
3. Magnetic tachometers: the Hall effect
4. Optical tachometers: the optical pulse and the strobo-

scope

TACHOMETERS Tachometers may be permanently installed and fixed on
the machine group for constant monitoring of speed. For this

Tachometers are devices for measuring the rotation speed of purpose, any kind of tachometer but a stroboscope will do. Or
machine shafts, relative to a referential, which is generally they may be intermittently used to check the speed, without
the machine’s stator. Tachometers get their name from the the need for permanent mechanical setting. For this purpose,
Greek words takhys, meaning ‘‘quick,’’ and metron, meaning the stroboscope and the optical reflected pulse tachometers
‘‘measure.’’ Therefore, etymologically, a tachometer is a device are suitable, as they do not need moving pieces and only need
capable of measuring a speed. However, in the technical con- an appropriate light source to be pointed at the machine to
text, linear velocity meters generally are not referred to as get a speed reading. Although not so well adapted, other types
tachometers, and the word is reserved for shaft rotation of tachometers with rotating internal parts may be found in
speed meters. portable tachometers. In these portables, the axle of the rotat-

Moving vehicles can have translation movements and rota- ing parts protrudes from the apparatus box and has a rubber
tion movements relative to a referential. When guidance and wheel on the end of it. To use the meter, the operator must
navigation problems are considered, these movements must put this wheel in contact with the rotating shaft, which then
be sensed and their speed measured. The devices for measur- transmits the motion to the inner mechanisms of the device.
ing these rotational movement speeds of the vehicle relative The output then appears on the tachometer display. Care
to a fixed referential of inertia are generally called rotation must be taken to avoid getting grease and dirt on the rubber
rate meters or gyrometers and are not referred to as tachom- wheel, which would cause it to slip on the shaft.
eters. A vehicle’s rotational speed is generally much slower than

A rotation speed can be obtained from an angular position a machine shaft rotation. This vehicle motion speed can be
sensor by means of a time derivation. However, derivation measured with two kinds of sensors: the rate gyroscope, based
increases measurement errors and noise that may exist in the on the mechanical conservation of angular momentum; and
position measurement. The speed can also be obtained from optical gyros, based on the interference of two optical beams
an angular acceleration sensor by means of a time integra- whose wavelengths are modified differently by the motion. Al-
tion. However, integration has an initial value undetermina- though these are not considered to be tachometers, they do
tion and may also cause the integrator to wind up due to any measure a rotation speed and therefore will be described later
offset that may exist in the acceleration measurement. There- in this article.
fore, even when a mechanical system has angular position or
acceleration sensors, the speed of rotation is generally mea-

TACHOGENERATORSsured independently with some kind of tachometer.
Tachometers may be classified in several ways. One possi-

Tachogenerators are small auxiliary machines acting as gen-ble classification is based on the type of the tachometer’s out-
erators, driven by the shaft of the group whose rotation speedput quantity, which may be
is to be measured. They provide an output voltage that has
certain characteristics (constant value, rms value, frequency,1. A voltage value (amplitude or rms [root mean square]
etc.) proportional to that speed. There are several types ofvalue): tachogenerators
tachogenerators.2. A visual indication by a pointer mechanical position:

drag-cup and fly-ball tachometers
Dc Tachogenerators3. A frequency value (or time value): inductive, Hall effect,

optical pulse, strain gauge, variable capacitance, and Direct current (dc) tachometers are essentially dc generators
switch tachometers; or stroboscopes (dynamos). Driven by a rotating axle, they provide an output

dc voltage proportional to the rotation speed. A dynamo (Fig.
In this article, the description of the several types of tachome- 1) is composed of an iron rotor (armature), where a number
ters follows an order suggested by this classification. Note of copper coils are wound, rotating inside a stator (inductor),
that some tachometers may fit into more than one class, de- which creates a magnetic induction flux � that is stationary
pending on the way their output is used. For instance, ta- in space and constant in time. This induction flux can be gen-
choalternators and inductive pulse tachometers may fit into erated by extra coils in the stator, which act as electromag-
class 1 or 3; stroboscopes may be classified as class 2 or 3. nets being fed by direct currents; or it can be created by per-

Another classification is based on the principle of physics manent magnets in the stator poles.
that underlies its operation. From this viewpoint there are According to Faraday’s law of induction, in each rotating

coil an alternative emf (electromotive force) e(t) is induced
1. Electrodynamic tachometers: tachogenerators, drag whose maximum is E � kN�, where k is a constant dependent

cup, inductive pulse on the way the device is constructed and N is the rotating
speed in rpm.2. Mechanical tachometers: the fly-ball
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of that ripple (difference between maximum and minimum)
to the mean voltage value is called undulation and is an index
of performance of the tachometer. This undulation value can
reach as high as 2%.

Typical sensitivities of the dc tachometer generators are
about 5 V to 10 V per 1000 rpm, with ranges of typically 0–
5000 rpm up to 0–10,000 rpm.

To behave as a tachometer, the dynamo must be kept at
constant flux condition. So the flux is usually generated by
permanent magnets made of appropriate alloys or sintered
materials; and no load current must be allowed, so the ta-
chometer must only be connected to high-impedance voltme-
ter devices.

To minimize the mechanical load of the tachometer on the
group, the rotor is built with as little a moment of inertia
as possible. One typical construction solution is to wind the
armature coils over a hollow plastic rotor while the magnetic
circuit is completed by an iron stationary cylinder inside the
rotor.

Dc tachometers have the advantage of furnishing a dc sig-
nal proportional to the speed, with nonlinearity usually less
than 1% of full scale and with a polarity that shows the direc-
tion of movement. Therefore, they are appropriate for control
purposes. However, they have the disadvantage of having a
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voltage ripple, which may demand electric filtering, causing a
time delay that may be inconvenient. Another disadvantageFigure 1. Dc tachogenerator (dynamo). (a) Internal constitution. (b)

Voltages. is that the construction of the windings and of the commuta-
tor is difficult, making the devices expensive. For these rea-
sons, these devices tend to be replaced by digital, pulsed

The coils of the rotor have their terminals connected to types.
different insulated copper segments of a cylinder, coaxial with
the rotor, called the commutator [Fig. 1(a)]. A pair of station- Ac Tachogenerators
ary carbon brushes slips over the segments, with little fric-

Alternating current (ac) tachometers are ac generators cou-tion. The brushes are in contact with only one pair of seg-
pled with the group, producing an ac voltage that is a mea-ments at a time and, therefore, they establish electric contact

between an outside stationary circuit and the two terminals sure of the speed. Ac machines of two types, synchronous and
of only one coil each time. induction, can be used to build two corresponding types of ac

The brushes are positioned so that the two segments come tachogenerators.
in contact with the two terminals of a coil exactly when that
coil’s emf goes through its maximum value. As the rotor’s ro- Ac Synchronous Tachogenerators. The ac synchronous gen-
tation tends to decrease that emf, it also moves those seg- erator, also called an alternator, generates an ac voltage that
ments away from the brushes, making way for new segments, is synchronized with the rotation speed of the rotor. Generally
which establish contact with the next coil where the emf is it is built with the inductor in its rotor and the induced coils
now at a maximum. In this way, the commutator acts like a in the stator. By means of dc rotor currents or permanent
mechanical rectifier, picking up only the maximum value of magnets at the poles, the rotor creates an induction field B in
emf [Fig. 1(b)]. So the output voltage of the dynamo, mea- the airgap, which is constant in time and is fixed with respect
sured between the stationary brushes at no load condition, is to the rotor. The revolution movement of the rotor inside the
V � E � kN�.

stator causes a similar rotation of the magnetic field. This
Keeping the flux � constant, the voltage is proportional to

field is expected to have sinusoidal spatial distribution.the rotation speed N. As can be seen by Faraday’s law, inver-
The induction flux � linked to a coil in the stator with nsion of the rotation direction (correspondent to a switch of

turns is � � n� cos �, where � is the simple flux produced byalgebraic sign of N) causes an inversion of the output voltage
a rotor pair of poles and � is the electric angle between thepolarity. So the voltage is a measure of both direction and
coil and the pole magnetic axes. With the rotor rotating at anmagnitude of the rotational speed.
angular speed �, the angle is � � �t. However, if the rotorAs the number of armature coils is finite, the brushes are
has p pairs of poles, the magnetic north-south sequence pass-in contact with them not only at the moments when their
ing through the coil in the stator occurs p times in each me-emf is at a maximum, but also a little before and a little
chanical revolution. Then its electric frequency is p�, andafter that. Therefore, the voltage at the brushes is not exactly
then � � p�t. According to Faraday’s law of induction, theconstant but has a ripple, which decreases as the number of
emf induced in the coil is thencoils built into the rotor increases. In practice, other sources

of ripple exist, such as eccentricities, asymmetries, and irreg-
ularities of the brushes contacts. The ratio of the amplitude e(t) = (pω)nφ cos(pωtπ/2)
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If no current is drawn from that coil, its no load voltage u1 and u2. Indeed, reversing the direction of the movement is
equivalent to changing the algebraic sign of �, which is theequals this emf. So in the static coil, an alternative voltage is

produced, with both its magnitude and its frequency propor- same as switching the phase of u2 by 180�.
The preceding expressions assume that the second coil istional to the rotating speed, provided the flux � is kept con-

stant. To keep a constant flux �, the ac synchronous tacho- kept without current, so a high-impedance voltmeter device
must be used. A constant rotating speed � is also assumed;generators have permanent magnets on the rotor, built with

the same technologies referred to in the section on dc tachom- this means that if � changes, the frequency of the changes of
� must not approach the frequency � of the input voltage.eters; and their stator coils must be connected to high-imped-

ance voltmeter devices. To increase the induced voltages, they This is generally the case. For the most common cases, power
line frequency is used to feed the tachometer, as the maingenerally have more than one pair of poles, typically four.

Their sensitivities and ranges are similar to those of the dc machine mechanical speed cannot have rapid oscillations on
the order of tens of hertz.tachometers.

Ac synchronous tachogenerators are less expensive than This type of tachometer may be built with a squirrel cage
rotor, thus providing an inexpensive instrument. However,the dc tachometers because they do not need the costly com-

mutator. The speed information is obtained by measuring the the drag-cup rotor is more common because it provides better
results with the advantage of having a lesser inertia than thetachogenerator voltage amplitude with an ac voltmeter (sensi-

tive to rms values, or a dc voltmeter provided the voltage is former. The drag-cup rotor consists of a hollow sleeve of alu-
minum providing the rotor electric circuit. The cup rotateselectronically rectified). For control purposes, the alternative

voltage must be conditioned by means of an ac/dc converter around a stationary iron core that completes the magnetic
circuit.and filtering circuit, which may cause undesirable delays.

Alternatively, the rotating speed may be obtained by mea- With drag-cup rotors, ac induction tachometers can have
an accuracy up to 0.1% of full-scale deflection, with rangessuring the voltage frequency, which is necessarily p times the

speed in rps. This is a more accurate means of measurement, typically between 0 rpm and 5000 rpm and sensitivities of up
to 10 V per 1000 rpm.if a digital frequency meter is used, and is appropriate for use

in digital measuring and control systems.
Neither the voltage nor the frequency measures give any THE DRAG-CUP TACHOMETERS

information about the direction of the rotation. This is a dis-
advantage of the ac synchronous tachogenerators when com- The drag-cup tachometer (Fig. 2), also called eddy-current ta-
pared with the dc ones. To overcome this limitation, synchro- chometer, is not a tachogenerator. It does not furnish an elec-
nous tachogenerators with two stator coils are used. Voltages tric signal proportional to the speed. Instead, its response is
induced in both coils are equal in amplitude and frequency a visual indication of speed by means of the position of a nee-
but have different phases (typically they differ by 90�). A cir- dle over a scale. It can be used in addition to any position
cuit sensing which one is leading and which one is lagging transducer if an electric signal is needed, but this is not a
provides the information about the direction of rotation. common solution. The drag-cup tachometer is a very common

device and is generally used as a speed and engine rpm indi-
Ac Induction Tachogenerators. Ac induction tachogenerator cator in automobiles, airplanes, and other vehicles.

tachometers have the structure of a two-phase induction mo- The instrument consists of a rotating cylindrical perma-
tor: The stator has two different coils whose magnetic axes nent magnet driven by the rotating shaft. The magnet rotates
are perpendicular in space; the rotor has no salient poles and inside a hollow conductive sleeve (a cup, usually made of alu-
also has a two-phase winding, which is kept short circuited. minum), coaxial with the shaft. This cup can also rotate, but
Indeed, as all the rotor conductors are short circuited at their its movement is restrained by a spring. Surrounding the con-
terminals, there is no need to individualize the coils. These ductive cup, a fixed hollow iron cylinder closes the magnetic
can be replaced by a uniform distribution of rotor conductors, circuit of the magnet’s induction field lines.
forming the so-called squirrel cage rotor. The currents in- When the magnet rotates, its revolving magnetic field in-
duced in the cage, regardless of the number of its conductors, duces eddy currents in the conductive cup. The amplitude of
have the same magnetic effect as a two-phase winding. The
same effect is obtained with an even smoother current distri-
bution, like the one obtained in a continuous conducting
sleeve over the rotor, the so-called drag-cup rotor.

One of the stator coils is fed with a sinusoidal voltage u1 �
U cos(�t) while the other is kept in open circuit. Because the
two coils are orthogonal, the voltage induced in the second
coil will be null if the rotor is stopped. However, if the rotor
is moving with angular velocity �, the currents induced in it
will cause a magnetic link with the second coil. If resistive
voltages can be neglected compared with inductive ones, then
a voltage will be induced in the second coil that is u2 � �kU
cos(�t � �/2), where k is a constant that depends on the con-
struction of the device. That is, a voltage is obtained that has
the same frequency as the feeding voltage and whose ampli-
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tude is proportional to the speed to be measured. The direc-
tion of the rotation is obtained by comparing the phases of Figure 2. The drag-cup tachometer (exploded view).



358 TACHOMETERS

these currents is proportional to the time derivative of the the nonlinearity is compensated for, to a certain extent, by
using a nonlinear spring.induction flux (that is, proportional to the rotation speed).

These currents interact with the magnetic field and generate
an electrodynamic torque proportional to the field amplitude

INDUCTIVE PULSES TACHOMETERS(which is constant) and to the currents’ amplitude. Therefore,
the torque generated is proportional to the rotating speed.

The inductive pulses tachometer is a type of tachometer inThis electrodynamic torque causes a displacement of the cup
which there is no mechanical contact between the movingto a position where the spring resisting torque balances the
shaft and the stationary sensor (Fig. 3). The output of the

first one. The cup is attached to a pointer, whose position on
tachometer consists of a train of pulses, which can be pro-

a scale is an image of the equilibrium position of the cup, thus cessed either by analog or digital means. It consists of an
furnishing a reading of the speed. iron-toothed wheel mounted in the shaft and rotating with it.

This mechanism is similar to an induction motor: The ro- Placed near it is a permanent magnet, around which a sens-
tating field of the permanent magnet is similar to the rotating ing coil is wound [Fig. 3(a)]. The magnet may be placed, as
field generated by a current-fed polyphase stator winding, suggested by the figure, at a distance of about a millimeter
with currents of a frequency similar to the rotating speed of from the outer face of the teeth. Alternatively, the magnet
the magnet. The cup behaves as a short-circuited rotor at may be U shaped, with the wheel’s teeth passing between the
standstill, experiencing the starting torque. Under these con- two poles.
ditions, induction motor equations show that the torque is ap- As the wheel rotates, the teeth and gaps pass successively
proximately proportional to the stator frequency (in this case, in front of the magnet, causing a periodic variation of the
to the speed of the magnet), provided the currents induced in magnetic reluctance of the flux lines’ path. Therefore, the in-
the cup do not have magnetic effects comparable with the duction flux through the coil wound around the magnet var-
field of the permanent magnet. ies, thus causing periodic pulses of voltage to be induced at its

The permanent magnet used in drag-cup tachometers gen- terminals [Fig. 3(b)]. Both the amplitude and the frequency of
erally is made of Al–Ni, or other appropriate alloys, and has the voltage impulses are proportional to the rotation speed
up to five pairs of poles. The dependence of its magnetic prop- and to the number of teeth in the wheel.
erties on the temperature is corrected by means of a ther- The rotation speed can then be obtained by means of any
moperm compensating disk. This is a disk made of a material ordinary method of measuring the voltage peak value, time-
whose magnetic conductivity depends on the temperature, average value, or rms value. However, this is not the most
placed close to the cylindrical magnet and partially shunting common way, as the pulse amplitudes depend on circumstan-
it to a degree that also depends on the temperature. The de- tial factors, like the temperature or variations of the sensor
pendencies practically cancel each other. position relative to the toothed wheel. Another drawback of

Drag-cup tachometers are used in speed ranges up to this method is the difficulty of measuring very low speeds
10,000 rpm and have a measuring accuracy on the order when the pulse amplitudes are not high enough to be mea-
of 1%. sured accurately.

Alternatively, the speed can be obtained, and usually with
better accuracy, by measuring the pulse frequency, f , which

FLY-BALL TACHOMETERS is equal to the shaft’s number of rotations per second times
the number of teeth n of the toothed wheel. Expressing the
rotation speed N in rpm, the following is obtained:The fly-ball tachometer is a mechanical device that has been

in use for a long time as a speed-governing device for thermic
engines (watt regulator). Used as a tachometer, it gives a vi- f = nN/60
sual information of the speed, positioning a pointer on a scale.

When using the frequency measurement method, generallyPosition sensors can be added to convert the pointer position
the pulses are first processed through some sort of electronicinto an electrical signal if this is needed.
comparing circuit, like the Schmitt trigger or equivalent, inThe fly-ball tachometer consists of two massive spheres,
order to produce a train of sharper impulses, whose ampli-connected through a system of levers to the shaft. The shaft
tude is now independent of the speed. The frequency of therotation causes the spheres to rotate around it. The centrifu-
pulses is then measured, either analogically or digitally. Thegal force drives the spheres away from the shaft, but their
ways of implementing these measures will be described later.radial displacement is restrained by the levers acting against
The difficulty of measuring very low speeds persists, however,a restitution spring. At equilibrium, the spheres rotate at a

distance where the spring force and the centrifugal force are
equal. This distance is shown by the position of a pointer
driven by the lever-spring system.

Normal springs exercise a restitution force proportional to
their deformation x, FS � KSx. Centrifugal force acting on con-
stant masses is proportional to the rotation radius, R, and to
the square of the rotation speed, �: FC � KCR�2. Note that
the spring deformation and the rotation radii of the spheres
R are related in a way depending on the mechanical design of
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the gearing, R � R(x). At equilibrium FS � FC, which leads to
a nonlinear equation x � (KC/KS)R(x)�2. Therefore, these ta- Figure 3. Inductive pulses tachometer. (a) Schematic constitution.

(b) Flux and voltage at pick-up coil.chometers have a nonlinear velocity scale. In same models,
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because the amplitude of the pulses from the pick-up coil may
be too low to switch the electronic trigger. (This can be over-
come if the field variations are sensed, not by means of the
inductive process just described, but with a Hall effect sensor.
The pulses produced by the Hall effect sensor have a constant
amplitude, independent of speed, so only their frequency var-
ies with the rotation velocity.)

To increase the sensitivity of the sensor at low speeds,
wheels with more teeth are used. However, this procedure has
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time and space limitations. If there are too many teeth, the
Figure 4. Hall effect sensor. (a) With p-type semiconductor material.distance between them may become too small compared with
(b) With n-type semiconductor material.the size of the polar piece. The polar piece would then face

more than one tooth at a time, causing a space integration
and averaging effect. The device would not be able to distin-
guish the teeth from the gaps and thus would become insensi- variations are sensed by means of a Hall effect sensor (Fig. 4)
tive to the rotation. For this reason, the polar piece generally instead of a pick-up coil.
has a sharp tip, of a conical or other similar shape. A similar The Hall effect consists of the appearance of a voltage vH
averaging effect occurs because of a time limitation. The through a material when an electric current I flows through
pulses have nonzero duration. A wheel with a number of it in the presence of an external magnetic induction field B.
teeth, few enough to avoid the space integration but numer- The electric carriers that constitute the current, because they
ous enough to measure low speeds, will cause pulses of in- are moving with a velocity v inside the field B, sense a Lo-
creasing frequency when the shaft speeds up. At high veloc- rentz force. This is equivalent to an electric field E � v � B,
ity, the pulses can become too rapid and start to overlap, and perpendicular to both the induction field and the current di-
then the sensing circuit is no longer able to distinguish the rection and that generates the external voltage that is felt.
too frequent pulses. For these reasons, a wheel with an appro- The Hall effect can be better sensed in semiconductor than
priate number of teeth must be chosen for the range of rota- in conductor materials. The charge carriers will feel a force
tion speeds to be measured. F � qE, which deflects their movement to one side of the ma-

The shape of the wheel’s teeth is also designed according terial. If the material is p type [Fig. 4(a)], the carriers will beto the needs of the electronic circuitry to be used: Smoother
positive and the direction of velocity is the same as that ofteeth may cause an almost sinusoidal voltage to be induced,
the current. Suppose that the B field is from the upper side;and teeth with sudden geometrical changes induce sharper
the positive traveling charges will be deflected to their left.pulses.
The left side will then become positive with respect to theSome inductive pulse tachometers are provided with a sec-
right side.ond pick-up coil, generally placed in such a way as to induce

If the material is n type [Fig. 4(b)], the carriers will bepulses in quadrature with those of the first coil. The phases
negative; the direction of velocity is opposite to the current.of both signals may be compared in some electronic circuitry
The Lorentz electric field will be opposite to that of the previ-to find if the second leads or lags behind the first one, thereby
ous case. As a consequence, the external voltage produced willobtaining information about the direction of the rotation.
also be reversed.As there is no mechanical contact between moving and

The voltage is directly proportional to the current I and tofixed parts, this kind of tachometer is suitable for use in low-
the field B. If a sensor based on the Hall effect device is fedtorque mechanisms. If low inertia is also required, a plastic
with a constant current I, then the output voltage will be awheel is used, in which ferromagnetic pieces are regularly in-
measure of the induction B. Note that with inductive sensors,serted in radial positions near the periphery. These pieces
it is the time derivative dB/dt that is sensed, while with Hallhave the same effect of regularly modifying the magnetic re-
sensors it is the field itself that is sensed, regardless of itsluctance of the flux path, thereby causing a periodic variation
rate of variation. Typical sensors are supplied with currentsof the flux through the pick-up coil with the consequent induc-
on the order of 10 mA and have an output sensitivity on thetion of a voltage train of pulses. This kind of wheel is more
order of 10 V/T.expensive than an iron one, but, in addition to the lower iner-

The construction of Hall effect pulse tachometers is similartia it offers, it has the advantage of producing sharper volt-
to inductive pulse tachometers. Like them, a toothed ferro-age pulses.
magnetic wheel rotates in front of a permanent magnet. In-Inductive pulse tachometers are widely used because they
stead of the pick-up coil used in inductive pulse tachometers,need almost no maintenance, they need no power feeding cir-
a Hall sensor is placed between the permanent magnet andcuits, and the sensor device is not expensive. Having no elec-
the rotating toothed wheel. The airgap variation of the mag-tric contact between moving and stationary parts, they pro-
netic flux path, caused by the succession of teeth and gaps ofduce no sparks and therefore can be used in potentially

explosive environments. The magnet and pick-up coil are usu- the wheel, causes a variation in the intensity of the B field
ally assembled in a sealed case, which is mounted near the over the magnet’s pole. The output voltage of the sensor, be-
wheel, without touching it and with no magnetic barrier be- ing proportional to the B intensity, follows its variations. An-
tween the wheel and the magnet. other option is to use a wheel with magnetic poles in its pe-

riphery and avoid the stationary magnet. The Hall sensor will
sense the magnetic field from the wheel’s poles.HALL EFFECT PULSE TACHOMETERS

The output of the Hall effect tachometers is a train of volt-
age pulses with a frequency f that is equal to the shaft’s speedThe Hall effect pulse tachometer is similar to the inductive

pulse tachometer, except that the magnetic induction field (in rps), times the number of pole pairs n of the magnetized
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wheel, or times the number n of teeth of the toothed wheel. The reflected light solution uses the light source and detec-
tor on the same side of the disk [Fig. 5(b)]. The disk now hasOr, using the speed N in rpm,
no slots, but its face has alternate light-absorbent zones and
light-reflecting ones. The rotation of the disk causes the lightf = nN/60
sensor to detect alternate pulses of reflected light. Marks al-
ternatively painted black and white usually create the desiredThis frequency then is measured by one of the methods de-

scribed later in this article. The pulses all have the same in- effect. If increased reflection is needed, strips of reflective
tape may be glued over the disk. The surface of this tape istensity regardless of the shaft’s speed and, therefore, the de-

vice is sensitive to low as well as high speeds. covered with small spherical lenses, and these lenses reflect
the incident light back in the same direction, even if that di-The sensor output is a measure of the rotation speed but

gives no information about rotation direction. This is obtained rection is not perpendicular to the tape surface. The reflected
beam solution may be implemented without the disk. Thewith a second sensor placed in a position so that its signals

are in quadrature with the first sensor’s output. Electronic shaft itself may be painted with light-absorbent and -re-
flecting strips, or have reflecting tape strips fixed to it.processing may distinguish which one is leading and which

one is lagging, thus determining the direction of movement. As in inductive and Hall effect pulse tachometers, the fre-
quency f of the optical tachometer’s output is equal to theHall effect tachometers have the same advantages of con-

tactless sensing as inductive tachometers, but they have the shaft’s rotations per second times the number n of transpar-
ent slots in the disk (for the incident light method) or of re-additional advantage of sensing all speeds equally. However,

they have the disadvantage of needing a power supply. When flecting marks (for the reflected light method). Using the rota-
tion speed N in rpm,compared to optical-based tachometers, they have the advan-

tage of being less sensitive to environmental conditions, like
humidity, dust, or vibrations, and of having characteristics f = nN/60
that vary less over time than the optical tachometers.

For use in mechanical settings where access is difficult or
where inflammable atmospheres proscribe the presence of

OPTICAL PULSE TACHOMETERS electric devices, the two light beams, one from the source and
the other for the sensor, may be carried by optical fibers be-

Optical pulse tachometers (OPT) (Fig. 5), like the Hall effect tween the shaft proximity and the remote electronic setting.
tachometers, generate a train of constant amplitude pulses The incident light method demands the disk to be mounted
whose frequency is proportional to the rotating speed to be on the shaft and the light source and sensor to be installed
measured. The frequency of the pulses is measured either by carefully, in a fixed and correct position. Therefore, it requires
analog or digital means, to be described later. more mechanical care than the reflected beam method, which

The pulses may be generated by two alternative ways: the may be used with an improvised mechanical setting, specially
incident light method or the reflected light method (also if the reflection is made on the shaft itself, without the use of
known as the transmittance and the reflectance methods). the disk. However, the incident method device, once correctly

The incident light type of optical tachometers uses the re- installed, is more reliable because it provides steadier pulses
petitive interception of a light beam to generate the pulses. than the reflected beam setting, which is more prone to errors
A disk [Fig. 5(a)], which has at its periphery a sequence of due to vibration, misalignment, dust on the reflecting sur-
transparent radial windows and opaque sectors, is mounted faces, and so on.
to the shaft and rotates with it. The entire disk may be made The ease of use of the reflected light method allows for the
of transparent acrylic plastic, with black radial masks construction of stand-alone, battery-operated portable ta-
painted on it. Or the disk may be made of an opaque material, chometers [Fig. 5(c)]. They include a light source, the reflected
plastic or metallic, with slots cut in it; sometimes a toothed light sensor, the signal processor, the frequency meter, and a
wheel is used. At one side of the disk, a light source emits a digital or analog display where the speed can be directly read,
light beam parallel to the shaft. The light beam falls on a normally in rpm. Usually these tachometers are furnished
light sensing device. As the disk rotates, the transparent slots with a set of reflecting tape strips. The operation consists only
and the opaque zones alternatively cross the beam, alterna- of pointing the instrument at the shaft, where the tape has
tively transmitting and interrupting it, which causes a puls- been previously attached, pressing a switch to emit the light,
ing response of the light detector. and reading the desired rotating speed.

A number of construction solutions are available for these
tachometers. Any light source may be used. Generally an elec-
tric bulb has been used, but an increasing number of models
use light emitting diodes (LEDs). The sensor used to be a pho-
toelectric cell, but photosensitive semiconductor devices are
now most common.

Photoelectronic devices having both a photodiode and pho-
totransistor are available on the market and are also used in
the construction of tachometers. Some of these devices are
made in a U shape, with the diode at one extreme and the

(c)(b)(a) transistor at the other, and are suitable for the construction
of incident beam tachometers, the slotted wheel passing be-Figure 5. Optical pulse tachometers. (a) Incident light method. (b)

Reflected light method. (c) Portable reflected light OPT. tween the two extremities of the U. Other devices are made
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with the diode and the transistor side by side and are appro- total juxtaposing area of fixed and movable plates, and this
area depends on the angular position of the rotating plates.priate for reflected beam tachometers. There are also reflected

beam tachometers that use a laser beam, generally from a If the movable plates are driven by a rotating shaft, then
the capacitor will have a periodically changing capacitance,laser diode, when increased distance range is desired.
varying synchronously with the shaft rotation. This capacityLike other pulse tachometers, optical tachometers measure
variation may be sensed and translated into a measure ofthe speed of rotation but not its direction. Another light
speed, in two different ways. One way is to feed the capacitorsource and sensor placed in quadrature is needed for phase
with a constant voltage U. Then its current iC will bedetection and direction determination.

Optical tachometers have an advantage over the magnetic
ones of easier installation and operation, but they have the iC = dq

dt
= d(CU )

dt
= U

dC
dt

= U
dC(α)

dt
· dα

dt
= U · ω · dC(α)

dtdisadvantages of being susceptible to environmental pollu-
tion, dust, and grease and of experiencing accelerated aging

that is, proportional to the rotation speed �, and will dependas the light source properties generally decay in time.
on the way the capacitance varies with the position.

If a smooth varying current is desired, the geometric de-
sign of the plates is such that a sinusoidal dependence C(�)

OTHER PULSE TACHOMETERS is obtained, which causes a sinusoidal current to flow in the
tachometer, with both amplitude and frequency proportional

Strain Gage Tachometers to the speed. The measure of any of these values indicates the
desired speed.A strain gage is a dc-fed Wheatstone bridge whose resistors

For low speeds, these sinusoidal change derivatives mayvary their resistance when stretched or compressed. The re-
be too low to cause an easily measurable current. For thissistors are fixed to a mechanical piece, which is to be de-
reason, the plates’ design may include a smooth capacitanceformed, and are mechanically installed in such a way that the
variation (for instance, a linear one, followed by a suddendeformation of the piece does not equally deform the four
change). The resulting current will be a smooth, low currentbridge arms. In so doing, a strain in the piece unbalances the
during most of the period, followed by a sudden and sharpbridge and causes a voltage output proportional to the defor-
spike. The frequency of these pulses is proportional to the ro-mation.
tation speed and is fed to any frequency meter device to ob-If the rotation of a shaft can be transformed into a periodic
tain the speed value. In general, the current must be firstdeformation of a stationary piece, then this deformation can
converted into a voltage, for measurement purposes.be detected with a strain gage, causing an output signal that

An optional method of implementing a variable capaci-is synchronized with the rotation. The frequency of the signal
tance tachometer is to connect the capacitor to a Wienn, Max-is, therefore, equal to the rotation speed, but nothing can be
well, or other ac capacitance measuring bridge. The bridge issaid about its amplitude (this is preferably constant, but me-
fed with a ac voltage of a frequency higher than the rotationchanical resonance may cause it to vary with the speed). This
rhythm (more than 10 times the rotation pace) and is bal-can be an appropriate way of sensing the rotation speed when
anced for an intermediate capacitance value of the variablethe mechanical installation, by its own design characteristics,
capacitor. The rotation of the shaft and the consequent varia-naturally causes a vibration or deformation of one of its sta-
tion of the sensor capacity periodically unbalance the bridgetionary components. Then no further mechanical settings are
and cause it to output an ac voltage with the frequency of thenecessary, except for the setting of a strain gage. If that me-
power source and with an amplitude that periodicallychanical deformation does not naturally occur, the method
changes at the pace of the rotation. This is an amplitude mod-can still be implemented by introducing an extra piece and
ulation, with the feeding frequency acting as a carrier and theforcing it to suffer a deformation. The strain gage then is fixed
rotation speed acting as a modulator. This output signal isto a cantilever-mounted beam, which is in contact with the
then demodulated to extract the modulator. The frequency ofperiphery of an eccentric wheel or cam, driven by the shaft.
the modulator is then read by any of the usual processes, andThe rotation of the eccentric wheel or cam causes a sinusoidal
that frequency is the desired speed value.vibration of the beam, synchronized with the rotation.

The output characteristics of these tachometers depend on
Switch Tachometersthe sensitivity of the strain gage, and on the mechanical prop-

erties of the mechanical setting. The amplitude of the signal The switch tachometer is a device that, when it is driven by
the rotating shaft, alternatively makes and breaks electricalis not a measure of the speed, but its frequency is, and it
contacts in a circuit, causing current pulses, whose frequencyshould be read by one of the methods described later. How-
is measured by any usual method. Generally the switch isever, transient mechanical vibrations or resonance with har-
connected to an RC circuit, and the current provoked is themonics may introduce spurious frequencies and thus cause a
periodic charge and discharge of the capacitor.false speed reading.

One type of switch tachometer has a pair of rotating con-
tacts, driven by the shaft and connected to a capacitor pair ofVariable Capacitance Tachometers
terminals. A dc voltage is fed through a resistor into a station-

The usual design of variable capacitors consists of a set of ary pair of terminals. The rotating capacitor terminals con-
fixed conductive parallel plates, among which another set of tact the fixed ones, and the rotation causes their periodical
parallel plates can rotate. These are parallel to the fixed inversion. This causes the capacitor to be alternately charged
plates, and their rotation axle is perpendicular to both sets of and discharged through the resistor, with the resulting

pulsed current.plates. The capacitance of the capacitor is proportional to the
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Another type of switch tachometer uses a fixed circuit, harmonics of the rotation rhythm N; that is, f 1 � KN and
f 2 � (k � 1)N; therefore, the speed is N � f 2 � f 1 (assumingwith commuting switches driven by the shaft. A common way

is to use reed switches. The reed can oscillate between two all the quantities are in the same units, that is, minute�1 or
second�1).positions, each one making contact with a different circuit to-

pology. The reed can be mechanically driven by a cam or yoke. Inversely, if the flashing rate is a subharmonic of the rota-
tion speed, N � Kf 1, then the same frozen image aspect willA popular design is to make the reed magnetically actuated

by a magnet fixed to the shaft. Being very flexible, the reed is occur, with the mark visible in only one position. Then the
frequency of flashes must be decreased until the next frozenattracted by the magnet and then released, which makes it

alternatively touch two contacts. image appears, which happens at frequency f 2, such as N �
(K � 1)f 2. Then 1/N � 1/f 2 � 1/f 1 or N � f 1f 2/( f1 � f 2) is ob-The switch tachometer is referred to later in this article,

in the section on frequency measurement. tained.
Stroboscopes are an easy and straightforward method of

measuring speed that can be used without any mechanical
setting and applied to any periodically moving mechanism.STROBOSCOPES
However, they have the disadvantage of not furnishing an au-
tomated output. The range, precision, and light intensity ofThe stroboscopic method of speed measurement is based on

the inertia of the human eye. Therefore, it demands the pres- these devices vary from maker to maker. Ranges from 5 Hz
(300 rpm) to 300 Hz (18,000 rpm) or even up to 417 Hzence of a human operator in the measurement loop. If a rotat-

ing or vibrating object is illuminated by a pulsing light whose (25,000 rpm) are available, with accuracy on the order of 1%.
The light intensity of each flash may be on the order offlashing rhythm coincides with the rotation or vibration

speed, the object will be illuminated whenever it is in the 1500 lx.
same position. Hence, it will always be seen in that position.
The human eye, being incapable of distinguishing successive

FREQUENCY MEASUREMENT
flashes if they are too rapid, will give the sensation of seeing
an object standing still.

Analog Frequency Measurement
Stroboscope tachometers are made of a flashing lamp, a

device to control its rhythm, and a frequency meter. Most There are several methods for analog frequency measure-
ment, but we shall limit the discussion to those most oftenstroboscopes have all the components integrated in the same

portable box. The operation consists of pointing the light at used in tachometers. These are the conversion of the fre-
quency into a proportional dc voltage, which is measured withthe rotating shaft, regulating the flash frequency until the

shaft appears stationary, and reading the frequency. For eas- a common dc voltmeter, or into a dc current, which is mea-
sured with a dc ammeter.ier detection of the apparent immobility, the shaft must have

some distinguishable feature on its outer surface. Normally,
a white mark is painted or a reflective tape is fixed to the Frequency Voltage Conversion. The frequency voltage con-

verter (Fig. 6) is based on the fact that the average value Vshaft. Old stroboscopes used a slotted rotating wheel to mask
periodically the vision of the shaft or to interrupt periodically of a train of pulses of constant amplitude U, constant dura-

tion T0, and period T [Fig. 6(a)] is V � UT0/T. With thesean illuminating light beam. Modern stroboscopes use a gas-
filled flash lamp, which has a grid between its cathode and assumptions, UT0 � A is a constant (the constant area of each

pulse), and 1/T � f is the frequency to be measured. Hence,anode.
A high voltage, from a capacitor that is periodically V � Af results. Each constant amplitude, constant duration

pulse is produced by a monostable circuit, which must be ac-charged, is applied between the cathode and the anode. Volt-
age pulses from a pulse generator are applied to the grid, curate and stable. Its pulse duration must, of course, be
each pulse permitting an electrical discharge from the capaci-
tor through the bulb gas, with the resulting emission of an
intense and short (about 10 �s) strobe of light. Before the next
voltage pulse is applied to the grid, the capacitor is again
charged.

The frequency of the triggering pulses may be read directly
on a dial mounted on the adjustment knob of the flashing
rhythm, or the stroboscope may include an extra frequency
meter, either analog or digital. Generally this frequency may
be directly read in impulses per minute, to coincide with the
usual way of expression rotation speeds.

Sometimes it is difficult to determine what the speed is,
because the shaft may look like it is standing still for different
flash frequencies. This may happen when different harmonics
of the rotation rhythm are used as flash frequencies (in this
case, the image of the mark in the shaft may be repeated in

(a)

(b)

Schmitt trigger
and

differentiator
Monostable Low-pass

filter

T0

T

t

U

more than one position). Then a frequency f 1 for apparent im-
mobilization must be found, and then the next and closest Figure 6. Frequency measurement by frequency-voltage conversion.
stationing frequency f 2 must be located. These two frequen- (a) Time diagram of a train of constant-area voltage pulses. (b) Block

diagram of a frequency–voltage converter.cies, because they are as close as possible, are two consecutive
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0.1%. Therefore, the charging current iC is a quick pulse that
ends before the next commutation [Fig. 7(b)], and it carries
the total final charge Q � CU.

The charge being the time integral of the current, and
there being no more charging current for the rest of the inter-
val T, we obtain

R

A

+ –

iC

iC

(a) (b)

U
T

t

Figure 7. Frequency measurement by frequency-current conversion.

∫
T

iC dt = Q = CU
(a) Circuit. The reed actuator is not shown. (b) Time diagram of the
charging current of the capacitor. that is to say, the area of the pulse is constant and is equal

to CU. Therefore, the average value Iav of the current iC dur-
ing a period is proportional to the frequency, as it isshorter than the minimum period corresponding to the maxi-

mum frequency to be measured.
The input signal is fed to a shaping circuit [Fig. 6(b)], gen- Iav = 1

T

∫
T

iC dt = CU
T

= CUf
erally a Schmitt trigger and a differentiator, in order to get
new short and sharp pulses synchronized with the incoming

For control purposes, this current must be converted into a
ones. The shaped pulses attack the monostable circuit, each

voltage and averaged, to obtain a dc voltage signal. For read-
pulse causing the output of a constant-area pulse. The train

ing purposes, however, it is enough to read the charging cur-
of these constant-area pulses is fed to an averaging circuit

rent with an averaging ammeter, such as the moving coil
(an RC circuit, or an integrating amplifier with discharging

type.
resistor), functioning as a low-pass filter of time constant 	.
Its output will be the average value V, with a ripple VR � Digital Frequency Measurement
V/( f	).

Digital frequency measurement (Fig. 8) consists of countingFor the propose of visual reading of the frequency with a
the number of the signal periods that fit in a certain timevoltmeter, there is no need for a high-quality filter, as the
interval (for instance, 1 s). For this, the input signal of fre-mechanical inertia of the meter itself has an averaging effect.
quency f s is fed into a conditioning and shaping circuit [Fig.For use in an automated measurement chain, a tradeoff must
8(a)], which generates a train of pulses synchronized withbe made between the presence of output ripple and response
that signal, and with appropriate amplitude for the next elec-time of the filter.
tronic blocks. This first circuit generally includes an attenua-
tor, an amplifier, a trigger, and a differentiator.Frequency-Current Conversion. Another analog method of

frequency measurement, similar to the first, is to convert the The synchronized train of pulses is fed into a digital
counter, through an electronic gate that is generally an ANDfrequency into an average value of a capacitor charging cur-

rent (Fig. 7). The alternative input signal whose frequency is gate. The gate is kept opened for a unit period time Tc, be-
cause, in its control input, a signal from an internal clock isto be measured, by any way, controls a switch that can be

commuted between two positions [Fig. 7(a)]. The positive part applied. An edge-triggered flip-flop maintains the gate-open-
ing control signal on for an entire clock period Tc [Fig. 8(d)].of the signal causes the switch to apply a dc voltage U to an

RC series circuit. The negative part of the signal commutes In this way, the digital counter counts the number of input
signal periods during a unit time (that is, measures the fre-the switch to a position where it short circuits the same RC

circuit. The time constant 	 � RC remains the same during quency).
Generally, the clock consists of a high-accuracy crystal os-the charge and the discharge, and the circuit is dimensioned

to be 	 
 T/2, where T is the period of the signal. cillator of 1 MHz (or of 100 kHz) and a series of six (or five)
frequency dividers [Fig. 8(c)]. Each one receives a signal fromFor fast signals, the switch must be electronic. For signals

up to a few hundred hertz, reed relays can be used. This is the previous divider (or from the oscillator, if it is the first
divider), divides the signal frequency by 10, and passes thegenerally the frequency range of the signals involved in rota-

tion speed measurements; therefore, the speed can be mea- resulting signal to the next divider. In this way, clock signals
of 1 MHz (or 100 kHz) down to 1 Hz are available. The digitalsured by using some kind of generating device driven by the

shaft to produce an alternating voltage and using this voltage counting error is of one unit, and the counting is f sTc. There-
fore, the relative error is � � 1/( fsTc). For increased accuracy,to drive an electromechanical reed relay. However, it is much

simpler to actuate mechanically the reed of the switch with a the measurement should be made by counting as many input
signal periods as possible, which means counting during thecam geared with the shaft, or magnetically actuate the reed

by a magnet that is fixed to the shaft and rotates with it. longest internal clock period possible.
If the input signals come from a pulse tachometer that gen-Thus, the frequency of the rotation can be measured without

the need of generating an electric signal just for the purpose erates only a few pulses per rotation, then the input fre-
quency may be low and the machine may be turning veryof actuating a relay.

If 	 
 T/2, one can assume that the capacitor is totally slowly. Therefore, the speed measurement may demand too
much time for use in control purposes. As it is the number ofdischarged when the switch causes the voltage U to be ap-

plied and that the capacitor totally charges before it is turns per time interval that is counted, it is the average speed
in that time interval that is obtained. In the case of slow mo-shorted again. In this assumption, a relative error e � ��T/2	 is

neglected compared with 1, for which it must be T � 10	, if tion and long counting time intervals, this average speed may
differ significantly from the usually desired instantaneousthe error e is to be e  0.5%, or T � 14	, if it is to be e 
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Figure 8. Digital frequency measurement. (a) Block diagram of the circuit for frequency mea-
surement. (b) Block diagram of the circuit for period measurement. (c) Block diagram of the
clock. (d) Block diagram of the gate.

speed. In that case, instead of measuring the number of turns Spinning Rate Gyros
per unit time, the inverse measurement is more appropriate.

Mechanical rate gyros are single degree of freedom gyro-
The duration of a single rotation is measured. This is done by

scopes. A gyroscope is essentially a spinning wheel (Fig. 9)
reversing the roles of the input-synchronized and the clock

whose spin axis coincides with its principal geometric axis of
pulses [Fig. 8(b)]: The input-synchronized pulse is applied to
the edge-triggered flip-flop, keeping the gate opened during
an input period Ts � f s, and the counter counts the number
of clock ticks that fit in an input period. The result is the
time between input signal pulses, or signal period, and the
frequency is its inverse.

Using a clock of frequency f c � Tc, the count will now be
f cTs, and the error of one unit represents a relative error � �
1/( fcTs) � f sTc (the inverse of the former case). Good accuracy
requires that a quick clock signal be used, and so the mea-
surement may be done in a short time. This is appropriate
for the measurement of slow signals, such as those from a
tachometer installed in a slow machine.

Inverting the time measured, an (almost) instantaneous
speed of rotation is obtainable. This is sometimes called the
division by time technique for speed measurement. Because
the result of the operation is a digital number, the output
circuitry may include a processor to execute the operations
needed to convert the count into the appropriate speed units,
usually rpm, if the number is to be displayed on the ta-
chometer.

GYROMETERS

Gyrometers are devices for measuring the velocity of rotation
of a vehicle with respect to an inertial frame. There are sev-
eral types of gyrometers, such as mechanical spinning gyro-
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(c)
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��scopes (rate gyros), mechanical vibrating gyroscopes, gas-jet
nongyro rate transducers, and optical interferometers gyros Figure 9. Spinning wheel gyroscope. (a) Single degree of freedom.

(b) Double degree of freedom gyroscope. (c) Rate gyro.(optical gyros).
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rotation. The wheel’s axle is supported by bearings located in around the three space directions, three orthogonal rate gyros
are needed.a frame that surrounds the wheel. The supporting frame itself

has an axle, orthogonal to the wheel’s axle. The frame can A rate gyro is a spring-restrained single degree of freedom
gyro. The gyro’s single frame can execute small rotationsalso be rotated about its axle, which is supported by a second

pair of bearings. This second pair of bearings can be fixed to around its own axle, but this movement is restrained by resti-
tution springs, which impart a restitution torque proportionalthe device case. Therefore, the frame is free to rotate about its

axle, permitting the wheel’s spinning axis to have a rotation to the inclination of the frame about its axle. Generally, this
movement is also slowed down by mechanical or electricmovement on a plane perpendicular to the frame’s axle. The

device just described is called a single degree of freedom gyro- dampers connected to the frame. The entire apparatus is fixed
to its case and to the vehicle. If the vehicle turns in a planescope [Fig. 9(a)].

Alternatively, the bearings supporting the frame may be parallel to the frame plane, the whole set is forced to turn
with it.fixed to a second outer frame. This second frame has a (third)

axle of its own, perpendicular to the axes of both the wheel Consider a moving referential xyz fixed to the gyroscope,
with the xx axis aligned with the wheel’s spinning axle, andand first frame, and now this third axle is supported by a

third pair of bearings fixed in the mechanism case. With this the x0y plane coincident with the gimbal. Then the frame can
oscillate about the yy axis, and the device will be able to de-doubly articulated suspension, the wheel’s spinning axis can

rotate in two perpendicular planes and can thus assume any tect the vehicle’s motion about the zz axis.
In this moving referential, the vector H can be expresseddirection in space. This is the double degree of freedom gyro-

scope [Fig. 9(b)]. The supporting frames are called gimbals. as H � H � ûx, where H is its magnitude and ûx is the unitary
vector along the xx axis. Then Newton’s law can be written asThey are also called Cardan suspensions, after the sixteenth-

century mathematician and physician Gerolamo Cardano
(1501–1576), discoverer of the solution of the third-degree
equation and inventor of this suspension. TTT = dHHH

dt
= dH

dt
· ûuux + H · dûuux

dt
= ���

�d�

dt
· ûx + � · dûx

dt

�

If the wheel’s angular velocity is �, then its angular mo-
mentum equals H � � � �, where � is the momentum of iner- The first parcel in the right-hand side of the equation repre-
tia of the wheel. Both H and � are axial vectors, and � is a sents a variation of the magnitude of the wheel’s spinning
tensor. However, if the component of the rotational velocity speed � caused by any possible accelerating or braking com-
of the wheel around its axis is much greater than any other ponent of the torque along the xx axis. If the torque is perpen-
components, then H may be considered parallel to �, and � dicular to the spinning axle, however, then the speed will be
may be considered a scalar constant. This requires that the kept constant in magnitude, d�/dt � 0, but the spinning axis
wheel be spun at high speed. will deflect in the direction of the torque. It is equivalent to

Newton’s second law applied to rotating bodies states that saying that the direction � of its axis ûx will be rotated toward
T � dH/dt, where T is the torque acting on the body and the yy axis with angular speed � � d�/dt, resulting in
dH/dt is the time derivative of the angular momentum com-
puted in an inertial reference frame. It follows from this law
is that if no torque is applied to the wheel (i.e., T � 0), then dûuux

dt
= dφ

dt
ûuuy = ω(ûuuz × ûuux)

its angular momentum will be kept constant. The wheel’s spin
will maintain its speed and its axis will maintain its direction

Substituting this relation in the former expressions and usingwith reference to the distant galaxies.
the axial vector � � � � ûz to represent the angular turningThis principle is the basis for the use of a double degree of
speed of the entire frame (and of the vehicle) around the zzfreedom gyroscope as an inertial navigation device. The case
axis, it follows from Newton’s law that T � � � H.of this apparatus is fixed to a moving vehicle. The vehicle’s

The final conclusion is that, by keeping the wheel’s spin-rotational motion causes the axis of the gimbals to rotate with
ning speed constant, the angular motion of the vehicle aboutit, with respect to an outer, inertial reference frame. Assum-
the zz axis (called the rate input axis) causes the frame toing that the bearings are frictionless, the movement of the
move about the yy axis (called the output axis), under thegimbals transmits no torque to the spinning wheel. Therefore,
influence of a torque proportional to the turning rate. Thein the interior of the revolving gimbals, the spinning wheel
frame inclination about the output axis reaches an angularmaintains the direction of its axis of rotation. The angles be-
value � at which the restitution torque from the restrainingtween the axis of the wheel and the outer case indicate the
springs, Tr � K�, balances the gyroscopic torque, which isattitude (angular orientation) of the vehicle. In practice, the
Tg � H� (assuming that the turning rate and the angularfriction in the bearings and other causes impart a small
momentum are kept perpendicular). A pointer fixed to thetorque to the wheel, and, therefore its axle will have slow
frame shows, on a scale fixed to the case, this angle �, whichmotions, which are the major source of error in this type of
measures the turning rate � about the input axis. At equilib-mechanism. Special care is taken in their construction to re-
rium � � S�, where S � H/K, the device static sensitivityduce and compensate for these torques. However, the spatial
has the dimensions of time and is measured in seconds.attitude normally is measured with rate-integrating gyros (to

Note that these results are true only if the angle � is keptbe described later) because less error is obtained using three
small enough to allow to consider approximately sin(�/2 � �)rate-integrating gyros (one for each spatial axis).
� 1. As the gyroscopic torque results from a vectorial product,For measuring the turning speed (turning rate) of a vehi-
its magnitude is indeed Tg � H� sin(�/2 � �), which only cancle, single degree of freedom gyros can be used in a configura-
be taken as Tg � H� for a small inclination �. Using the ap-tion that is called rate gyro [Fig. 9(c)]. This device can sense a

vehicle’s rotation speed around one axis. To sense the rotation proximation sin(�/2 � �) � 1 introduces a relative error �,
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which is �  1% if �  8�, and �  1.5% if �  10� in the Rate-Integrating Gyros. The measurement of a vehicle’s at-
titude can be made with a pair of double degree of freedomexpressions deduced.

Note also that if the gyroscope’s frame is allowed to rotate gyroscopes. However, spurious torques cause unwanted move-
ments of precession and mutation of these gyroscopes, dimin-unrestrained until the angle � reaches 90�, a singular situa-

tion is reached: The input axis and the spinning axis coincide ishing their accuracy. Therefore, it is usual to compute the
attitude as a time integral of the turning rates about theat that point, the angle between them becomes null, and,

therefore, the torque becomes T � � � H � 0. Without three space axes.
This integration can be made electronically and is gener-torque, this situation will not be further modified, and all the

orientation information will be lost. This situation is referred ally so done when the sensors are part of a wider measure-
ment or control system. Sometimes, especially if only a visualto as ‘‘the gimbals lock.’’

Instead of a pointer, a potentiometric position sensor may indication is needed, a rate-integrating gyro is used. This
rate-integrating gyro has the same structure as the rate gyrogive an electric signal that measures the frame’s deflection.

Alternatively, the restitution springs may be replaced by res- just described, except for the fact that it has no restraining
springs. Instead, the dumping coefficient D of the frame rota-titution electric motors, usually called torquers, controlled by

a feedback system that maintains the frame in its original tion is increased. This increased dumping can be achieved
electrically or mechanically (for instance, by making theposition. These motors must generate a torque with the same

magnitude as the gyroscopic torque, for which they require frame rotation drive a paddle wheel rotating inside a viscous
liquid).a proportional feeding current. Therefore, this current is the

measure of the turning rate. The use of these motors has the Therefore, the acting torque developed has the same ex-
pression as in the former gyro, Tg � H�. But in the equationadvantage of measuring the torque without requiring a real

displacement �, thus allowing the orthogonality between the of its dynamic motion, Tg � Tr � Tf � Ti, the restraining-
spring torque Tr is null, leaving H� � D(d�/dt) �input and the spinning axis to be maintained. Otherwise, the

restraining springs require the displacement to generate the �y(d2�/dt2). In equilibrium, the acceleration d2�/dt2 will be
null, leaving the frame rotating at the speed d�/dt �torque.

The operation of the device intrinsically involves a rotation (H/D)�, proportional to the vehicle’s turning rate. Except for
initial values that can be zeroed at the beginning of the opera-movement of the frame about the output axis. Therefore, its

dynamic motion is determined by the equilibrium of the act- tion, the integrals of both rotating speeds will also be propor-
tional. Therefore, the vehicle’s attitude angle � and the frameing gyroscope torque Tg � H�, the resisting spring torque

Tr � K�, the friction torque opposing the movement Tf � position angle � will keep the relation � � (H/D)�. The con-
stant (H/D) is the sensitivity of the rate-integrating gyro andD(d�/dt), and the inertia torque Ti � �y(d2�/dt2), where D is

the dumping coefficient and �y is the moment of inertia of the increases with the inertia wheel’s speed. The differential
equation is of the first order, which means the device has nowhole set about the yy (output) axis. This leads to a second-

order differential equation, the solution of which shows the oscillations but has a time constant 	 � �y/D.
possible existence of oscillations with a natural frequency
��0 � (K/�y)1/2 and a dumping degree � � D/(2(K�y)1/2). As is Vibration Gyros
customary in moving measurement apparatus, the dumping

These devices make use of pendulums, instead of rotatingdegree is usually chosen to be � � 0.707, and D is computed
wheels, to conserve momentum. A pendulum without a trans-to achieve this goal.
versal torque applied will conserve its plane of oscillation inThe preceding expressions show that a high sensitivity
a inertial reference frame—in the same way that a spinningS � H/K is obtained using a spinning wheel of high angular
wheel conserves the direction of its axis. If the plane of oscil-momentum, which must be achieved by spinning it at as a
lation is forced to rotate about an axis coincident with thehigh speed as possible. Reducing the spring constant K will
pendulum’s equilibrium position, then a torque will result,also increase the sensitivity, but this will also reduce the reso-
which tends to bend the pendulum. Instead of free pendu-nance frequency ��0 � (K/�y)1/2.
lums, vibrating cantilever beams are used. The rotation rateTo obtain high angular momentum, the wheel must have
of the vibration plane causes bending of the beams. This gen-a high momentum of inertia and a high spinning speed, but
erates a strain that can be measured and that is proportionalthese goals must be traded off against excessive device mass
to the turning rate and to the frequency of vibration.and size, as well as the spinning motor power required. The

This principle allows for the construction of very small andmomentum of inertia may be increased by the use of wheels
accurate vibrating gyroscopes. The cantilever beams used areprovided with a thick rim around them. The wheel may be
bars a few centimeters or millimeters long. They have a piezo-driven by a variety of motors. It can be connected to a turbine
electric material incorporated that, being fed by an electricmoved by a jet of compressed air or by combustion exhaust
power source, drives the vibration at a frequency on the ordergases. In short-life gyros used in rockets, the hot gas jet may
of tens of kilohertz. Other piezoelectric pieces are fixed to thebe produced by a pyrotechnic charge. The most common solu-
other faces of the vibrating bar and act as strain gages totion is an electric drive, ac as well dc motors being used. In
sense the transversal strain. Generally, these sensors aresome devices, the spinning wheel is the rotor of an induction
fixed to opposite faces of the beam and are connected in amotor.
bridge configuration for higher sensitivity to changes of strainThe typical spinning speed for the inertia wheel is on the
and noise cancellation.order of tens of thousands rpm. Rate gyros have typical rate

This technology allows for the production of very small andresolution of 0.01� per second and range up to 2000� per sec-
lightweight devices, with size on the order of 2 cm � 3 cm �ond. Their natural frequency is on the order of some units to

a few tens of hertz. 6 cm and weight about 40 g, including the necessary circuitry.
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Their maximum input is about 90 degrees per second, their dependent. Therefore, the light reaches different points with
output is on the order of 20 mV/degree � s�1, and their linear- different delays. Because the light is a sinusoidal oscillation
ity is on the order of 0.1% of the range. of the electromagnetic field, the different delays cause the si-

nusoids to have different phases at the different surface
Gas-Jet Rate Transducers points. If there is a second light source of the same wave-

length illuminating the same surface, the second light beamGas-jet nongyro rate transducers are inertial devices, but in-
will also reach different surface points with different phases.stead of conserving the angular momentum as the gyros and
At the points on the surface where the two impinging beamsvibrating beams do, they are based on the conservation of lin-
are in phase, the beams interfere constructively, their fieldsear momentum: A particle thrown in free space will travel
are added, and the illumination of those points is increased.along a straight line. The particles they use are the molecules
At the points where the two beams are in opposition, theof a stream of gas, usually helium, which is blown through
beams interfere destructively, their fields are subtracted, andthe top of a cylindrical metallic box by a nozzle that forms a
the illumination of those points decreases. If both the fre-laminar flow beam. The gas beam travels in a straight line to
quency and phase difference of the two beam sources are con-the opposite side of the cylinder, where it reaches an exhaust
stant, the zones of constructive and destructive interferencehole to which it is pumped and recirculated. The nozzle for-
stand still, and a stationary pattern of dark and bright fringesmat and the pumping are crucial, as the travel time of the
becomes visible.gas along the cylinder must be kept constant. Generally, the

If the phase of one of the sources is shifted relative to thepump is a vibrating circular crystal driven by an external os-
other, the correspondent wave will strike each surface pointcillator.
with the same phase shift. Therefore (assuming that the shiftIf the box is made to rotate about an axis perpendicular to
was not an integer of 2�), at the points where the two lightthe gas beam, the beam will no longer reach the same point
beams were in phase, they will cease so being and no longerof the opposite face. The gas will travel in a straight line with
interfere constructively. However, the two beams will meetreference to an inertial frame but, as it travels, the target
together in phase at new points on the surface. As a conse-point will move in the sense of the angular rotation. Seen in
quence, the interference fringes move about the illuminatedthe box referential, the gas beam seems to have been deflected
surface, their spatial shift being proportional to the phasein the lagging direction of the rotation. As the traveling veloc-
shift that occurred at the light source. The measurement ofity of the gas is kept constant, the lag of the beam is propor-
these interference fringes’ shift is at the heart of optical gyros,tional to the speed of the rotation.
because the shift is due to the motion of the optical devicesTo sense the lagging of the beam, two equal and parallel
relative to an inertial reference frame, as shown next.wires are positioned, one at each side of the beam and equi-

A beam of light will take a time t � L/c to travel along adistant to the equilibrium position of the beam. Both wires
path of length L, where c is the speed of light in the propaga-have equal currents, so they reach the same temperature.
tion medium. If the medium itself is moving with velocity vThey are connected in a bridge configuration, so their voltages
in the same direction as the light is, then the end of the pathbalance each other.
will have traveled the displacement dL � vt � Lv/c by theWhen the set is rotating, the gas blows preferably over the
time the light reaches it. This is an extra length that the lightlagging wire than over the leading wire. Therefore, the lag-
must travel, and therefore the total length traveled by theging wire cools and its resistance decreases, while the leading
light is L1 � L(1 � v/c). In an analogous way, if the lightwire heats up and its resistance increases. This unbalances
travels in a direction opposite to the movement of the me-the bridge and causes a voltage output that is a linear mea-
dium, the total length is now L2 � L(1 � v/c). Two beamssure of the magnitude and direction of the turning rate.
traveling in opposite direction will go through different dis-These devices have no moving parts, so they are very rug-
tances, the difference being �L � L1 � L2 � 2Lv/c. If the pathged and have long operating lives. They are closed systems,
is circular with radius r, then L � 2 �r. And if the path ishaving only electric contact with the outside world, and thus
rotating about its center, in a fixed plane, with angular speedare adequate for operating in unfriendly environments, such
�, then v � �r, and therefore �L �4 �r2�/c � 4 A�/c, whereas under water, in outer space, or in aggressive atmospheres.
A is the area enclosed by the path. Although the precedingA variety of models and sizes are available, and small devices
equation was derived for a circular path, it can be shown thatcan be found. The cylinder can be a few centimeters in diame-
the final result holds for any planar closed path. The differ-ter, though its length is generally a little longer, and it can
ence �L can now be used in different ways to measure thebe as light as 60 g. A typical range is 10� to 5000� per second,
motion of a body by exploring interference phenomena, origi-with an output of about 0.01 mV/degrees � s�1 to 0.5 mV/
nating the laser ring gyros (LRGs) and the fiber-optic gyrosdegree � s�1, and linearity of 1% full scale.
(FOGs).

Optical Gyros

Laser Ring Gyros. Laser ring gyros are usually used as atti-The principle of operation of optical gyros is the intrinsic mod-
tude sensors. In the case of motion on a single plane, theyification of some characteristics of light due to the motion of
measure the angle between an initial direction that is takenthe medium in which the light travels (Sagnac effect). This
as a reference and the current direction of the main body axismodification is sensed through the observation of light inter-
of the moving vehicle or platform. At a particular instant, thisference patterns.
angle is proportional to the number of wandering interferenceWhen a surface is illuminated by monochromatic light
fringes that will have already passed in front of an opticalcoming from a small light source, the distance the light must

travel from the source to each point on the surface is point detector, as described next.
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In laser gyros, the light source is a gas laser tube, the most with both detectors mounted in quadrature, to sense the wan-
dering direction of the fringes and therefore properly incre-usual choice being an He–Ne gas laser. The tube emits in

both directions and is inserted in a closed optical path. The ment or decrement the counter.
From the preceding equations, it can be seen that � �path is a closed polygon, usually a triangle, made of ceramic

glass. Mirrors at the corners of the triangle reflect the light N(L�/4A). The factor S � L�/4A is called the nominal scale
factor of the ring laser gyro. For an He–Ne laser (��633 nm)around the corners. One of the mirrors is a partially transmit-

ting mirror. The light coming from one direction of the path and a triangular ring of 10 cm side length, S � 1.1 � 10�5

rad/pulse, or S � 2.3(arcsec)/pulse.goes partially through this mirror directly into an optical in-
terference sensor. Light coming from the other direction Laser ring gyros are very sensitive devices; they are small

and light. They have a fast warm-up and rapid response, andcrosses partially the mirror, is reflected back by a prism, and
impinges on the same optical sensor. they are insensitive to linear motion. They also are free from

multiaxis cross-coupling errors. Their price is decreasing andThe whole optical path works as a resonant cavity, tuned
in such a way that two laser beams are established, both hav- is competitive with the price of other types of gyros. There-

fore, laser ring gyros tend to replace other inertial attitudeing a wavelength � that is an integer submultiple of the
length L of the path. The two beams travel in opposite direc- sensors in air- and spacecrafts.
tions.

When the whole path rotates, the beams travel different Rate Fiber-Optic Gyros. Fiber-optic gyros are commonly
used as rate gyros; the phase difference between two lightdistances and therefore each beam is tuned to a different

wavelength. The difference of the two wavelengths is propor- beams provides a measurement of the turning angular veloc-
ity of a platform (this the principle of the interference fiber-tional to the difference in the distance traveled: ��/� �

�L/L � 4 A�/(cL). Because � � cf , it follows from the preced- optic gyros, or IFOGs). However, the phase measurement
cannot be simply executed by the procedure of counting inter-ing expressions that �f /f � ���/�, where f is the frequency

of the light. Therefore, the rotation of the laser ring makes ference fringes, as will be explained next. The new measure-
ment procedures can lead to resonant and Brillouin fiber-op-the two beams acquire a frequency shift �f � �4 A�/(�L).

This frequency shift is very small, as the preceding equa- tic gyros.
Fiber gyros are a variant of the Sagnac ring interferome-tions show: In devices about 10 cm across, movements of one

rotation per second result in �f /f � 10�9. With such a small ter. A light beam from a laser source is divided in two beams
by a beam splitter. The two new beams enter in opposite ex-frequency difference, for practical purposes the two beams

may be viewed as having the same frequency but a noncon- tremes of an almost closed path (in former Sagnac rings, a
polygon with mirrors on the corners was used), travel in oppo-stant phase difference. Thus, they behave as if one of them is

lagging the other by an uniformly growing phase difference site directions around the path, and come back to the beam
splitter. The splitter combines the two arriving beams and�� � 2��ft. The speed at which the phase lag increases is

2��f . projects them on the screen of an interferometer, where the
beams interfere, creating an interference fringe pattern.The interference of the two beams at the receiving surface

will show a fringe pattern that will be shifted by a distance The two beams travel equal distances, so they are in phase
when they interfere. If the closed path rotates on its plane,proportional to the phase lag. Therefore, as the phase lag uni-

formly increases, the pattern will wander over the receiving one beam travels a longer distance than the other, and there-
fore its phase on arrival will lag the other beam’s phase.surface. The wandering velocity of the fringes over the surface

is proportional to the rate of the phase difference. Over a par- Notice that the two beams result from the splitting of an
already existing beam generated by a single laser source.ticular point, a new fringe passes each time the phase differ-

ence �� increases by 2�. Therefore, the fringe rate, expressed Therefore, contrary to what happens with the laser ring gyro,
traveling different distances causes no frequency shift be-in the number of fringes over a point per unit time nf /s,

equals �f . The final result is that the wandering rate of the tween the two beams, but only a phase shift. The shift be-
tween the beams’ phases causes a stationary shift of the posi-fringes is proportional to the rotation speed of the optical la-

ser gyro with respect to an inertial frame; that is, tion of the interference fringes on the plane of the screen (and
not the permanent wander of the fringes, as is the case for
the ring laser’s frequency shift).

As seen before, the difference of the paths’ length is �L �

nf

s
= 4A

λL
�

4A�/c, where A is the area enclosed by the closed path. With
the same wavelength for the two beams, this difference inThe interference sensing device consists of an optical sensor,

typically a photodiode, that senses the bright fringes and gen- distance corresponds to a difference of phase �� � 2��L/� �
(8�A/c�)�. As a result, the phase shift is proportional to theerates an electric pulse for each fringe that passes over it.

The wandering rate of the fringes can be measured by count- rotating rate of the gyro, �. However, for small devices with
about 10 cm across, the proportionality constant is very small,ing the number of pulses per unit time, and this provides a

measure of the angular speed of rotation. However, the most on the order of 10�4 rad/rad � s�1, causing the phase shift ��
to be very small when the rotation rate � is kept moderate.usual utilization of laser ring gyros is for measuring angular

position, not angular speed. Since the angular position � is One way of increasing the sensitivity is to increase dra-
matically the length L of the path, or the area A it encloses,the time integral of the rotation speed, � can be determined

from the number N of fringes that have passed over the diode but without increasing the size of the device. To achieve this
purpose, the path is made with an optical fiber wound as asince the beginning of operation. Thus, by simply maintaining

a permanent account of the fringes that have passed, the an- coil of several turns. Modern silicon fibers present an attenua-
tion on the order of 0.2 dB/km, at a wavelength of 1550 nm.gular position is measured. A double photodiode is needed,
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coupled so as to form a multipass optical resonator. One of
the rings is a small rotating ring of fiber (only about 10 m TACKET TELEMETRY. See TELEMETRY.
long) that acts as rotation sensing coil. The Sagnac effect
changes the frequency of resonance by an amount �f propor-
tional to the rotation rate �, and the frequency shift is mea-
sured (the equation for �f is the same that was determined
for the laser ring gyro). These devices are called resonance
fiber-optic gyros (R-FOGs).

Another technique is based on the fact that mechanical vi-
brations (acoustic waves) can interact with light waves, caus-
ing a frequency shift of the light (Brillouin effect). This effect
is induced in such a way that the two beams are affected dif-
ferently. The result is that the two beams acquire different
frequencies, behaving in a way similar to the laser ring gyros,
although the physical mechanism is different. Devices based
on this technique are called Brillouin fiber-optic gyros (B-
FOGs).

Using fibers up to a thousand meters, and accurate inter-
ferometer methods of reading phase shifts, a sensitivity of up
to the order of 10�2 degrees per hour is reached for I-FOGs,
which is adequate for inertial navigation systems for aircraft.
This kind of gyro is currently in use in commercial airplanes.
R-FOGs and B-FOGs can have a sensitivity on two or three
orders of magnitude higher.


