.

This is how practical electrical meters are designed and used: a sensitive meter movement
is built to operate with as little voltage and current as possible for maximum sensitivity, then
it is ”fooled” by some sort of divider circuit built of precision resistors so that it indicates full-
scale when a much larger voltage or current is impressed on the circuit as a whole. We have
examined the design of a simple voltmeter here. Ammeters follow the same general rule, except
that parallel-connected ”shunt” resistors are used to create a current divider circuit as opposed
to the series-connected voltage divider ”multiplier” resistors used for voltmeter designs.

Generally, it is useful to have multiple ranges established for an electromechanical meter
such as this, allowing it to read a broad range of voltages with a single movement mechanism.
This is accomplished through the use of a multi-pole switch and several multiplier resistors,
each one sized for a particular voltage range:

black test
lead lead

red test

+-

range selector
switch

500 Ω   F.S. = 1 mA

R1

R2

R3

R4

A multi-range voltmeter

The five-position switch makes contact with only one resistor at a time. In the bottom (full
clockwise) position, it makes contact with no resistor at all, providing an ”off” setting. Each
resistor is sized to provide a particular full-scale range for the voltmeter, all based on the
particular rating of the meter movement (1 mA, 500 Ω). The end result is a voltmeter with
four different full-scale ranges of measurement. Of course, in order to make this work sensibly,
the meter movement’s scale must be equipped with labels appropriate for each range.

With such a meter design, each resistor value is determined by the same technique, using
a known total voltage, movement full-scale deflection rating, and movement resistance. For a
voltmeter with ranges of 1 volt, 10 volts, 100 volts, and 1000 volts, the multiplier resistances
would be as follows:
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8.2. VOLTMETER DESIGN 245

black test
lead lead

red test

+-

range selector
switch

off

R1 = 999.5 kΩ
R2 = 99.5 kΩ
R3 = 9.5 kΩ
R4 = 500 Ω

500 Ω   F.S. = 1 mA

R1

R2

R3

R4

1000 V

100 V

10 V

1 V

Note the multiplier resistor values used for these ranges, and how odd they are. It is highly
unlikely that a 999.5 kΩ precision resistor will ever be found in a parts bin, so voltmeter
designers often opt for a variation of the above design which uses more common resistor values:

black test
lead lead

red test

+-

range selector
switch

off R1 = 900 kΩ
R2 = 90 kΩ
R3 = 9 kΩ
R4 = 500 Ω

500 Ω   F.S. = 1 mA

R1 R2 R3 R41000 V

100 V

10 V

1 V

With each successively higher voltage range, more multiplier resistors are pressed into
service by the selector switch, making their series resistances add for the necessary total. For
example, with the range selector switch set to the 1000 volt position, we need a total multiplier
resistance value of 999.5 kΩ. With this meter design, that’s exactly what we’ll get:

RTotal = R4 + R3 + R2 + R1

RTotal = 900 kΩ + 90 kΩ + 9 kΩ + 500 Ω

RTotal = 999.5 kΩ

The advantage, of course, is that the individual multiplier resistor values are more common
(900k, 90k, 9k) than some of the odd values in the first design (999.5k, 99.5k, 9.5k). From the
perspective of the meter user, however, there will be no discernible difference in function.
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246 CHAPTER 8. DC METERING CIRCUITS

• REVIEW:

• Extended voltmeter ranges are created for sensitive meter movements by adding series
”multiplier” resistors to the movement circuit, providing a precise voltage division ratio.

8.3 Voltmeter impact on measured circuit

Every meter impacts the circuit it is measuring to some extent, just as any tire-pressure gauge
changes the measured tire pressure slightly as some air is let out to operate the gauge. While
some impact is inevitable, it can be minimized through good meter design.

Since voltmeters are always connected in parallel with the component or components un-
der test, any current through the voltmeter will contribute to the overall current in the tested
circuit, potentially affecting the voltage being measured. A perfect voltmeter has infinite re-
sistance, so that it draws no current from the circuit under test. However, perfect voltmeters
only exist in the pages of textbooks, not in real life! Take the following voltage divider circuit
as an extreme example of how a realistic voltmeter might impact the circuit its measuring:

+
V

-
voltmeter

250 MΩ

250 MΩ

24 V

With no voltmeter connected to the circuit, there should be exactly 12 volts across each 250
MΩ resistor in the series circuit, the two equal-value resistors dividing the total voltage (24
volts) exactly in half. However, if the voltmeter in question has a lead-to-lead resistance of
10 MΩ (a common amount for a modern digital voltmeter), its resistance will create a parallel
subcircuit with the lower resistor of the divider when connected:
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+
V

-

voltmeter

250 MΩ

250 MΩ (10 MΩ)

24 V

This effectively reduces the lower resistance from 250 MΩ to 9.615 MΩ (250 MΩ and 10 MΩ

in parallel), drastically altering voltage drops in the circuit. The lower resistor will now have
far less voltage across it than before, and the upper resistor far more.

250 MΩ

9.615 MΩ
(250 MΩ // 10 MΩ)

24 V

0.8889 V

23.1111 V

A voltage divider with resistance values of 250 MΩ and 9.615 MΩ will divide 24 volts into
portions of 23.1111 volts and 0.8889 volts, respectively. Since the voltmeter is part of that
9.615 MΩ resistance, that is what it will indicate: 0.8889 volts.

Now, the voltmeter can only indicate the voltage its connected across. It has no way of
”knowing” there was a potential of 12 volts dropped across the lower 250 MΩ resistor before it
was connected across it. The very act of connecting the voltmeter to the circuit makes it part of
the circuit, and the voltmeter’s own resistance alters the resistance ratio of the voltage divider
circuit, consequently affecting the voltage being measured.

Imagine using a tire pressure gauge that took so great a volume of air to operate that it
would deflate any tire it was connected to. The amount of air consumed by the pressure gauge
in the act of measurement is analogous to the current taken by the voltmeter movement to
move the needle. The less air a pressure gauge requires to operate, the less it will deflate the
tire under test. The less current drawn by a voltmeter to actuate the needle, the less it will
burden the circuit under test.

This effect is called loading, and it is present to some degree in every instance of voltmeter
usage. The scenario shown here is worst-case, with a voltmeter resistance substantially lower
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than the resistances of the divider resistors. But there always will be some degree of loading,
causing the meter to indicate less than the true voltage with no meter connected. Obviously,
the higher the voltmeter resistance, the less loading of the circuit under test, and that is why
an ideal voltmeter has infinite internal resistance.

Voltmeters with electromechanical movements are typically given ratings in ”ohms per volt”
of range to designate the amount of circuit impact created by the current draw of the move-
ment. Because such meters rely on different values of multiplier resistors to give different mea-
surement ranges, their lead-to-lead resistances will change depending on what range they’re
set to. Digital voltmeters, on the other hand, often exhibit a constant resistance across their
test leads regardless of range setting (but not always!), and as such are usually rated simply
in ohms of input resistance, rather than ”ohms per volt” sensitivity.

What ”ohms per volt” means is how many ohms of lead-to-lead resistance for every volt of
range setting on the selector switch. Let’s take our example voltmeter from the last section as
an example:

black test
lead lead

red test

+-

range selector
switch

off

R1 = 999.5 kΩ
R2 = 99.5 kΩ
R3 = 9.5 kΩ
R4 = 500 Ω

500 Ω   F.S. = 1 mA

R1

R2

R3

R4

1000 V

100 V

10 V

1 V

On the 1000 volt scale, the total resistance is 1 MΩ (999.5 kΩ + 500Ω), giving 1,000,000 Ω

per 1000 volts of range, or 1000 ohms per volt (1 kΩ/V). This ohms-per-volt ”sensitivity” rating
remains constant for any range of this meter:

100 volt range 100 kΩ
100 V

= 1000 Ω/V sensitivity

= 1000 Ω/V sensitivity10 kΩ
10 V

10 volt range

= 1000 Ω/V sensitivity1 kΩ
1 V

1 volt range

The astute observer will notice that the ohms-per-volt rating of any meter is determined by
a single factor: the full-scale current of the movement, in this case 1 mA. ”Ohms per volt” is the
mathematical reciprocal of ”volts per ohm,” which is defined by Ohm’s Law as current (I=E/R).
Consequently, the full-scale current of the movement dictates the Ω/volt sensitivity of the meter,

www.electricalengineering.xyz



8.3. VOLTMETER IMPACT ON MEASURED CIRCUIT 249

regardless of what ranges the designer equips it with through multiplier resistors. In this case,
the meter movement’s full-scale current rating of 1 mA gives it a voltmeter sensitivity of 1000
Ω/V regardless of how we range it with multiplier resistors.

To minimize the loading of a voltmeter on any circuit, the designer must seek to minimize
the current draw of its movement. This can be accomplished by re-designing the movement
itself for maximum sensitivity (less current required for full-scale deflection), but the tradeoff
here is typically ruggedness: a more sensitive movement tends to be more fragile.

Another approach is to electronically boost the current sent to the movement, so that very
little current needs to be drawn from the circuit under test. This special electronic circuit is
known as an amplifier, and the voltmeter thus constructed is an amplified voltmeter.

Amplifier

Battery

red test
lead

black test
lead

Amplified voltmeter

The internal workings of an amplifier are too complex to be discussed at this point, but suf-
fice it to say that the circuit allows the measured voltage to control how much battery current
is sent to the meter movement. Thus, the movement’s current needs are supplied by a battery
internal to the voltmeter and not by the circuit under test. The amplifier still loads the circuit
under test to some degree, but generally hundreds or thousands of times less than the meter
movement would by itself.

Before the advent of semiconductors known as ”field-effect transistors,” vacuum tubes were
used as amplifying devices to perform this boosting. Such vacuum-tube voltmeters, or (VTVM’s)

were once very popular instruments for electronic test and measurement. Here is a photograph
of a very old VTVM, with the vacuum tube exposed!
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250 CHAPTER 8. DC METERING CIRCUITS

Now, solid-state transistor amplifier circuits accomplish the same task in digital meter de-
signs. While this approach (of using an amplifier to boost the measured signal current) works
well, it vastly complicates the design of the meter, making it nearly impossible for the begin-
ning electronics student to comprehend its internal workings.

A final, and ingenious, solution to the problem of voltmeter loading is that of the potentio-

metric or null-balance instrument. It requires no advanced (electronic) circuitry or sensitive
devices like transistors or vacuum tubes, but it does require greater technician involvement
and skill. In a potentiometric instrument, a precision adjustable voltage source is compared
against the measured voltage, and a sensitive device called a null detector is used to indi-
cate when the two voltages are equal. In some circuit designs, a precision potentiometer is
used to provide the adjustable voltage, hence the label potentiometric. When the voltages are
equal, there will be zero current drawn from the circuit under test, and thus the measured
voltage should be unaffected. It is easy to show how this works with our last example, the
high-resistance voltage divider circuit:

adjustable
voltage
source

1 2

250 MΩ

250 MΩ

R1

R2

24 V

Potentiometric voltage measurement

"null" detector

null

The ”null detector” is a sensitive device capable of indicating the presence of very small
voltages. If an electromechanical meter movement is used as the null detector, it will have a
spring-centered needle that can deflect in either direction so as to be useful for indicating a
voltage of either polarity. As the purpose of a null detector is to accurately indicate a condition
of zero voltage, rather than to indicate any specific (nonzero) quantity as a normal voltmeter
would, the scale of the instrument used is irrelevant. Null detectors are typically designed to
be as sensitive as possible in order to more precisely indicate a ”null” or ”balance” (zero voltage)
condition.

An extremely simple type of null detector is a set of audio headphones, the speakers within
acting as a kind of meter movement. When a DC voltage is initially applied to a speaker, the
resulting current through it will move the speaker cone and produce an audible ”click.” Another
”click” sound will be heard when the DC source is disconnected. Building on this principle, a
sensitive null detector may be made from nothing more than headphones and a momentary
contact switch:
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Headphones

Test
leads

Pushbutton
switch

If a set of ”8 ohm” headphones are used for this purpose, its sensitivity may be greatly
increased by connecting it to a device called a transformer. The transformer exploits principles
of electromagnetism to ”transform” the voltage and current levels of electrical energy pulses.
In this case, the type of transformer used is a step-down transformer, and it converts low-
current pulses (created by closing and opening the pushbutton switch while connected to a
small voltage source) into higher-current pulses to more efficiently drive the speaker cones
inside the headphones. An ”audio output” transformer with an impedance ratio of 1000:8 is
ideal for this purpose. The transformer also increases detector sensitivity by accumulating
the energy of a low-current signal in a magnetic field for sudden release into the headphone
speakers when the switch is opened. Thus, it will produce louder ”clicks” for detecting smaller
signals:

Headphones

Test
leads

1 kΩ 8 Ω

Audio output
transformer

Connected to the potentiometric circuit as a null detector, the switch/transformer/headphone
arrangement is used as such:
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adjustable
voltage
source

1 2

250 MΩ

250 MΩ

R1

R2

24 V

Push button to
test for balance

The purpose of any null detector is to act like a laboratory balance scale, indicating when
the two voltages are equal (absence of voltage between points 1 and 2) and nothing more.
The laboratory scale balance beam doesn’t actually weigh anything; rather, it simply indicates
equality between the unknown mass and the pile of standard (calibrated) masses.

x

mass standardsunknown mass

Likewise, the null detector simply indicates when the voltage between points 1 and 2 are
equal, which (according to Kirchhoff ’s Voltage Law) will be when the adjustable voltage source
(the battery symbol with a diagonal arrow going through it) is precisely equal in voltage to the
drop across R2.

To operate this instrument, the technician would manually adjust the output of the preci-
sion voltage source until the null detector indicated exactly zero (if using audio headphones
as the null detector, the technician would repeatedly press and release the pushbutton switch,
listening for silence to indicate that the circuit was ”balanced”), and then note the source volt-
age as indicated by a voltmeter connected across the precision voltage source, that indication
being representative of the voltage across the lower 250 MΩ resistor:
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adjustable
voltage
source

1 2

+
V

-

250 MΩ

250 MΩ

R1

R2

24 V

null

"null" detector

Adjust voltage source until null detector registers zero.
Then, read voltmeter indication for voltage across R2.

The voltmeter used to directly measure the precision source need not have an extremely
high Ω/V sensitivity, because the source will supply all the current it needs to operate. So long
as there is zero voltage across the null detector, there will be zero current between points 1 and
2, equating to no loading of the divider circuit under test.

It is worthy to reiterate the fact that this method, properly executed, places almost zero

load upon the measured circuit. Ideally, it places absolutely no load on the tested circuit, but
to achieve this ideal goal the null detector would have to have absolutely zero voltage across

it, which would require an infinitely sensitive null meter and a perfect balance of voltage from
the adjustable voltage source. However, despite its practical inability to achieve absolute zero
loading, a potentiometric circuit is still an excellent technique for measuring voltage in high-
resistance circuits. And unlike the electronic amplifier solution, which solves the problem with
advanced technology, the potentiometric method achieves a hypothetically perfect solution by
exploiting a fundamental law of electricity (KVL).

• REVIEW:

• An ideal voltmeter has infinite resistance.

• Too low of an internal resistance in a voltmeter will adversely affect the circuit being
measured.

• Vacuum tube voltmeters (VTVM’s), transistor voltmeters, and potentiometric circuits are
all means of minimizing the load placed on a measured circuit. Of these methods, the
potentiometric (”null-balance”) technique is the only one capable of placing zero load on
the circuit.

• A null detector is a device built for maximum sensitivity to small voltages or currents.
It is used in potentiometric voltmeter circuits to indicate the absence of voltage between
two points, thus indicating a condition of balance between an adjustable voltage source
and the voltage being measured.

8.4 Ammeter design

A meter designed to measure electrical current is popularly called an ”ammeter” because the
unit of measurement is ”amps.”
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In ammeter designs, external resistors added to extend the usable range of the movement
are connected in parallel with the movement rather than in series as is the case for voltmeters.
This is because we want to divide the measured current, not the measured voltage, going to
the movement, and because current divider circuits are always formed by parallel resistances.

Taking the same meter movement as the voltmeter example, we can see that it would make
a very limited instrument by itself, full-scale deflection occurring at only 1 mA:

As is the case with extending a meter movement’s voltage-measuring ability, we would have
to correspondingly re-label the movement’s scale so that it read differently for an extended
current range. For example, if we wanted to design an ammeter to have a full-scale range of
5 amps using the same meter movement as before (having an intrinsic full-scale range of only
1 mA), we would have to re-label the movement’s scale to read 0 A on the far left and 5 A on
the far right, rather than 0 mA to 1 mA as before. Whatever extended range provided by the
parallel-connected resistors, we would have to represent graphically on the meter movement
face.

black test
lead lead

red test

+-

500 Ω F.S = 1 mA

Using 5 amps as an extended range for our sample movement, let’s determine the amount
of parallel resistance necessary to ”shunt,” or bypass, the majority of current so that only 1 mA
will go through the movement with a total current of 5 A:

black test
lead lead

red test

+-

500 Ω   F.S. = 1 mA

Rshunt
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E

I

R

Volts

Amps

Ohms

TotalMovement Rshunt

51m

500

From our given values of movement current, movement resistance, and total circuit (mea-
sured) current, we can determine the voltage across the meter movement (Ohm’s Law applied
to the center column, E=IR):

E

I

R

Volts

Amps

Ohms

TotalMovement Rshunt

51m

500

0.5

Knowing that the circuit formed by the movement and the shunt is of a parallel configura-
tion, we know that the voltage across the movement, shunt, and test leads (total) must be the
same:

E

I

R

Volts

Amps

Ohms

TotalMovement Rshunt

51m

500

0.5 0.5 0.5

We also know that the current through the shunt must be the difference between the total
current (5 amps) and the current through the movement (1 mA), because branch currents add
in a parallel configuration:

E

I

R

Volts

Amps

Ohms

TotalMovement Rshunt

51m

500

0.5 0.5 0.5

4.999

Then, using Ohm’s Law (R=E/I) in the right column, we can determine the necessary shunt
resistance:

E

I

R

Volts

Amps

Ohms

TotalMovement Rshunt

51m

500

0.5 0.5 0.5

4.999

100.02m

Of course, we could have calculated the same value of just over 100 milli-ohms (100 mΩ)
for the shunt by calculating total resistance (R=E/I; 0.5 volts/5 amps = 100 mΩ exactly), then
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working the parallel resistance formula backwards, but the arithmetic would have been more
challenging:

Rshunt =
1

1 1

100m 500

Rshunt = 100.02 mΩ

-

In real life, the shunt resistor of an ammeter will usually be encased within the protective
metal housing of the meter unit, hidden from sight. Note the construction of the ammeter in
the following photograph:

This particular ammeter is an automotive unit manufactured by Stewart-Warner. Although
the D’Arsonval meter movement itself probably has a full scale rating in the range of mil-
liamps, the meter as a whole has a range of +/- 60 amps. The shunt resistor providing this
high current range is enclosed within the metal housing of the meter. Note also with this par-
ticular meter that the needle centers at zero amps and can indicate either a ”positive” current
or a ”negative” current. Connected to the battery charging circuit of an automobile, this me-
ter is able to indicate a charging condition (electrons flowing from generator to battery) or a
discharging condition (electrons flowing from battery to the rest of the car’s loads).

As is the case with multiple-range voltmeters, ammeters can be given more than one usable
range by incorporating several shunt resistors switched with a multi-pole switch:
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black test
lead lead

red test

+-

range selector
switch

500 Ω   F.S. = 1 mA

R1

R2

R3

R4

A multirange ammeter

off

Notice that the range resistors are connected through the switch so as to be in parallel
with the meter movement, rather than in series as it was in the voltmeter design. The five-
position switch makes contact with only one resistor at a time, of course. Each resistor is
sized accordingly for a different full-scale range, based on the particular rating of the meter
movement (1 mA, 500 Ω).

With such a meter design, each resistor value is determined by the same technique, using a
known total current, movement full-scale deflection rating, and movement resistance. For an
ammeter with ranges of 100 mA, 1 A, 10 A, and 100 A, the shunt resistances would be as such:

black test
lead lead

red test

+-

range selector
switch

100 A

10 A

1 A

100 mA

off

500 Ω   F.S. = 1 mA

R1

R2

R3

R4

R1 = 5.00005 mΩ

R2 = 50.005 mΩ
R3 = 500.5005 mΩ
R4 = 5.05051 Ω

Notice that these shunt resistor values are very low! 5.00005 mΩ is 5.00005 milli-ohms, or
0.00500005 ohms! To achieve these low resistances, ammeter shunt resistors often have to be
custom-made from relatively large-diameter wire or solid pieces of metal.

One thing to be aware of when sizing ammeter shunt resistors is the factor of power dis-
sipation. Unlike the voltmeter, an ammeter’s range resistors have to carry large amounts of
current. If those shunt resistors are not sized accordingly, they may overheat and suffer dam-
age, or at the very least lose accuracy due to overheating. For the example meter above, the
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power dissipations at full-scale indication are (the double-squiggly lines represent ”approxi-
mately equal to” in mathematics):

PR1 =
E2

R1

=
5.00005 mΩ

(0.5 V)2

50 W

E2

=
(0.5 V)2

PR2 =
R2 50.005 mΩ

5 W

E2

=
(0.5 V)2

E2

=
(0.5 V)2

PR3 =

PR4 =

R3

R4

500.5 mΩ
0.5 W

5.05 Ω
49.5 mW

An 1/8 watt resistor would work just fine for R4, a 1/2 watt resistor would suffice for R3

and a 5 watt for R2 (although resistors tend to maintain their long-term accuracy better if
not operated near their rated power dissipation, so you might want to over-rate resistors R2

and R3), but precision 50 watt resistors are rare and expensive components indeed. A custom
resistor made from metal stock or thick wire may have to be constructed for R1 to meet both
the requirements of low resistance and high power rating.

Sometimes, shunt resistors are used in conjunction with voltmeters of high input resistance
to measure current. In these cases, the current through the voltmeter movement is small
enough to be considered negligible, and the shunt resistance can be sized according to how
many volts or millivolts of drop will be produced per amp of current:

+
V

-

current to be
measured

measured
current to be

voltmeterRshunt

If, for example, the shunt resistor in the above circuit were sized at precisely 1 Ω, there
would be 1 volt dropped across it for every amp of current through it. The voltmeter indication
could then be taken as a direct indication of current through the shunt. For measuring very
small currents, higher values of shunt resistance could be used to generate more voltage drop
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per given unit of current, thus extending the usable range of the (volt)meter down into lower
amounts of current. The use of voltmeters in conjunction with low-value shunt resistances for
the measurement of current is something commonly seen in industrial applications.

The use of a shunt resistor along with a voltmeter to measure current can be a useful trick
for simplifying the task of frequent current measurements in a circuit. Normally, to measure
current through a circuit with an ammeter, the circuit would have to be broken (interrupted)
and the ammeter inserted between the separated wire ends, like this:

Load

+
A

-

If we have a circuit where current needs to be measured often, or we would just like to
make the process of current measurement more convenient, a shunt resistor could be placed
between those points and left there permanently, current readings taken with a voltmeter as
needed without interrupting continuity in the circuit:

Load

+
V

-

Rshunt

Of course, care must be taken in sizing the shunt resistor low enough so that it doesn’t
adversely affect the circuit’s normal operation, but this is generally not difficult to do. This
technique might also be useful in computer circuit analysis, where we might want to have the
computer display current through a circuit in terms of a voltage (with SPICE, this would allow
us to avoid the idiosyncrasy of reading negative current values):
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1 2

0 0

Rshunt

1 Ω

Rload

15 kΩ
12 V

shunt resistor example circuit
v1 1 0
rshunt 1 2 1
rload 2 0 15k
.dc v1 12 12 1
.print dc v(1,2)
.end

v1 v(1,2)
1.200E+01 7.999E-04

We would interpret the voltage reading across the shunt resistor (between circuit nodes 1
and 2 in the SPICE simulation) directly as amps, with 7.999E-04 being 0.7999 mA, or 799.9 µA.
Ideally, 12 volts applied directly across 15 kΩ would give us exactly 0.8 mA, but the resistance
of the shunt lessens that current just a tiny bit (as it would in real life). However, such a
tiny error is generally well within acceptable limits of accuracy for either a simulation or a
real circuit, and so shunt resistors can be used in all but the most demanding applications for
accurate current measurement.

• REVIEW:

• Ammeter ranges are created by adding parallel ”shunt” resistors to the movement circuit,
providing a precise current division.

• Shunt resistors may have high power dissipations, so be careful when choosing parts for
such meters!

• Shunt resistors can be used in conjunction with high-resistance voltmeters as well as
low-resistance ammeter movements, producing accurate voltage drops for given amounts
of current. Shunt resistors should be selected for as low a resistance value as possible to
minimize their impact upon the circuit under test.

8.5 Ammeter impact on measured circuit

Just like voltmeters, ammeters tend to influence the amount of current in the circuits they’re
connected to. However, unlike the ideal voltmeter, the ideal ammeter has zero internal resis-
tance, so as to drop as little voltage as possible as electrons flow through it. Note that this ideal
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resistance value is exactly opposite as that of a voltmeter. With voltmeters, we want as little
current to be drawn as possible from the circuit under test. With ammeters, we want as little
voltage to be dropped as possible while conducting current.

Here is an extreme example of an ammeter’s effect upon a circuit:

+
A

-

R1 R23 Ω 1.5 Ω

666.7 mA 1.333 A

0.5 Ω
Rinternal

2 V

With the ammeter disconnected from this circuit, the current through the 3 Ω resistor would
be 666.7 mA, and the current through the 1.5 Ω resistor would be 1.33 amps. If the ammeter
had an internal resistance of 1/2 Ω, and it were inserted into one of the branches of this circuit,
though, its resistance would seriously affect the measured branch current:

+
A

-

R1 R23 Ω 1.5 Ω

Rinternal

0.5 Ω
571.43 mA 1.333 A

2 V

Having effectively increased the left branch resistance from 3 Ω to 3.5 Ω, the ammeter will
read 571.43 mA instead of 666.7 mA. Placing the same ammeter in the right branch would
affect the current to an even greater extent:
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+
A

-

R1 R23 Ω 1.5 Ω

2 V

666.7 mA

1 A

Rinternal

0.5 Ω

Now the right branch current is 1 amp instead of 1.333 amps, due to the increase in resis-
tance created by the addition of the ammeter into the current path.

When using standard ammeters that connect in series with the circuit being measured, it
might not be practical or possible to redesign the meter for a lower input (lead-to-lead) re-
sistance. However, if we were selecting a value of shunt resistor to place in the circuit for a
current measurement based on voltage drop, and we had our choice of a wide range of resis-
tances, it would be best to choose the lowest practical resistance for the application. Any more
resistance than necessary and the shunt may impact the circuit adversely by adding excessive
resistance in the current path.

One ingenious way to reduce the impact that a current-measuring device has on a circuit
is to use the circuit wire as part of the ammeter movement itself. All current-carrying wires
produce a magnetic field, the strength of which is in direct proportion to the strength of the
current. By building an instrument that measures the strength of that magnetic field, a no-
contact ammeter can be produced. Such a meter is able to measure the current through a
conductor without even having to make physical contact with the circuit, much less break
continuity or insert additional resistance.
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current to be
measured

magnetic field
encircling the 
current-carrying
conductor

clamp-on
ammeter

Ammeters of this design are made, and are called ”clamp-on” meters because they have
”jaws” which can be opened and then secured around a circuit wire. Clamp-on ammeters make
for quick and safe current measurements, especially on high-power industrial circuits. Because
the circuit under test has had no additional resistance inserted into it by a clamp-on meter,
there is no error induced in taking a current measurement.

current to be
measured

magnetic field
encircling the 
current-carrying
conductor

clamp-on
ammeter

The actual movement mechanism of a clamp-on ammeter is much the same as for an iron-
vane instrument, except that there is no internal wire coil to generate the magnetic field. More
modern designs of clamp-on ammeters utilize a small magnetic field detector device called
a Hall-effect sensor to accurately determine field strength. Some clamp-on meters contain
electronic amplifier circuitry to generate a small voltage proportional to the current in the
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wire between the jaws, that small voltage connected to a voltmeter for convenient readout by
a technician. Thus, a clamp-on unit can be an accessory device to a voltmeter, for current
measurement.

A less accurate type of magnetic-field-sensing ammeter than the clamp-on style is shown in
the following photograph:

The operating principle for this ammeter is identical to the clamp-on style of meter: the
circular magnetic field surrounding a current-carrying conductor deflects the meter’s needle,
producing an indication on the scale. Note how there are two current scales on this particular
meter: +/- 75 amps and +/- 400 amps. These two measurement scales correspond to the two sets
of notches on the back of the meter. Depending on which set of notches the current-carrying
conductor is laid in, a given strength of magnetic field will have a different amount of effect on
the needle. In effect, the two different positions of the conductor relative to the movement act
as two different range resistors in a direct-connection style of ammeter.

• REVIEW:

• An ideal ammeter has zero resistance.

• A ”clamp-on” ammeter measures current through a wire by measuring the strength of
the magnetic field around it rather than by becoming part of the circuit, making it an
ideal ammeter.

• Clamp-on meters make for quick and safe current measurements, because there is no
conductive contact between the meter and the circuit.

8.6 Ohmmeter design

Though mechanical ohmmeter (resistance meter) designs are rarely used today, having largely
been superseded by digital instruments, their operation is nonetheless intriguing and worthy
of study.

The purpose of an ohmmeter, of course, is to measure the resistance placed between its
leads. This resistance reading is indicated through a mechanical meter movement which oper-
ates on electric current. The ohmmeter must then have an internal source of voltage to create
the necessary current to operate the movement, and also have appropriate ranging resistors to
allow just the right amount of current through the movement at any given resistance.

www.electricalengineering.xyz



8.6. OHMMETER DESIGN 265

Starting with a simple movement and battery circuit, let’s see how it would function as an
ohmmeter:

black test
lead lead

red test

+-

500 Ω   F.S. = 1 mA

9 V

A simple ohmmeter

When there is infinite resistance (no continuity between test leads), there is zero current
through the meter movement, and the needle points toward the far left of the scale. In this
regard, the ohmmeter indication is ”backwards” because maximum indication (infinity) is on
the left of the scale, while voltage and current meters have zero at the left of their scales.

If the test leads of this ohmmeter are directly shorted together (measuring zero Ω), the me-
ter movement will have a maximum amount of current through it, limited only by the battery
voltage and the movement’s internal resistance:

black test
lead lead

red test

+-

500 Ω   F.S. = 1 mA

9 V

18 mA

With 9 volts of battery potential and only 500 Ω of movement resistance, our circuit current
will be 18 mA, which is far beyond the full-scale rating of the movement. Such an excess of
current will likely damage the meter.

Not only that, but having such a condition limits the usefulness of the device. If full left-
of-scale on the meter face represents an infinite amount of resistance, then full right-of-scale
should represent zero. Currently, our design ”pegs” the meter movement hard to the right when
zero resistance is attached between the leads. We need a way to make it so that the movement
just registers full-scale when the test leads are shorted together. This is accomplished by
adding a series resistance to the meter’s circuit:
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black test
lead lead

red test

+-

500 Ω   F.S. = 1 mA

9 V R

To determine the proper value for R, we calculate the total circuit resistance needed to
limit current to 1 mA (full-scale deflection on the movement) with 9 volts of potential from the
battery, then subtract the movement’s internal resistance from that figure:

Rtotal =
E

I
=

9 V

1 mA

Rtotal = 9 kΩ

R = Rtotal - 500 Ω = 8.5 kΩ

Now that the right value for R has been calculated, we’re still left with a problem of meter
range. On the left side of the scale we have ”infinity” and on the right side we have zero.
Besides being ”backwards” from the scales of voltmeters and ammeters, this scale is strange
because it goes from nothing to everything, rather than from nothing to a finite value (such as
10 volts, 1 amp, etc.). One might pause to wonder, ”what does middle-of-scale represent? What
figure lies exactly between zero and infinity?” Infinity is more than just a very big amount:
it is an incalculable quantity, larger than any definite number ever could be. If half-scale
indication on any other type of meter represents 1/2 of the full-scale range value, then what is
half of infinity on an ohmmeter scale?

The answer to this paradox is a nonlinear scale. Simply put, the scale of an ohmmeter does
not smoothly progress from zero to infinity as the needle sweeps from right to left. Rather,
the scale starts out ”expanded” at the right-hand side, with the successive resistance values
growing closer and closer to each other toward the left side of the scale:
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0

300

75
1001507501.5k

15k

An ohmmeter’s logarithmic scale

Infinity cannot be approached in a linear (even) fashion, because the scale would never get
there! With a nonlinear scale, the amount of resistance spanned for any given distance on the
scale increases as the scale progresses toward infinity, making infinity an attainable goal.

We still have a question of range for our ohmmeter, though. What value of resistance
between the test leads will cause exactly 1/2 scale deflection of the needle? If we know that the
movement has a full-scale rating of 1 mA, then 0.5 mA (500 µA) must be the value needed for
half-scale deflection. Following our design with the 9 volt battery as a source we get:

Rtotal =
E

I
=

9 V

Rtotal = 18 kΩ

500 µA

With an internal movement resistance of 500 Ω and a series range resistor of 8.5 kΩ, this
leaves 9 kΩ for an external (lead-to-lead) test resistance at 1/2 scale. In other words, the test
resistance giving 1/2 scale deflection in an ohmmeter is equal in value to the (internal) series
total resistance of the meter circuit.

Using Ohm’s Law a few more times, we can determine the test resistance value for 1/4 and
3/4 scale deflection as well:

1/4 scale deflection (0.25 mA of meter current):
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Rtotal =
E

I
=

9 V

Rtotal = 36 kΩ

250 µA

Rtest = Rtotal - Rinternal

Rtest = 36 kΩ - 9 kΩ

Rtest = 27 kΩ

3/4 scale deflection (0.75 mA of meter current):

Rtotal =
E

I
=

9 V

Rtotal =

Rtest = Rtotal - Rinternal

750 µA

12 kΩ

Rtest = 12 kΩ - 9 kΩ

Rtest = 3 kΩ

So, the scale for this ohmmeter looks something like this:

0

9k
3k27k

One major problem with this design is its reliance upon a stable battery voltage for accurate
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resistance reading. If the battery voltage decreases (as all chemical batteries do with age and
use), the ohmmeter scale will lose accuracy. With the series range resistor at a constant value
of 8.5 kΩ and the battery voltage decreasing, the meter will no longer deflect full-scale to the
right when the test leads are shorted together (0 Ω). Likewise, a test resistance of 9 kΩ will
fail to deflect the needle to exactly 1/2 scale with a lesser battery voltage.

There are design techniques used to compensate for varying battery voltage, but they do
not completely take care of the problem and are to be considered approximations at best. For
this reason, and for the fact of the nonlinear scale, this type of ohmmeter is never considered
to be a precision instrument.

One final caveat needs to be mentioned with regard to ohmmeters: they only function cor-
rectly when measuring resistance that is not being powered by a voltage or current source. In
other words, you cannot measure resistance with an ohmmeter on a ”live” circuit! The reason
for this is simple: the ohmmeter’s accurate indication depends on the only source of voltage be-
ing its internal battery. The presence of any voltage across the component to be measured will
interfere with the ohmmeter’s operation. If the voltage is large enough, it may even damage
the ohmmeter.

• REVIEW:

• Ohmmeters contain internal sources of voltage to supply power in taking resistance mea-
surements.

• An analog ohmmeter scale is ”backwards” from that of a voltmeter or ammeter, the move-
ment needle reading zero resistance at full-scale and infinite resistance at rest.

• Analog ohmmeters also have nonlinear scales, ”expanded” at the low end of the scale and
”compressed” at the high end to be able to span from zero to infinite resistance.

• Analog ohmmeters are not precision instruments.

• Ohmmeters should never be connected to an energized circuit (that is, a circuit with its
own source of voltage). Any voltage applied to the test leads of an ohmmeter will invali-
date its reading.

8.7 High voltage ohmmeters

Most ohmmeters of the design shown in the previous section utilize a battery of relatively low
voltage, usually nine volts or less. This is perfectly adequate for measuring resistances under
several mega-ohms (MΩ), but when extremely high resistances need to be measured, a 9 volt
battery is insufficient for generating enough current to actuate an electromechanical meter
movement.

Also, as discussed in an earlier chapter, resistance is not always a stable (linear) quantity.
This is especially true of non-metals. Recall the graph of current over voltage for a small air
gap (less than an inch):
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I
(current)

E
(voltage)

ionization potential

0 50 100 150 200 250 300 350 400

While this is an extreme example of nonlinear conduction, other substances exhibit similar
insulating/conducting properties when exposed to high voltages. Obviously, an ohmmeter using
a low-voltage battery as a source of power cannot measure resistance at the ionization potential
of a gas, or at the breakdown voltage of an insulator. If such resistance values need to be
measured, nothing but a high-voltage ohmmeter will suffice.

The most direct method of high-voltage resistance measurement involves simply substitut-
ing a higher voltage battery in the same basic design of ohmmeter investigated earlier:

black test
lead lead

red test

+-

Simple high-voltage ohmmeter

Knowing, however, that the resistance of some materials tends to change with applied volt-
age, it would be advantageous to be able to adjust the voltage of this ohmmeter to obtain
resistance measurements under different conditions:
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black test
lead lead

red test

+-

Unfortunately, this would create a calibration problem for the meter. If the meter movement
deflects full-scale with a certain amount of current through it, the full-scale range of the meter
in ohms would change as the source voltage changed. Imagine connecting a stable resistance
across the test leads of this ohmmeter while varying the source voltage: as the voltage is
increased, there will be more current through the meter movement, hence a greater amount
of deflection. What we really need is a meter movement that will produce a consistent, stable
deflection for any stable resistance value measured, regardless of the applied voltage.

Accomplishing this design goal requires a special meter movement, one that is peculiar to
megohmmeters, or meggers, as these instruments are known.

0

Magnet

Magnet

1 1

2
2

3

3

"Megger" movement

The numbered, rectangular blocks in the above illustration are cross-sectional representa-
tions of wire coils. These three coils all move with the needle mechanism. There is no spring
mechanism to return the needle to a set position. When the movement is unpowered, the
needle will randomly ”float.” The coils are electrically connected like this:
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2 3

1

Test leads

Red Black

High voltage

With infinite resistance between the test leads (open circuit), there will be no current
through coil 1, only through coils 2 and 3. When energized, these coils try to center them-
selves in the gap between the two magnet poles, driving the needle fully to the right of the
scale where it points to ”infinity.”

0

Magnet

Magnet1

12

3

Current through coils 2 and 3;
no current through coil 1

Any current through coil 1 (through a measured resistance connected between the test
leads) tends to drive the needle to the left of scale, back to zero. The internal resistor values of
the meter movement are calibrated so that when the test leads are shorted together, the needle
deflects exactly to the 0 Ω position.

Because any variations in battery voltage will affect the torque generated by both sets of
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coils (coils 2 and 3, which drive the needle to the right, and coil 1, which drives the needle to the
left), those variations will have no effect of the calibration of the movement. In other words,
the accuracy of this ohmmeter movement is unaffected by battery voltage: a given amount
of measured resistance will produce a certain needle deflection, no matter how much or little
battery voltage is present.

The only effect that a variation in voltage will have on meter indication is the degree to
which the measured resistance changes with applied voltage. So, if we were to use a megger
to measure the resistance of a gas-discharge lamp, it would read very high resistance (needle
to the far right of the scale) for low voltages and low resistance (needle moves to the left of the
scale) for high voltages. This is precisely what we expect from a good high-voltage ohmmeter:
to provide accurate indication of subject resistance under different circumstances.

For maximum safety, most meggers are equipped with hand-crank generators for producing
the high DC voltage (up to 1000 volts). If the operator of the meter receives a shock from the
high voltage, the condition will be self-correcting, as he or she will naturally stop cranking
the generator! Sometimes a ”slip clutch” is used to stabilize generator speed under different
cranking conditions, so as to provide a fairly stable voltage whether it is cranked fast or slow.
Multiple voltage output levels from the generator are available by the setting of a selector
switch.

A simple hand-crank megger is shown in this photograph:

Some meggers are battery-powered to provide greater precision in output voltage. For
safety reasons these meggers are activated by a momentary-contact pushbutton switch, so
the switch cannot be left in the ”on” position and pose a significant shock hazard to the meter
operator.

Real meggers are equipped with three connection terminals, labeled Line, Earth, andGuard.
The schematic is quite similar to the simplified version shown earlier:
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2 3

1

High voltage

EarthLineGuard

Resistance is measured between the Line and Earth terminals, where current will travel
through coil 1. The ”Guard” terminal is provided for special testing situations where one re-
sistance must be isolated from another. Take for instance this scenario where the insulation
resistance is to be tested in a two-wire cable:

conductor

insulation
conductor

sheath
cable Cable

To measure insulation resistance from a conductor to the outside of the cable, we need to
connect the ”Line” lead of the megger to one of the conductors and connect the ”Earth” lead of
the megger to a wire wrapped around the sheath of the cable:
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wire wrapped
around
cable sheath

L
E

G

In this configuration the megger should read the resistance between one conductor and the
outside sheath. Or will it? If we draw a schematic diagram showing all insulation resistances
as resistor symbols, what we have looks like this:

conductor1 conductor2

Rc1-c2

Rc1-s Rc2-s

sheath

Megger

EarthLine

Rather than just measure the resistance of the second conductor to the sheath (Rc2−s), what
we’ll actually measure is that resistance in parallel with the series combination of conductor-
to-conductor resistance (Rc1−c2) and the first conductor to the sheath (Rc1−s). If we don’t care
about this fact, we can proceed with the test as configured. If we desire to measure only
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the resistance between the second conductor and the sheath (Rc2−s), then we need to use the
megger’s ”Guard” terminal:

wire wrapped
around
cable sheath

L
E

G

Megger with "Guard"
connected

Now the circuit schematic looks like this:

conductor1 conductor2

Rc1-c2

Rc1-s Rc2-s

sheath

Megger

EarthLine

Guard

Connecting the ”Guard” terminal to the first conductor places the two conductors at almost
equal potential. With little or no voltage between them, the insulation resistance is nearly
infinite, and thus there will be no current between the two conductors. Consequently, the
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megger’s resistance indication will be based exclusively on the current through the second
conductor’s insulation, through the cable sheath, and to the wire wrapped around, not the
current leaking through the first conductor’s insulation.

Meggers are field instruments: that is, they are designed to be portable and operated by a
technician on the job site with as much ease as a regular ohmmeter. They are very useful for
checking high-resistance ”short” failures between wires caused by wet or degraded insulation.
Because they utilize such high voltages, they are not as affected by stray voltages (voltages
less than 1 volt produced by electrochemical reactions between conductors, or ”induced” by
neighboring magnetic fields) as ordinary ohmmeters.

For a more thorough test of wire insulation, another high-voltage ohmmeter commonly
called a hi-pot tester is used. These specialized instruments produce voltages in excess of 1 kV,
and may be used for testing the insulating effectiveness of oil, ceramic insulators, and even the
integrity of other high-voltage instruments. Because they are capable of producing such high
voltages, they must be operated with the utmost care, and only by trained personnel.

It should be noted that hi-pot testers and even meggers (in certain conditions) are capable of
damaging wire insulation if incorrectly used. Once an insulating material has been subjected
to breakdown by the application of an excessive voltage, its ability to electrically insulate will
be compromised. Again, these instruments are to be used only by trained personnel.

8.8 Multimeters

Seeing as how a common meter movement can be made to function as a voltmeter, ammeter, or
ohmmeter simply by connecting it to different external resistor networks, it should make sense
that a multi-purpose meter (”multimeter”) could be designed in one unit with the appropriate
switch(es) and resistors.

For general purpose electronics work, the multimeter reigns supreme as the instrument of
choice. No other device is able to do so much with so little an investment in parts and elegant
simplicity of operation. As with most things in the world of electronics, the advent of solid-
state components like transistors has revolutionized the way things are done, and multimeter
design is no exception to this rule. However, in keeping with this chapter’s emphasis on analog
(”old-fashioned”) meter technology, I’ll show you a few pre-transistor meters.
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The unit shown above is typical of a handheld analog multimeter, with ranges for voltage,
current, and resistance measurement. Note the many scales on the face of the meter movement
for the different ranges and functions selectable by the rotary switch. The wires for connecting
this instrument to a circuit (the ”test leads”) are plugged into the two copper jacks (socket
holes) at the bottom-center of the meter face marked ”- TEST +”, black and red.

This multimeter (Barnett brand) takes a slightly different design approach than the previ-
ous unit. Note how the rotary selector switch has fewer positions than the previous meter, but
also how there are many more jacks into which the test leads may be plugged into. Each one
of those jacks is labeled with a number indicating the respective full-scale range of the meter.

Lastly, here is a picture of a digital multimeter. Note that the familiar meter movement has
been replaced by a blank, gray-colored display screen. When powered, numerical digits appear
in that screen area, depicting the amount of voltage, current, or resistance being measured.
This particular brand and model of digital meter has a rotary selector switch and four jacks
into which test leads can be plugged. Two leads – one red and one black – are shown plugged
into the meter.
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A close examination of this meter will reveal one ”common” jack for the black test lead and
three others for the red test lead. The jack into which the red lead is shown inserted is labeled
for voltage and resistance measurement, while the other two jacks are labeled for current (A,
mA, and µA) measurement. This is a wise design feature of the multimeter, requiring the user
to move a test lead plug from one jack to another in order to switch from the voltage measure-
ment to the current measurement function. It would be hazardous to have the meter set in
current measurement mode while connected across a significant source of voltage because of
the low input resistance, and making it necessary to move a test lead plug rather than just
flip the selector switch to a different position helps ensure that the meter doesn’t get set to
measure current unintentionally.

Note that the selector switch still has different positions for voltage and current measure-
ment, so in order for the user to switch between these two modes of measurement they must
switch the position of the red test lead and move the selector switch to a different position.

Also note that neither the selector switch nor the jacks are labeled with measurement
ranges. In other words, there are no ”100 volt” or ”10 volt” or ”1 volt” ranges (or any equivalent
range steps) on this meter. Rather, this meter is ”autoranging,” meaning that it automatically
picks the appropriate range for the quantity being measured. Autoranging is a feature only
found on digital meters, but not all digital meters.

No two models of multimeters are designed to operate exactly the same, even if they’re man-
ufactured by the same company. In order to fully understand the operation of any multimeter,
the owner’s manual must be consulted.

Here is a schematic for a simple analog volt/ammeter:

+-

"Common"
jack

Rshunt

Rmultiplier1

Rmultiplier2

Rmultiplier3 V
V

V

A
Off

A V

In the switch’s three lower (most counter-clockwise) positions, the meter movement is con-
nected to the Common and V jacks through one of three different series range resistors
(Rmultiplier1 through Rmultiplier3), and so acts as a voltmeter. In the fourth position, the me-
ter movement is connected in parallel with the shunt resistor, and so acts as an ammeter for
any current entering the common jack and exiting the A jack. In the last (furthest clockwise)
position, the meter movement is disconnected from either red jack, but short-circuited through
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the switch. This short-circuiting creates a dampening effect on the needle, guarding against
mechanical shock damage when the meter is handled and moved.

If an ohmmeter function is desired in this multimeter design, it may be substituted for one
of the three voltage ranges as such:

+-

"Common"
jack

Rshunt

Rmultiplier1

Rmultiplier2

V
V

A
Off

A

Ω

V Ω
RΩ

With all three fundamental functions available, this multimeter may also be known as a
volt-ohm-milliammeter.

Obtaining a reading from an analog multimeter when there is a multitude of ranges and
only one meter movement may seem daunting to the new technician. On an analog multimeter,
the meter movement is marked with several scales, each one useful for at least one range
setting. Here is a close-up photograph of the scale from the Barnett multimeter shown earlier
in this section:
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Note that there are three types of scales on this meter face: a green scale for resistance at
the top, a set of black scales for DC voltage and current in the middle, and a set of blue scales
for AC voltage and current at the bottom. Both the DC and AC scales have three sub-scales,
one ranging 0 to 2.5, one ranging 0 to 5, and one ranging 0 to 10. The meter operator must
choose whichever scale best matches the range switch and plug settings in order to properly
interpret the meter’s indication.

This particular multimeter has several basic voltage measurement ranges: 2.5 volts, 10
volts, 50 volts, 250 volts, 500 volts, and 1000 volts. With the use of the voltage range extender
unit at the top of the multimeter, voltages up to 5000 volts can be measured. Suppose the
meter operator chose to switch the meter into the ”volt” function and plug the red test lead
into the 10 volt jack. To interpret the needle’s position, he or she would have to read the scale
ending with the number ”10”. If they moved the red test plug into the 250 volt jack, however,
they would read the meter indication on the scale ending with ”2.5”, multiplying the direct
indication by a factor of 100 in order to find what the measured voltage was.

If current is measured with this meter, another jack is chosen for the red plug to be inserted
into and the range is selected via a rotary switch. This close-up photograph shows the switch
set to the 2.5 mA position:
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Note how all current ranges are power-of-ten multiples of the three scale ranges shown on
the meter face: 2.5, 5, and 10. In some range settings, such as the 2.5 mA for example, the
meter indication may be read directly on the 0 to 2.5 scale. For other range settings (250 µA,
50 mA, 100 mA, and 500 mA), the meter indication must be read off the appropriate scale
and then multiplied by either 10 or 100 to obtain the real figure. The highest current range
available on this meter is obtained with the rotary switch in the 2.5/10 amp position. The
distinction between 2.5 amps and 10 amps is made by the red test plug position: a special ”10
amp” jack next to the regular current-measuring jack provides an alternative plug setting to
select the higher range.

Resistance in ohms, of course, is read by a nonlinear scale at the top of the meter face. It
is ”backward,” just like all battery-operated analog ohmmeters, with zero at the right-hand
side of the face and infinity at the left-hand side. There is only one jack provided on this
particular multimeter for ”ohms,” so different resistance-measuring ranges must be selected
by the rotary switch. Notice on the switch how five different ”multiplier” settings are provided
for measuring resistance: Rx1, Rx10, Rx100, Rx1000, and Rx10000. Just as you might suspect,
the meter indication is given by multiplying whatever needle position is shown on the meter
face by the power-of-ten multiplying factor set by the rotary switch.

8.9 Kelvin (4-wire) resistance measurement

Suppose we wished to measure the resistance of some component located a significant dis-
tance away from our ohmmeter. Such a scenario would be problematic, because an ohmmeter
measures all resistance in the circuit loop, which includes the resistance of the wires (Rwire)
connecting the ohmmeter to the component being measured (Rsubject):

Ω Rsubject

Rwire

Rwire

Ohmmeter

Ohmmeter indicates Rwire + Rsubject + Rwire
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Usually, wire resistance is very small (only a few ohms per hundreds of feet, depending
primarily on the gauge (size) of the wire), but if the connecting wires are very long, and/or the
component to be measured has a very low resistance anyway, the measurement error intro-
duced by wire resistance will be substantial.

An ingenious method of measuring the subject resistance in a situation like this involves
the use of both an ammeter and a voltmeter. We know from Ohm’s Law that resistance is equal
to voltage divided by current (R = E/I). Thus, we should be able to determine the resistance
of the subject component if we measure the current going through it and the voltage dropped
across it:

Rsubject

Rwire

Rwire

A

V

Ammeter

Voltmeter

Rsubject =
Voltmeter indication
Ammeter indication

Current is the same at all points in the circuit, because it is a series loop. Because we’re
only measuring voltage dropped across the subject resistance (and not the wires’ resistances),
though, the calculated resistance is indicative of the subject component’s resistance (Rsubject)
alone.

Our goal, though, was to measure this subject resistance from a distance, so our voltmeter
must be located somewhere near the ammeter, connected across the subject resistance by an-
other pair of wires containing resistance:

Rsubject

Rwire

Rwire

A

V

Ammeter

Voltmeter

Rsubject =
Voltmeter indication
Ammeter indication

Rwire

Rwire

At first it appears that we have lost any advantage of measuring resistance this way, be-
cause the voltmeter now has to measure voltage through a long pair of (resistive) wires, intro-
ducing stray resistance back into the measuring circuit again. However, upon closer inspection
it is seen that nothing is lost at all, because the voltmeter’s wires carry miniscule current.
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Thus, those long lengths of wire connecting the voltmeter across the subject resistance will
drop insignificant amounts of voltage, resulting in a voltmeter indication that is very nearly
the same as if it were connected directly across the subject resistance:

Rsubject

Rwire

Rwire

A

V

Ammeter

Voltmeter Rwire

Rwire

Any voltage dropped across the main current-carrying wires will not be measured by the
voltmeter, and so do not factor into the resistance calculation at all. Measurement accuracy
may be improved even further if the voltmeter’s current is kept to a minimum, either by using a
high-quality (low full-scale current) movement and/or a potentiometric (null-balance) system.

This method of measurement which avoids errors caused by wire resistance is called the
Kelvin, or 4-wire method. Special connecting clips called Kelvin clips are made to facilitate
this kind of connection across a subject resistance:

Rsubject

4-wire cable
C

P

C

P

clip

clip

Kelvin clips

In regular, ”alligator” style clips, both halves of the jaw are electrically common to each
other, usually joined at the hinge point. In Kelvin clips, the jaw halves are insulated from
each other at the hinge point, only contacting at the tips where they clasp the wire or terminal
of the subject being measured. Thus, current through the ”C” (”current”) jaw halves does not
go through the ”P” (”potential,” or voltage) jaw halves, and will not create any error-inducing
voltage drop along their length:
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Rsubject

4-wire cable

C

P

C

P

clip

clip

A

V

Rsubject =
Voltmeter indication
Ammeter indication

The same principle of using different contact points for current conduction and voltage
measurement is used in precision shunt resistors for measuring large amounts of current. As
discussed previously, shunt resistors function as current measurement devices by dropping
a precise amount of voltage for every amp of current through them, the voltage drop being
measured by a voltmeter. In this sense, a precision shunt resistor ”converts” a current value
into a proportional voltage value. Thus, current may be accurately measured by measuring
voltage dropped across the shunt:

+
V

-

current to be
measured

measured
current to be

voltmeterRshunt

Current measurement using a shunt resistor and voltmeter is particularly well-suited for
applications involving particularly large magnitudes of current. In such applications, the
shunt resistor’s resistance will likely be in the order of milliohms or microohms, so that only a
modest amount of voltage will be dropped at full current. Resistance this low is comparable to
wire connection resistance, which means voltage measured across such a shunt must be done
so in such a way as to avoid detecting voltage dropped across the current-carrying wire con-
nections, lest huge measurement errors be induced. In order that the voltmeter measure only
the voltage dropped by the shunt resistance itself, without any stray voltages originating from
wire or connection resistance, shunts are usually equipped with four connection terminals:
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Voltmeter

Shunt

Measured current

Measured current

In metrological (metrology = ”the science of measurement”) applications, where accuracy is
of paramount importance, highly precise ”standard” resistors are also equipped with four ter-
minals: two for carrying the measured current, and two for conveying the resistor’s voltage
drop to the voltmeter. This way, the voltmeter only measures voltage dropped across the pre-
cision resistance itself, without any stray voltages dropped across current-carrying wires or
wire-to-terminal connection resistances.

The following photograph shows a precision standard resistor of 1 Ω value immersed in a
temperature-controlled oil bath with a few other standard resistors. Note the two large, outer
terminals for current, and the two small connection terminals for voltage:

Here is another, older (pre-World War II) standard resistor of German manufacture. This
unit has a resistance of 0.001 Ω, and again the four terminal connection points can be seen
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as black knobs (metal pads underneath each knob for direct metal-to-metal connection with
the wires), two large knobs for securing the current-carrying wires, and two smaller knobs for
securing the voltmeter (”potential”) wires:

Appreciation is extended to the Fluke Corporation in Everett, Washington for allowing me
to photograph these expensive and somewhat rare standard resistors in their primary stan-
dards laboratory.

It should be noted that resistance measurement using both an ammeter and a voltmeter
is subject to compound error. Because the accuracy of both instruments factors in to the final
result, the overall measurement accuracy may be worse than either instrument considered
alone. For instance, if the ammeter is accurate to +/- 1% and the voltmeter is also accurate to
+/- 1%, any measurement dependent on the indications of both instruments may be inaccurate
by as much as +/- 2%.

Greater accuracy may be obtained by replacing the ammeter with a standard resistor, used
as a current-measuring shunt. There will still be compound error between the standard resis-
tor and the voltmeter used to measure voltage drop, but this will be less than with a voltmeter
+ ammeter arrangement because typical standard resistor accuracy far exceeds typical amme-
ter accuracy. Using Kelvin clips to make connection with the subject resistance, the circuit
looks something like this:
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Rsubject

C

P

C

P

clip

clip

V

Rstandard

All current-carrying wires in the above circuit are shown in ”bold,” to easily distinguish
them from wires connecting the voltmeter across both resistances (Rsubject and Rstandard). Ide-
ally, a potentiometric voltmeter is used to ensure as little current through the ”potential” wires
as possible.

Rlamp

Rcontacts

Rswitch

V
Voltmeter

V

V

Power supply 
set for 
constant 
current

The Kelvin measurement can be a practical tool for finding poor connections or unexpected
resistance in an electrical circuit. Connect a DC power supply to the circuit and adjust the
power supply so that it supplies a constant current to the circuit as shown in the diagram
above (within the circuit’s capabilities, of course). With a digital multimeter set to measure
DC voltage, measure the voltage drop across various points in the circuit. If you know the wire
size, you can estimate the voltage drop you should see and compare this to the voltage drop
you measure. This can be a quick and effective method of finding poor connections in wiring
exposed to the elements, such as in the lighting circuits of a trailer. It can also work well for
unpowered AC conductors (make sure the AC power cannot be turned on). For example, you
can measure the voltage drop across a light switch and determine if the wiring connections to
the switch or the switch’s contacts are suspect. To be most effective using this technique, you
should also measure the same type of circuits after they are newly made so you have a feel for
the ”correct” values. If you use this technique on new circuits and put the results in a log book,
you have valuable information for troubleshooting in the future.
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8.10 Bridge circuits

No text on electrical metering could be called complete without a section on bridge circuits.
These ingenious circuits make use of a null-balance meter to compare two voltages, just like
the laboratory balance scale compares two weights and indicates when they’re equal. Unlike
the ”potentiometer” circuit used to simply measure an unknown voltage, bridge circuits can be
used to measure all kinds of electrical values, not the least of which being resistance.

The standard bridge circuit, often called a Wheatstone bridge, looks something like this:

Ra

Rb

R1

R2

1 2
null

When the voltage between point 1 and the negative side of the battery is equal to the voltage
between point 2 and the negative side of the battery, the null detector will indicate zero and
the bridge is said to be ”balanced.” The bridge’s state of balance is solely dependent on the
ratios of Ra/Rb and R1/R2, and is quite independent of the supply voltage (battery). To measure
resistance with a Wheatstone bridge, an unknown resistance is connected in the place of Ra

or Rb, while the other three resistors are precision devices of known value. Either of the other
three resistors can be replaced or adjusted until the bridge is balanced, and when balance
has been reached the unknown resistor value can be determined from the ratios of the known
resistances.

A requirement for this to be a measurement system is to have a set of variable resistors
available whose resistances are precisely known, to serve as reference standards. For example,
if we connect a bridge circuit to measure an unknown resistance Rx, we will have to know the
exact values of the other three resistors at balance to determine the value of Rx:
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Ra R1

R2

1 2

Rx

Ra

Rx
=

R1

R2

Bridge circuit is

null

balanced when:

Each of the four resistances in a bridge circuit are referred to as arms. The resistor in series
with the unknown resistance Rx (this would be Ra in the above schematic) is commonly called
the rheostat of the bridge, while the other two resistors are called the ratio arms of the bridge.

Accurate and stable resistance standards, thankfully, are not that difficult to construct. In
fact, they were some of the first electrical ”standard” devices made for scientific purposes. Here
is a photograph of an antique resistance standard unit:

This resistance standard shown here is variable in discrete steps: the amount of resistance
between the connection terminals could be varied with the number and pattern of removable
copper plugs inserted into sockets.

Wheatstone bridges are considered a superior means of resistance measurement to the se-
ries battery-movement-resistor meter circuit discussed in the last section. Unlike that circuit,
with all its nonlinearities (nonlinear scale) and associated inaccuracies, the bridge circuit is
linear (the mathematics describing its operation are based on simple ratios and proportions)
and quite accurate.

Given standard resistances of sufficient precision and a null detector device of sufficient
sensitivity, resistance measurement accuracies of at least +/- 0.05% are attainable with a
Wheatstone bridge. It is the preferred method of resistance measurement in calibration labo-
ratories due to its high accuracy.

There are many variations of the basic Wheatstone bridge circuit. Most DC bridges are
used to measure resistance, while bridges powered by alternating current (AC) may be used to
measure different electrical quantities like inductance, capacitance, and frequency.

An interesting variation of the Wheatstone bridge is the Kelvin Double bridge, used for
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measuring very low resistances (typically less than 1/10 of an ohm). Its schematic diagram is
as such:

Ra

Rx

null

Ra and Rx are low-value resistances

RM

RN

Rm

Rn

Kelvin Double bridge

The low-value resistors are represented by thick-line symbols, and the wires connecting
them to the voltage source (carrying high current) are likewise drawn thickly in the schematic.
This oddly-configured bridge is perhaps best understood by beginning with a standard Wheat-
stone bridge set up for measuring low resistance, and evolving it step-by-step into its final form
in an effort to overcome certain problems encountered in the standard Wheatstone configura-
tion.

If we were to use a standard Wheatstone bridge to measure low resistance, it would look
something like this:
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Ra

Rx

null

RN

RM

When the null detector indicates zero voltage, we know that the bridge is balanced and that
the ratios Ra/Rx and RM /RN are mathematically equal to each other. Knowing the values of
Ra, RM , and RN therefore provides us with the necessary data to solve for Rx . . . almost.

We have a problem, in that the connections and connecting wires between Ra and Rx possess
resistance as well, and this stray resistance may be substantial compared to the low resistances
of Ra and Rx. These stray resistances will drop substantial voltage, given the high current
through them, and thus will affect the null detector’s indication and thus the balance of the
bridge:
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Ra

Rx

null

RN

RM

ERa

ERx

Ewire

Ewire

Ewire

Ewire

Stray Ewire voltages will corrupt 
the accuracy of Rx’s measurement

Since we don’t want to measure these stray wire and connection resistances, but only mea-
sure Rx, we must find some way to connect the null detector so that it won’t be influenced by
voltage dropped across them. If we connect the null detector and RM /RN ratio arms directly
across the ends of Ra and Rx, this gets us closer to a practical solution:

Ra

Rx

null

RN

RM

Ewire

Ewire

Ewire

Ewire

Now, only the two Ewire voltages
are part of the null detector loop
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Now the top two Ewire voltage drops are of no effect to the null detector, and do not influence
the accuracy of Rx’s resistance measurement. However, the two remaining Ewire voltage drops
will cause problems, as the wire connecting the lower end of Ra with the top end of Rx is now
shunting across those two voltage drops, and will conduct substantial current, introducing
stray voltage drops along its own length as well.

Knowing that the left side of the null detector must connect to the two near ends of Ra

and Rx in order to avoid introducing those Ewire voltage drops into the null detector’s loop, and
that any direct wire connecting those ends of Ra and Rx will itself carry substantial current and
create more stray voltage drops, the only way out of this predicament is to make the connecting
path between the lower end of Ra and the upper end of Rx substantially resistive:

Ra

Rx

null

RN

RM

Ewire

Ewire

Ewire

Ewire

We can manage the stray voltage drops between Ra and Rx by sizing the two new resistors
so that their ratio from upper to lower is the same ratio as the two ratio arms on the other side
of the null detector. This is why these resistors were labeled Rm and Rn in the original Kelvin
Double bridge schematic: to signify their proportionality with RM and RN :
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Ra

Rx

null

Ra and Rx are low-value resistances

RM

RN

Rm

Rn

Kelvin Double bridge

With ratio Rm/Rn set equal to ratio RM /RN , rheostat arm resistor Ra is adjusted until the
null detector indicates balance, and then we can say that Ra/Rx is equal to RM /RN , or simply
find Rx by the following equation:

Rx = Ra

RN

RM

The actual balance equation of the Kelvin Double bridge is as follows (Rwire is the resistance
of the thick, connecting wire between the low-resistance standard Ra and the test resistance
Rx):

Rx

Ra
= 

RN

RM
+

Rwire

Ra
( )Rm

Rm + Rn + Rwire
( RN

RM
-

Rn

Rm
)

So long as the ratio between RM and RN is equal to the ratio between Rm and Rn, the
balance equation is no more complex than that of a regular Wheatstone bridge, with Rx/Ra

equal to RN /RM , because the last term in the equation will be zero, canceling the effects of all
resistances except Rx, Ra, RM , and RN .

In many Kelvin Double bridge circuits, RM=Rm and RN=Rn. However, the lower the re-
sistances of Rm and Rn, the more sensitive the null detector will be, because there is less
resistance in series with it. Increased detector sensitivity is good, because it allows smaller
imbalances to be detected, and thus a finer degree of bridge balance to be attained. Therefore,
some high-precision Kelvin Double bridges use Rm and Rn values as low as 1/100 of their ratio
arm counterparts (RM and RN , respectively). Unfortunately, though, the lower the values of
Rm and Rn, the more current they will carry, which will increase the effect of any junction
resistances present where Rm and Rn connect to the ends of Ra and Rx. As you can see, high
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instrument accuracy demands that all error-producing factors be taken into account, and often
the best that can be achieved is a compromise minimizing two or more different kinds of errors.

• REVIEW:

• Bridge circuits rely on sensitive null-voltage meters to compare two voltages for equality.

• A Wheatstone bridge can be used to measure resistance by comparing the unknown resis-
tor against precision resistors of known value, much like a laboratory scale measures an
unknown weight by comparing it against known standard weights.

• A Kelvin Double bridge is a variant of the Wheatstone bridge used for measuring very low
resistances. Its additional complexity over the basic Wheatstone design is necessary for
avoiding errors otherwise incurred by stray resistances along the current path between
the low-resistance standard and the resistance being measured.

8.11 Wattmeter design

Power in an electric circuit is the product (multiplication) of voltage and current, so any meter
designed to measure power must account for both of these variables.

A special meter movement designed especially for power measurement is called the dy-

namometermovement, and is similar to a D’Arsonval orWestonmovement in that a lightweight
coil of wire is attached to the pointer mechanism. However, unlike the D’Arsonval or Weston
movement, another (stationary) coil is used instead of a permanent magnet to provide the
magnetic field for the moving coil to react against. The moving coil is generally energized by
the voltage in the circuit, while the stationary coil is generally energized by the current in the
circuit. A dynamometer movement connected in a circuit looks something like this:

Electrodynamometer movement

Load

The top (horizontal) coil of wire measures load current while the bottom (vertical) coil mea-
sures load voltage. Just like the lightweight moving coils of voltmeter movements, the (moving)
voltage coil of a dynamometer is typically connected in series with a range resistor so that full
load voltage is not applied to it. Likewise, the (stationary) current coil of a dynamometer may
have precision shunt resistors to divide the load current around it. With custom-built dy-
namometer movements, shunt resistors are less likely to be needed because the stationary coil
can be constructed with as heavy of wire as needed without impacting meter response, unlike
the moving coil which must be constructed of lightweight wire for minimum inertia.

www.electricalengineering.xyz



8.12. CREATING CUSTOM CALIBRATION RESISTANCES 297

Electrodynamometer movement

current
coil

voltage
coil

(stationary)

(moving)

Rshunt

Rmultiplier

• REVIEW:

• Wattmeters are often designed around dynamometer meter movements, which employ
both voltage and current coils to move a needle.

8.12 Creating custom calibration resistances

Often in the course of designing and building electrical meter circuits, it is necessary to have
precise resistances to obtain the desired range(s). More often than not, the resistance values
required cannot be found in any manufactured resistor unit and therefore must be built by
you.

One solution to this dilemma is to make your own resistor out of a length of special high-
resistance wire. Usually, a small ”bobbin” is used as a form for the resulting wire coil, and
the coil is wound in such a way as to eliminate any electromagnetic effects: the desired wire
length is folded in half, and the looped wire wound around the bobbin so that current through
the wire winds clockwise around the bobbin for half the wire’s length, then counter-clockwise
for the other half. This is known as a bifilar winding. Any magnetic fields generated by
the current are thus canceled, and external magnetic fields cannot induce any voltage in the
resistance wire coil:
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Special 
resistance

wire

Bobbin

Completed resistorBefore winding coil

As you might imagine, this can be a labor-intensive process, especially if more than one
resistor must be built! Another, easier solution to the dilemma of a custom resistance is to
connect multiple fixed-value resistors together in series-parallel fashion to obtain the desired
value of resistance. This solution, although potentially time-intensive in choosing the best
resistor values for making the first resistance, can be duplicated much faster for creating mul-
tiple custom resistances of the same value:

R1

R2 R3

R4

Rtotal

A disadvantage of either technique, though, is the fact that both result in a fixed resistance
value. In a perfect world where meter movements never lose magnetic strength of their per-
manent magnets, where temperature and time have no effect on component resistances, and
where wire connections maintain zero resistance forever, fixed-value resistors work quite well
for establishing the ranges of precision instruments. However, in the real world, it is advanta-
geous to have the ability to calibrate, or adjust, the instrument in the future.

It makes sense, then, to use potentiometers (connected as rheostats, usually) as variable
resistances for range resistors. The potentiometer may be mounted inside the instrument case
so that only a service technician has access to change its value, and the shaft may be locked in
place with thread-fastening compound (ordinary nail polish works well for this!) so that it will
not move if subjected to vibration.

However, most potentiometers provide too large a resistance span over their mechanically-
short movement range to allow for precise adjustment. Suppose you desired a resistance of
8.335 kΩ +/- 1 Ω, and wanted to use a 10 kΩ potentiometer (rheostat) to obtain it. A precision
of 1 Ω out of a span of 10 kΩ is 1 part in 10,000, or 1/100 of a percent! Even with a 10-turn
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potentiometer, it will be very difficult to adjust it to any value this finely. Such a feat would be
nearly impossible using a standard 3/4 turn potentiometer. So how can we get the resistance
value we need and still have room for adjustment?

The solution to this problem is to use a potentiometer as part of a larger resistance network
which will create a limited adjustment range. Observe the following example:

Rtotal

8 kΩ 1 kΩ

8 kΩ to 9 kΩ
adjustable range

Here, the 1 kΩ potentiometer, connected as a rheostat, provides by itself a 1 kΩ span (a
range of 0 Ω to 1 kΩ). Connected in series with an 8 kΩ resistor, this offsets the total resistance
by 8,000 Ω, giving an adjustable range of 8 kΩ to 9 kΩ. Now, a precision of +/- 1 Ω represents
1 part in 1000, or 1/10 of a percent of potentiometer shaft motion. This is ten times better, in
terms of adjustment sensitivity, than what we had using a 10 kΩ potentiometer.

If we desire to make our adjustment capability even more precise – so we can set the resis-
tance at 8.335 kΩ with even greater precision – we may reduce the span of the potentiometer
by connecting a fixed-value resistor in parallel with it:

Rtotal

8 kΩ 1 kΩ

adjustable range

1 kΩ

8 kΩ to 8.5 kΩ

Now, the calibration span of the resistor network is only 500 Ω, from 8 kΩ to 8.5 kΩ. This
makes a precision of +/- 1 Ω equal to 1 part in 500, or 0.2 percent. The adjustment is now
half as sensitive as it was before the addition of the parallel resistor, facilitating much easier
calibration to the target value. The adjustment will not be linear, unfortunately (halfway on
the potentiometer’s shaft position will not result in 8.25 kΩ total resistance, but rather 8.333
kΩ). Still, it is an improvement in terms of sensitivity, and it is a practical solution to our
problem of building an adjustable resistance for a precision instrument!

www.electricalengineering.xyz



300 CHAPTER 8. DC METERING CIRCUITS

8.13 Contributors

Contributors to this chapter are listed in chronological order of their contributions, from most
recent to first. See Appendix 2 (Contributor List) for dates and contact information.

Jason Starck (June 2000): HTML document formatting, which led to a much better-
looking second edition.
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Appendix A-3

DESIGN SCIENCE LICENSE

Copyright c© 1999-2000 Michael Stutz stutz@dsl.org
Verbatim copying of this document is permitted, in any medium.

A-3.1 0. Preamble

Copyright law gives certain exclusive rights to the author of a work, including the rights
to copy, modify and distribute the work (the ”reproductive,” ”adaptative,” and ”distribution”
rights).

The idea of ”copyleft” is to willfully revoke the exclusivity of those rights under certain
terms and conditions, so that anyone can copy and distribute the work or properly attributed
derivative works, while all copies remain under the same terms and conditions as the original.

The intent of this license is to be a general ”copyleft” that can be applied to any kind of work
that has protection under copyright. This license states those certain conditions under which
a work published under its terms may be copied, distributed, and modified.

Whereas ”design science” is a strategy for the development of artifacts as a way to reform
the environment (not people) and subsequently improve the universal standard of living, this
Design Science License was written and deployed as a strategy for promoting the progress of
science and art through reform of the environment.

A-3.2 1. Definitions

”License” shall mean this Design Science License. The License applies to any work which
contains a notice placed by the work’s copyright holder stating that it is published under the
terms of this Design Science License.

”Work” shall mean such an aforementioned work. The License also applies to the output of
the Work, only if said output constitutes a ”derivative work” of the licensed Work as defined by
copyright law.

509
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”Object Form” shall mean an executable or performable form of the Work, being an embod-
iment of the Work in some tangible medium.

”Source Data” shall mean the origin of the Object Form, being the entire, machine-readable,
preferred form of the Work for copying and for human modification (usually the language,
encoding or format in which composed or recorded by the Author); plus any accompanying
files, scripts or other data necessary for installation, configuration or compilation of the Work.

(Examples of ”Source Data” include, but are not limited to, the following: if the Work is
an image file composed and edited in ’PNG’ format, then the original PNG source file is the
Source Data; if the Work is an MPEG 1.0 layer 3 digital audio recording made from a ’WAV’
format audio file recording of an analog source, then the original WAV file is the Source Data;
if the Work was composed as an unformatted plaintext file, then that file is the Source Data; if
the Work was composed in LaTeX, the LaTeX file(s) and any image files and/or custom macros
necessary for compilation constitute the Source Data.)

”Author” shall mean the copyright holder(s) of the Work.

The individual licensees are referred to as ”you.”

A-3.3 2. Rights and copyright

The Work is copyright the Author. All rights to the Work are reserved by the Author, except as
specifically described below. This License describes the terms and conditions under which the
Author permits you to copy, distribute and modify copies of the Work.

In addition, you may refer to the Work, talk about it, and (as dictated by ”fair use”) quote
from it, just as you would any copyrighted material under copyright law.

Your right to operate, perform, read or otherwise interpret and/or execute the Work is un-
restricted; however, you do so at your own risk, because the Work comes WITHOUT ANY
WARRANTY – see Section 7 (”NO WARRANTY”) below.

A-3.4 3. Copying and distribution

Permission is granted to distribute, publish or otherwise present verbatim copies of the entire
Source Data of the Work, in any medium, provided that full copyright notice and disclaimer of
warranty, where applicable, is conspicuously published on all copies, and a copy of this License
is distributed along with the Work.

Permission is granted to distribute, publish or otherwise present copies of the Object Form
of the Work, in any medium, under the terms for distribution of Source Data above and also
provided that one of the following additional conditions are met:

(a) The Source Data is included in the same distribution, distributed under the terms of
this License; or

(b) A written offer is included with the distribution, valid for at least three years or for
as long as the distribution is in print (whichever is longer), with a publicly-accessible address
(such as a URL on the Internet) where, for a charge not greater than transportation and media
costs, anyone may receive a copy of the Source Data of the Work distributed according to the
section above; or
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(c) A third party’s written offer for obtaining the Source Data at no cost, as described in
paragraph (b) above, is included with the distribution. This option is valid only if you are a
non-commercial party, and only if you received the Object Form of the Work along with such
an offer.

You may copy and distribute the Work either gratis or for a fee, and if desired, you may
offer warranty protection for the Work.

The aggregation of the Work with other works which are not based on the Work – such as
but not limited to inclusion in a publication, broadcast, compilation, or other media – does not
bring the other works in the scope of the License; nor does such aggregation void the terms of
the License for the Work.

A-3.5 4. Modification

Permission is granted to modify or sample from a copy of the Work, producing a derivative
work, and to distribute the derivative work under the terms described in the section for distri-
bution above, provided that the following terms are met:

(a) The new, derivative work is published under the terms of this License.

(b) The derivative work is given a new name, so that its name or title can not be confused
with the Work, or with a version of the Work, in any way.

(c) Appropriate authorship credit is given: for the differences between the Work and the
new derivative work, authorship is attributed to you, while the material sampled or used from
the Work remains attributed to the original Author; appropriate notice must be included with
the new work indicating the nature and the dates of any modifications of the Work made by
you.

A-3.6 5. No restrictions

You may not impose any further restrictions on the Work or any of its derivative works beyond
those restrictions described in this License.

A-3.7 6. Acceptance

Copying, distributing or modifying the Work (including but not limited to sampling from the
Work in a new work) indicates acceptance of these terms. If you do not follow the terms of this
License, any rights granted to you by the License are null and void. The copying, distribution or
modification of the Work outside of the terms described in this License is expressly prohibited
by law.

If for any reason, conditions are imposed on you that forbid you to fulfill the conditions of
this License, you may not copy, distribute or modify the Work at all.

If any part of this License is found to be in conflict with the law, that part shall be inter-
preted in its broadest meaning consistent with the law, and no other parts of the License shall
be affected.
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A-3.8 7. No warranty

THE WORK IS PROVIDED ”AS IS,” AND COMES WITH ABSOLUTELY NO WARRANTY,
EXPRESS OR IMPLIED, TO THE EXTENT PERMITTED BY APPLICABLE LAW, INCLUD-
ING BUT NOT LIMITED TO THE IMPLIED WARRANTIES OF MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE.

A-3.9 8. Disclaimer of liability

IN NO EVENT SHALL THE AUTHOR OR CONTRIBUTORS BE LIABLE FOR ANY DI-
RECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL DAM-
AGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS
OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS INTERRUPTION)
HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CONTRACT,
STRICT LIABILITY, OR TORT (INCLUDINGNEGLIGENCEOROTHERWISE) ARISING IN
ANY WAY OUT OF THE USE OF THIS WORK, EVEN IF ADVISED OF THE POSSIBILITY
OF SUCH DAMAGE.

END OF TERMS AND CONDITIONS

[$Id: dsl.txt,v 1.25 2000/03/14 13:14:14 m Exp m $]
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