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An Inertially Operated Speed Measuring Device
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ABSTRACT

This report presents the  esults of an investigation of an inertially operated
spced measuring device which ¢mploys eddy current damping. Theoretical con-
siderations are given to design, operation, and errors. The description and test
results of a prototype design are included.
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THE EDDY CURRENT VELOCIMETER

An Inertiaily Operated Speed Measuring Device
INTRODUCTION

The eddy current velocimeter is a self-contained inertial device that provides a switch

closure upon reaching a preset speed. It requires no external information or power for opera-

n. Strictly speaking, the velocimeter is sensitive to accelerations along one of its axes and

mpasures the acceleration impulse in the direction of the sensitive axis, *When properly at-

1 Impuise

tached to an accelerated vehicle, the device can be used to measure vehicle speed.,

Trig report describes in mathematical and physical terms the operation of the veloci-
meter, the inherent errors a iated with it, and methods of controlling these errors. Orne
velocimeter unit has been constructed and tested. The description of the unit and significant

test resuits are included to demonstrate the actual feasibility of the device.

OPERATION

The velocimeter opevatss on the principle that the dispiacement of a viscously restrained

mass is proportional to the product of the displacing force and the time during which the force

is acting, If the displacing force results {rom an acceleoration of a vehicle, it {ellows that the

PRSI A a4

digplacement of the mass would be propnrtional to the product of acceleration and time, which
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The viscous restrairnt used in the velocimeler 15 produced by eddy currents, The dis-
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vincing foree cuuses a cenducting cup o rotate in the ficid of a permanent magnet, The eddy

ield in opposition to the ficld of the magret. The
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currents induced in the cup
apoosing foree betweern the two fields {s proportionad to the velacity of the rotating cup. This

tvpe o restraing 13 nsed in demestie walt-hoer meters.  Baslcally, the veiscimeter and watt-

hour meter éiffer only in the manrnrer by which the driving force is obtained. In the former,

the driving force results {rom sn acceleration, while in the latler the driving force i3 pro-
duced by the action of an induction motor, ; LYY g ve
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Prysical Description

The eddy current velocimeter, shown schematically in Fig. 1, consists of a mass geared
10 an eddy current drag cup such that a linear motion of the mass imparts a rotary motion to

‘he cup. A step-up gear ratio between the masgs and drag cup increases the mass damping,

e rmitting o shorter mass travel, This makes porsgible a device with a smailer volume than

24

Y

w~ould be possibie without the use of gears, In each of its extreme positions, the mass oper-~
ates a switch. One switch indicates the device is set in the preoperated, or safe position, and
the other provides an arming or fuzing signal after the vehicie has reached a certain speed,

As a safetv feature, the mass must experience a minimum acceleration before it is unlatched

from its preoperated position,

In use, the velocimeter is attached to the vehicle so that the axis along which the mass
travels is parallel to the longitudinal axis of the vehicle with the preoperated position of the

mass keing forward in the velocimeter., When the vehicle begins to travel with the minimum

‘ceieration necessary to unlatch the mass, the mass, due to its inertia, begins traveli
toward the rear of the device. As long as the vehicle experiences acceleration, the mass
cominues traveling until it cleses the switch indicating that a particular speed has been

reached,

AATCUrsey

As to pe shiown in the {ollowing development, the accuracy in speed measurement by the

veiacimeter is degraded by the effects of temperature variation, friction, and inertia, The

rasgnitude of the error resuiting from these effects is also dependent upon the characteristics

3 the vl system, Thus, ¢ vehicle system would have to be specified before a statement
ST pov o cmid nave precise meaning.

A prototype model of the velocimeter has been constructed. If applied to a vehicle which

nas acenlerations of 10 to 30 g, the deviie will measure a speed of 1600 ft/sec accurately

within 10,2 per cent if operated at any temperature dbetween -65" and +165° ¥. A twe-channei

qode] having the same accuracy and g range would secupy a volump of anﬁrcdmatolv 62 cu in.
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the temperature error will be a large part of the total error,
wure compensation had heen employed, the prototvpe velocimeter would have heen
accurate within approximately five per cent for the system specified. If greater accuracy
were required, friction compensation could be employed, and the inertia error could be de-

sigred to be smaller. It appears that the lower Hmit on errors is approximately 1-2 per cent,

(23
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Without temperature or friction compensation, & device accurate within ten per cent in many

vehicle svstems is readily obtainable,

Advantages

The eddy velocimeter has the following advantages:
1. Requires no electrical power for operation.
2 Higher accuracies than most devices of the same compiexity and size.

3. Low probability of premature operation because of its mechanical configuration

and the fact that the operation is completely inertial and not dependent upon the
electrical system of the vehicle. e

¥

4. Small size. The prototype unit has a volume of 50 cu in. Because of the mechan-
ical configuration, a dual-channel version of the prototype could be packaged in i
essentially the same volume, {

£

P

5. Reliabiiity. Due ‘o the simple mechanical cenfiguration of the device, its opera- i‘
tion is very reljable.

DESIGN CONSIDERATIONS OF THE VELOCIMETER

The design of a velocimeter having the general configuration of Fig. 1 requires a know -

iedge of the application in which the design will be vsed. In general, the design problem is
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nne of minimizing errors to an acceptable value while keeping the vol

(s

small, The following discussion shows how the effects of temperature, friction, and ineria

> error of the device and how the design of the velecimeter {or a particuiar

application 15 governed by accuracy reguirements.
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The equation expressing the motion of the mass in the system in Fig. 1 for a constant

venicle acceleration und the condition ma > F # it

- b __ .,
) r”ﬁ ’
ma - F ) e L ¢ 1
m Fp ( F Ty J?\xzm
e 1 - 1 -e ‘ (1}
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In this equation, D is the eddy current damping and is the ratio of restraining torque to

angular velocity of the eddy current drag cup. Its value is expressed by the equation*:

2 2
B A r,
D= ()
Kp
where the svmbols of Equations 1 and 2 have the following meanings:
y = displacement of the mass with respect to its housing,
m = mass,
. "2
N = gear ratin, —
I,
3
Py rardius of pinion gear engaging the mass,
v = vehicle velocity,
m v
FF = effective force acting on the mass due to friction of all the bearings and gears,
t o= time,

A = vehicle ascceleration

?

S
&

moment of inertia of the eddy current drag cup and its shaft,

B - flux density of the magnet gap,

2
"

total effective gap area,

The condition, ma > Fg, is imposed upon Equation 1 because it is necessary for the force
cting on the mass due to vehicle accleration o be larger than the effective friction force
efore the velocimeter can be set into motion,

T W
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For the derivation of these equations refer to the appendix, . = ..
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r, = radius of the eddy current drag cup,

Ees

¢ = tnickness of the eddy current drag cup,

~
M

- a constant accounting for the reslstance of the return eddy current path,
p = electrical resistivity of the eddy current drag cup material, and

¢ = the Nopierian bhase,

Ideally the massdisplacement, y, would be proportional to and dependent only upon vehicie
velocity. Under this ideal condition, the right side of Equation 1 would contain only the first
term, and further, all guantities in the {irst term would be constants except, of course, the
vehicle velocity, Vi However, due to friction and inertia, the second and third terms,
respectively, appear in the equation, and due to temperature variations, the quantities which
multiply Vo, are not all constants, Thus, the design of a velocimeter for a particular applica-
tion mus=t be such that the total error resulting from friction, inertia, and variations in tem-

perature is made sufficiently small to satisfy the accuracy rcquirements of the application,

v

Neglecting the second and third terms which must be made small for accuracy reasons,
some design information can be obtained by considering only the {irst term. Usually the
maximum mass travel, y, wiil be determined by the permissibie length of the velocimeter

~

package, The known vehiclie velocity, v and v, determine the ratio of mass, m, to mass
3
damping, “—y D. The volume of the unit increases with m and D. It might seem then that

ia!

the design would be completed by choosing the mass and mass damping smali for minimum
voiume and in the proper ratio to give the deaired mass displacement for a given vehicie
as shown in the error analysis below, the friction and inertia errors

velocity, However

*
have an inverse relationship to m and D. Therefore, the ratio of mass-to-mass damping
muist be chosen to astisfyv length requirements, and the magnitude of m and D must be chosen

to satisfy accuracy requirements.

Tawe vrror effects will oow be considered to demonatrate how the parameters are de-

termined by accuracy requirements,




Temperature Error

An ervor in velocity measurement occurs because the damping D is not constant with
tempervature. In Equation 2, all quantities which determine the value of D except the resis-
tivity of the drag cup material, p, may be considered constants over the temperature range
-65” to +152"F. Because the damping D is inversely proportional to the resistivity, it is
desirable to choose a drag cup material having a low resistivity to obtain high damping. Also,
to make the variation of D with temperature small, it is desirable to choose a drag cup ma-
terial having a low-temperature coefficicnt of resistivity. Both of these desirable character-
istics cannot be satisfied because materials having low resistivities also have high-temperature
coefficients of resistivity, For example, if copper or aluminum were chosen for the drag cup
material because of their low resistivity, it would be found that their resistivities at +165°F
would be approximately 50 per cent greater than at -65°F. Thus, though the damping would
be high with copper or aluminum, the change in resistivity with temperature would be large
and would cause a correspondingly large error in speed measurement. If calibrated to operate
at the midrange temperature, a velocimeter using a copper or aluminum drag cup would in-
dicate a speed 25 per cent too high if operated at +1650F and 25 per cent too low if operated
at —GSOF. For a reasonably small temperature error then, it is necessary to select a com-
rromise material or, as an alternative, select a low-resistivity material ard apply tempera-

ture compens?’ion to the velocimeter.

There are some alloys which provide a reasonable compromise between resistivity and
temperature coefficient of resistivity lor many applications, One such alloy having the com-
position beryilium, 3.80-2.05 per cent, cobalt, 0.i8-0.30 per cent, copper-balance, * was
chosen for the drag cup material in the prototype unil constructed. The theoretical maximum
veloctly measuiement error due to the temperature change of this material is approximately

45,75 per cont. The damping obtained with this material is approximately one-quarter of that

osbhiainable with pure copper. As a result, the size of the magnet required for a given value of

This material has the irade name Berylco 25 and is produced by the Berylijum Corporstion,
Reading, Pennayivania.
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damping ‘s anproximately four times as great ag would be required for a similar drag cup

made of copper. In most designs, this would necessitate a greater velocimeter veliume,

As an alternative to selecting a compromise material for the drag cup, the velocimeter
in be compensated for the temperature effect. This involves controlling some other quantity

in ke cquatinn of opoerating with temperature in a manner to offset the effect of a correspond-

ing change in resistivity., By using a bimetallic metal, the magnet gap length and thus the
flux density may be caused to vary with temperature. In a similar manner, the effective drag
cup radius ot which the gap appears may be controlled. Probably the simpiest method to
temperature-compensate the velocimeter is to control the distance the mass mnst travel to
operate the switch, This can be accomplished by mounting the switch or the gwitch actuator
on a bimetallic strip of metal. If the temperature increased, the mass would have to move

further to operate the switch, offsetting the effect of the decreased damping due to the tem-

perature increase,

The requirement imposed upon the bimetallic strip to do its compensating job would be
that its deflection-temperature characteristic match nearly the resistivity-temperature
characteristic of the drag cup material, This does not appear to be a difficult requirement
+n meet because both relationships are approximately linear., The reduction of temperature
error resulling from compensating the mass travel would be approximately tenfold. Using a
drag cup made of aluminum or copper, the velocity measurement temperature error would
then be approximately 12—1/2 per cent over the temperature range. Temperature compensa-
tion would not significantly increase the volume of the velocimeter.

Fricton Erro .

¥

The term —~—5—-5— ! in Equation | represents the error in mass displacement due o the

NTir, "D
effective friction force acting on the mass, To make the friction error small, it iz necessary

to make this term small compared to the {irst term, which represents the ideal reistionship

for the rmmass dispiacement., Expressed as a fraction of the {irst term the friction error, EF’

Uk L SSIRIED




t ¢an be seen that to make the friction term small compared to the first term, it is nec-
essary to make the force FF small compared to the force ma, The first step to accomplish
this would be to make FF‘ small by selecting precision-made gears and bearings having low-
friction characleristics. A mass value would then be chosen for the particular acceleration
application such that the value of the second term compared to the {irst would be small enough

to make the friction error acceptable.

It shnuld be noted that increasing the mass has the disadvantage of increasing the mass
displacement, thus the volume of the unit, for a given vehicle velocity, Vo and damping, D.
Of course, it would be possible to offset the increased displacement by increasing the damping
hut this would require a larger magnet and thus also increase the volume of the unit. Thus,
if minimum volume is desirable, the mass should be chosen just large enough to reduce the

riction error to oo acceptable vajue,

The f1iction error may also be decreased by applying o compensating force to the mass
havipg approximately the same value as the friction force and acting in opposition to it, If

¥ 18 the compensating fovee, the [riction error term would then take the form

F‘F - FC
- g t
N
:'"‘Z

i
and would be reduced considerably, depending on how nearly F. equals FF' If the spring
force were 50 per cent as grest as the friction force, the Jompensated friction error would

he 10 per cent as great as the error without compensstion,
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The cempensating force could be supplied by a suitable spring attached between the mass
and the case of the veiocimeter, The requirement imposed upon the spring would he that its
force be nearly equal to the friction force and be constant with displacement, Such springs

are commercially available in large variety. *

This type of compensation would probably be useful only in applications where the vehicle
acceleration is in only one direction, at least until the velocity switch i{s closed. If the device
were required to integrate acceleration in two directions, the unidirectional compensating
force would produce a detrimental effect by adding to the {riction force in one or another of

the directions. However, marny vehicle systems are of such a nature that 2 compensating

spring could be employed to advantage.,

Inertia Error

The third term in Equation 1 represents the error in mass displacement due to the inertia
of the system., To make the inertia error small, it is necessary to make the third term smail
compared to the first term which expresses the ideal relationship for the mass displacement?,

Expressed as a fraction of the first term the inertia error, EJ, is

D
2 Tz t
(mﬂ‘FF)m‘f‘—'TJ J* 1 m
L2
1 N
1 -e
2
N2
r?'D
B 1
EJ~- A .
1’2 i
_‘._,2.1)
"1

A more ugeful expression for the inertia error resuits i the following assumptions are

made:

-
One firm producing constant force springs with the trade name "Neg

Spring Company, Lansdele, Pennsylvania, Bl s M




i, The time of operation, t, will always be long compared to the time constant
J 4 rl“;'l\P m
5) of the svstem, (This reduces the bracketed term to unity.)
2. Thne {riction force, FF' is small compared to the force ma. (This is neces-
sary for friction error reasons.)
2
N7 . . .
3. The mass m is small compared to —‘-7)- J. (This will be generally true due %o
r 2
1

the large gear ratio N.)

j¥)

Miking these assumptions, an approximate expression for the inertia error is:
2
ma —x J
r
1

The ratio %—, is recognized as the mechanical time constant of the eddy current drag cup.
The maxirmum permissible value of Jﬁ is determined by the allowable inertia error and the
minimum time of operation required of the device, Once the value has been determined, it is

necnessary to choose J and D such that the permissible value is not exceeded.

It would appear that the time constant of a drag cup of a given material could be made
small by making the cup's thickness and radius, and thus inertia, small. However, both the
damping and inertia are proportional to the cup's thickness and to the square of the cup's
radius so that decreasing the inertia of the cup by decreasing its dimensions also decreases
the damping by the same proportion. Thus, the time constant of the drag cup is independent

of the drag cup dimenasions,

It might aiso seem that the inertia of the cup, and thus the time constant, would be made
smail by making the cup of a low-density material, However, the resistivity of the materiaj

also affects the dz mping so that the time constan may or may not be made small by the chojce

emmw—m— U
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of

1 low-density material, It happens that the resistivity and density of alumini . comparec
to copper, for example, are such that the time constant of an aluminum cup would be smaliler

than « copper cup of the same configuration, Considering the inertia error alone then, ajumi-

num woujd make a better drag cup than would copper.

It should be noted that the {riction force, F_,, appears in the inertia error term. Its

¥’
presence can be explained by a consideration of energy. The work done on the mass is equal
to the product of the force ma acting on the mass multiplied by the distance the mass is dis-
placed, Ideally this energy would he dissipated in the heating of the drag cup by the eddy
currents, However, some of the energy is taken to overcome the f{riction force, and some is
stored as kinetic energy in the rotating drag cup, The fractional inertia error ceould have heen
expressed as the ratio of the kinetic energy stored to the work done on the mass, The effect
of the {riction force is to cause the angular velocity of the cup, and thus its kinetic energy, to

he less than it would be if the friction force were not present, Thus, the inertia error is

partiaily determined by the effective friction.

Further, considering the operation of the velocimeter from an energy standpoint, it is
obvious that if the device were subjected to a constant acceleration until the drag cup reached
its steady-state velocity and then the acceleration suddenly cut off, the cup would continue to
rotate until its kinetic energy had been absorbed by the eddv current damping and friction. If
the kinetic energy is allowed time to so dissipate, the ratio of kinetic energy to the work done
on the mass reduces to zero, Thus, the inertia error, as represented by the energy ratio,
will reduce to zero if given enough time after acceleration ceases, In cther words, the
inertia error moy be considered as time lag error in measurement, and if it is not important
tn provide o spreed indication ot the exact instant the speed occurs, the time lag would not be

srnnstdersd an error al oil,

Error Calibration

If the friction and {nertia error terms {n Equation I were constants, it would only be

neceasary to correct the mass displacement by an »mount equal to e sum of the error terme

HTHTD
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to have the switch close at the required vehicle speed. However, these terms are not con-
stants, the friction error varies with time, and the inertia error varies with acceleration and
time, Thus, the value of applying a calibration for friction and inertia errors is dependent

upon how well the acceleration-time relstionship of the vehicle is known,

Calibration of the device would include a correction to the mass displacement for friction
and inertia errors, A constant acceleration would be applied to the mass and the mass travel
ad.usted to close the switch after the acceleration had been applied for the proper time interval
to simulate the required s;eed. Thus, if operated at this one acceleration, the switch will
close at the correct speed, If operated at any nther acceleration, the' error terms assume
values different from those calibrated for, and as a result the switch will not close at exactly
the correct speed. Small variation. in acceleration and time cause small variations in the
error terms, resuicing in second order errors in the specd measurement by the velocimeter.
Furthermore, because the time required to reach a given velocity is inversely proportional

to the acceleration, it can be seen from Equation 1 that the variationg in the error terms,

resulting from variations in acceleration and time, tend to cancel,

PROTOTYPE VELOCIMETER

The prototype velocimeter, shown in the photographs of Fig. 2 and Fig. 3, is 5 inches

long, 2-3/4 inches wide, and 3-1/2 inches high which gives it a volume of approximately 5C

cu in. The switches and mass latching mechanism, located below the mass, are not visible
in the photographs. If required, a two-channel version of the prototype unit could be packaged
in a volume of approximately 60 cu in. The unit was constructed o test the actual feasibility

of the device and not to meet requirements of a particular program.

The prototype unit was tested siatically at temperatures of -850, 00, -.*720, and *IGSOF

to ohserve the efect temperature has on the operating speed. The curves of Fig., 4 were
obtained from the test data and show the relationship between the applied acceleration and

the speed required to operale the device for each of the operating temperatures, The plot of
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an additional curve, which shows the predicted operation of the device at +727F, also appears
in Fig. 4. The peints on this theoretical curve were obtained by assuming values of accelera-
tion and solving Equation 1 for the time required to produce a fixed mass displacement. The

time so obtained wns then maltiplied by the assumed acceleration to find the vehicle speed

"3
%
L
oS
o
"t
&
o3

o operate the device, The validity of Equation 1 is indicated by the similarity be-
tween the curve of expected operation and the curves obtaired from test data. The parameters

used i obtain the expected operation were:

i -
- dyne-cIm.
v =4.15¢cm D = goo L¥2

v TaG;SGC

[

m = 88 grams FF = 43 x 103 dynes
n= 0,67 J=95gm~cm2
r, = 0.3175 cm

It is noticed from the curves of Fig. 4 that the vehicle speed required to operate the device is

greater at either low or high accelerations than it is at midrange accelerations. At low accel-
erations, the time required to reach the operating speed is long, and the friction error, which
increases with time, becomes large. To overcome the friction error, a greater vehicle speed

is required to produce a fixed mass displacement,

At the higher accelerations, the inertia error increases and causes the mass displace-
mment for a2 given vehicle speed to be less than it would be for the midrange accelerations,

Thus, o greater veohicle speed is required to produce 2 {ixed mass displacement,

Some usefu]l information may be obtained by examination of the curves. The nonlinearity of
the curves increases with lower temperatures and is especially noticeable at lower acceler-
ations. This indicates that the effective {riction force increases as the temperaidre is lowered.,
This in due partly to a tightening of the bearing adjustment due to the difference in coeflicients
of thermal expansion between the siuminum case and steel shafts and alse to condenaation upen
nearings and gears. Future inedels would be designed to eliminate the bearing tightening

effeat ;

P2

ns would include hermetic sealing in a dry atmosphere,
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I: is also noticed that the spacing belween curves becomes larger as the temperature is
lowered, This indicates that the resistivity of the drag cup material changes more rapidly
with temperature as the temperature is lowered. If this is true, the assumption that the
temperature coefficient of resistivity is constant can lead to an erronecus estimation of ex-
pected temperature error. Because the temperature coefficients of metals are not generally
available at the lower temperatures, it would be desirable to experimentally determine the
resistivity-temperature characteristics of materials considered for use in the drag cup be-

{ore a future model is consiructed.

At an acceleration of 20 g, the friction and inertia errors are relatively small, and the
spacing between curves can be used to obtain the approximate value of the temperature error.
At 20 g, the levice operates at a speed of 1727 ft/sec at -65°F and 1496 ft/sec at +165°F. 1If
calibraied to operate at midrange speed, the temperature error is +7.2 per cent in velocity
measurement over the temperature range. If a constant temperature coefficient of resistivity

is assumed, the theoretically expected error would be +5.75 per cent,

If appiied to a vehicle having an acceleration range of 10 to 30 g, the tests show that the
device will operate at some speed between 1451 t/sec and 1781 ft/sec if operated at any
temperature within the range - -65” to +165°F. If calibrated to operate at the midvelocity

Hrs

range, 1616 ft/sec, the maximum possible error is 410, 2 per cent.

The prototype unit has successfully passed SCS5-7 temperature and vibration tests. The
results of dynamic tests on the centrifuge agree with static tests. Thus, simple static tests

would he sufficient for calibration and field testing,

The unit is not compensated for fricticn cr temperature variations., Because the temperz-
ture arror s a large part of the total, it would be expectled that temperature compensation
would significantly reduce the total error, Temperature compensation should reduce the
errorg of the prototype unit, for the application specified, to approximately 5 per cent, I

compensated for friction and designed to have a smaller inertia error, it is reasonable tc ex-

pect ihat the totel error in speed measurcement, for the system ciﬂed may be made as low
¢ oY ”‘ﬁ*"!‘ I
3g 1-2 por cent, L S S 3A




SUMMARY

Speed measurement of an accelerated vehicle is accomplished in the eddy current veloci-
meter by gearing a rack mass to an eddy current drag cup. Within its accuracy, the digplace-
ment of the mass with respect to the vehicle is directly proportional to vehicle speed. It
requires no electrical power for operation, has high accuracy for iis size and complexity,

and has a low premature probability.

The accurzacy cf the velocimeter is degraded by the effects of temperature variations,
friction, and inertia. The error due to temperature resuits primarily from the change in
resistivity of the drag cup material with temperature. Its effect can be made small by
selecting a drag cup material having a low-temperature coefficien® of re-’- _vity, or by
applying temperature compensation. A disadvantage exists i . using a aaterial having a low-
temperature coefficient of resistivity because such materials have high resistivities and thus
oroduce less damping in a given drag cup assembly. Increasing the magnet size to offset the
higher resistivity usually requires a larger velocimeter volume. On the other hand, applying
temoerature compensation has the advantage of permitting the use of a low-resistivity material,
and at the same time yields a lower temperature error than could be expected from the use of

a4 suitable compromise material,

The friction error increases with the time of operation of the velocimeter and can be

made small by making the friction forces small compared to the driving force resulting from
vehicle acceleration and by supplying a constant force spring to countersct the friction ferce.,
Alaking the driving force large by increasing the mass of the velocimeter is a disadvantage
because the volume is necessarily incrcased also. In applications where volume is 2 iimita-
tion and the vehicle acceleration is unidirectional until the velocity to be measured iz reached,

the use of a compensating spring is advantageous,

The inertia error increases with acceleration and can be made small by making the
damping large compared to the {nertia of the drag cup. Making the damping large reguires a

large magnet and thus had the disadvantage of increaging the volume of the velocimeter, I it
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is not required of the velocimeter to indicate a particuler velocity at the instant the velocity

occurs, the inertia error can be considered as a {ime lag in measurement instead of an error,

A prototvpe unit has been constructed and tested, Without the refinements of temperature
and friction compensation, the prototype has been found to possess a maximum error in speed
measurement of approximately +10 per cent for a hypothetical, though realistic, vehicle
requirement, Because the temperature error is by far the largest error in the prototype
design, it is reasonable to expect that a similar design utilizing temperature and friction
compensation could be made with errors as small as 1-2 per cent for the same vehicle re-

quirements,

R. G. RICKEY - 1451-3

Case No, 435,01
August 3, 1956
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APFENDIX

The Derivation of the Operating Principle of the Eddy Current Velocimeter

A. Operating Equation

The equation describing the operation of the velocimeter will be obtained by first con-
sidering the various forces acting upon the mass and then equating all these forces and solving

for the mass displacement.

Consider the system shown schematically in Fig. 5. A mass, m, supported by a guide is
gear-coupled to a shaft and, through a pair of gears, to the eddy current drag cup. The drag
cup is represented by an inertia, J, subject to a damping torque, TDZ’ proportional to its
angular velocity, (éz). * The forces which act upon the mass resulting in its acceleration

with respect to inertial space resclt from, (1) friction, (2} the damping as it appears re-

flected through the gear train, and (3) the inertia of the drag cup, also as it appears reflected

The friction force, Fq, is taken to be the effective force acting on the mass resulting
from friction between mass and guides, frictions between gears, and the friction of all bear-

ing supports,

Thre camping force acting on the mass is obtained as follows:

The damping constnnt, D, is defined ag the ratio of damping torque to drag cup angular

velecity or

&

v

{nroughout this development, the dot superscript will be used to denote the derivative of a
function with respect to time, Thus, 8, represents 2n angular velocity. Similary, 8,
represents anguiar acceleration, =

o)

-

4

Newton's Law,
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PHYSICAL SYSTEM SCHEEMATIC DIAGRAM OF EDDY CURRENT VELOCIMETER
Figure 5
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where T, . and é,) are respectively the damping torque and angulur velocity associated with

D1 D2 2
So
where N ig the mear ratio =2,
%
Therefore
8. = Ne
2 N 1
92 = N)l
s0 that
T . =N’DO..
D1 1
This torque, TDV acts on the mass with a damping force, FD' oi
T : .
Fp - L -Epe,.
1 1
Furthermore,
[¢] = ,_L R
1 Ty
. v
A, =
1
"1
30 that
Fp 7z Dy
1

which gives the damping force on the mass as a function of the velocity of the mass with re-

spect to the case,

The torque, TJ,, on shaft 2 due to the inertiz, J, of the cup is




Following steps similar to the preceding development, the force, FJ, acting on the mass

dues to this inertia is

2

oD
J 2

rl .

"y
e

e
.

It is now possible to eguate all the forces acting on the mass
mz = FF + FD + FJ
where 2 is the acceleration of the mass with respect to inertial space. Noting the relationship

= = x -y, where z is the displacement of the mass with respect to inertial space, x is the dis-

placement of the case with respect to inertial space, and y is the d&placement of the mass

with respect to the case, and substituting the expressions obtained in the preceding develcp-

ment the equation becomes

for the condition mx > FF

To solve this equation for the mass displacement, y, it is assumed that the vehicle accel-

eration is constant, or ¥ = a, The Laplace transform of the equation is

mi - F / 2 .2
F N 2 . N
% - m+-r———2—J [s Y - sy(0+) —y(0+)]+-:——-2-D[8Y-y(O+)].
1 1 .

For the physical conditions, y(0+4) = (04} = 0, this equation becomes

ma - F
F
Y =
m 4+~ J 8 T
S —12‘ +J
L N
and has the inverse transform
.2 - 7t
2 r
ma - F ) m + = J 1
Fo ( F . 2 J +-.,,-‘~ m
m ¥ 1 N
v = - v S I 5 i-e
N m -4 2 FA
- S D N
r L 7 r ' — D
1 i r.”




where, of course, t represents time and Vi is the vehicle velocity, Ve, © at, The above
equation described completely the displacement of the mass with respect to the case, and
as a function of vehicle acceleration and time for the condition of a consiant

thus the vehicle

¥

vehicle acceleration, a, such that ma > FF'

B, Determination of the Eddy Current Damping Constant

The damping constant, D, was defined above as the ratio of damping torque to angular
velocity of the eddy current drag cup. How this damping occurs and what parameter governs

its magnitude will now be shown.

Refer to the schemetic diagram of the eddy current drag cup assembly in Fig. 6. A
rotation of the cup about the magnet causes a voltage E to be induced across the conductor
length £ of

E = Bev
where B is the flux density, and v is the velocity of the cup with respect to the magnetic {lux.
The resulting eddy current which flows is governed by the magnitude of the induced voltage
and the resistance of the eddy current path, The resistance of that portion of the conductor
in the magnetic field is directly obtainable from the physical configuration and the known
resistivity of the conducting material. The resistance of the return path, external to the gap

is not 50 easily obtainable and would be handled most precisely by graphical field

mapping. For this development, the resistance of the entire current path will be denoted by
the resistance of the conducting material in the gap multipiied by a constant, k. The resist-

ance R of the eddy current circuit ig then
£
R = kp—
Plve

where w is the gap width and ¢ is the cup thickness. The resuiting current {I) that fiows is
4

(- E,.Bsgv Buywe
"R z kp .
kp —
waC

Peocaune of the rxistence of thig current, a force, FE’ is exerted on the conductor by the

magnetic field as shown, The magnitede of this force is: T o
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2
B Zvwce

- Blg= 2 4¥¥e
Fe kp

»

The conductor velocity, v, is equal to the angular velocity, éz, of the cup multiplied by its

radius, r,, and the damping force at each pole can be expressed as

4
2 -
- B lr4 92 we
E kp ’

For an assembly with n number of magnet poles, the torque, T, on the cup shaft is
obtained by multiplying the forre, FE’ by the cup radius, r,, and the number of poles, n,

2 2. .
nB lr4 szc

4 ke

Denoting the total magnetic gap area, A =nfw, an expression for the damping constant is

2 2
BAr4c

I
D‘E’T.
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