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SUMMARY

licthods for measuring thec static and dynamic performance of some £light
test instruments nre reviewed with sneciel reference to calibrating cquipment
such as turntables, pendulums, shoking tables ond special exciters.

The prineiples of frequency response tests are discussed in association
with the theoreticol characteristics of vorious, nominally, second order systems
which ore modified either by the method of testing or by the inherent, practical
difficulties of instrument design.

Discussion is lergely confined to the testing of sensing elements such as
linear ond angular accelerometers, rate gyroscopes, wind vanes, ond ancillary
devices such as filters and galvonometers,

A brief resume is also given of the characteristics and idiosyncrasies of

measuring systems in general use.
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1 INTRODUCTION

In recent years much emphasis has been placed on aircraft dynamic flight
tests, mainly associated with the determination of the oscillatory modes of
aircraft motion, with the measurement of dynomic loads on aircreft in turbulent
air, and with the study of aircroft structural characteristics. The acquisi-
tion of relinble and accurate data from these tests requires a very high
standard of instrumentation in the aircraft and interpretation on the ground.

For example, in the evaluation of aireraft trensfer functions a normel
accelerometer may have a specified requirement for the static verformance of
0 to 2g for range with an acocuracy of 1 x 10‘35 units,. In the cass of
dynomic sensitivity the instrumentation is required %o give 15 in modulus and
1° in phase angle over a frequency range of interest of O to 10 c.p.s. In
addition, the modulus should be flat over this range and the system should be
dynamically linear, Another typical dynamic investigation is the evaluation
of stability derivatives using the time vector method of analysis. It has
been found that an instrument error of 1° in phase ongle measurement may
represent an error of 10 to 1% in the modulus of the time vector representing
the required force or moment which closes the vector polygon. Vhilst it is
comparatively easy to satisfy the stolic sccuracy requiremsnts the real
difficulty is to obtain predictable response characteristics from the
instruments in flight under dynemic conditions.

Ensuring that the system meets o siringent aspecifiocation necessitates
calibration techniques of a high stondard., Even if the performance choracter-
istics are svailable in published form or set forth in a theoretical gnalysis
it is imperative to ensure thot the assumed conditions really apply. In this
freld of work there is no substiiute for test data.

2 INSTRULISNT CHARACTSINTSYEICS

A perfect measuring system would have no errors under static or dynamiec
conditions and its output would be independent of all other factors such as
temperature, pressure, humidity, vibration and unwanted inputs such as linear
and angzular displacements and their derivatives along and about the three axes.
Furthermore, the system would be free of inherent defects such as Coulomb
friction, hysteresis, non~linear springs and flexures, play in pivots and
bearings, and damping that is not proportional to velocity.

Unfortunately, instruments of this calibre do not exist and it s
necessary to select o type of system which will satisfy the particular
requirements with resard to range, sensitivity, vrecision, linearity,
resolution, weight and size, It is impartant, also, 1o keep components and
devices simple and hence increase the relicbility of the complete system.
Essentiel ingredients of the system should also be examined carefully to deter-
mine the effects of the aforementioned extraneous varisbles and of dynamic
conditions, Compatibility has to be consigered from other aspects such as
transmission, recording components, processing, computing and interpretation
when selecting o transducer for use in a particular system,

A common~-senses approach to this problem is to select ths instrument which
can best cope with the complete gomut of the varied requirements for the
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particular problem at hand, and devise test methods and special artifices to
obtain a precise knowledge of its characteristics,

Physical quantities such as acceleration, velocity, displacement,
pressure, force, strain, vibration and temperature comprise some of the more
important parameters measured in flight test work. To obtain information on
a particular set of deta, specialised instruments are used in conjunction with
recording systems such as multi-channel golvanometer recorders, magnetic-tape
recorders, and telemetry systems.,

This poper deals only with devices for the measurement of acceleration,
angular velocity, incidence and sideslip, as information on one or more of
these quantities 1s desired in most flight tests., No attemnt is made to
present a full trectment of procedures involving their installation in airecraft.

241 Acceleration

The acceleration of an aircraft can be determined, without reference to
the external enviromment, by measuring the inertia force or torque experienced
by a mass attached to the sccelerating body. ‘fypically, the acceleration is
detected by measuring:

(a) the linear or angular displaocement of an elasticelly suspended mass

(b) the strain or twist in a resilient member supporting the masa

(c) the flow of current in a coil situated in a magnetic field from
which is derived an equal and opposite force to hold the mass in

o2 rull position

(a) the change in natural frequency of a vibrating wire whose tension
is being altered

(e) the charge produced by piezoelectric materials subjected to a
mechanical force.

Since devices such as those under (e) altenuate low frequency invuts
they tend to be used more for the measurement of locel structural vibrations

than for the study of the motion of the sircraft and hence will not be dealt
with further.

2.2 Angular velocity

The single degree of freedom rate gyroscope is widely used for the direct
measurement of the angular velocity of an circraft about one or more of its
axes., In general, it includes an electrically driven rotor or wheel so
mounted that its case can rotate about an axis perpendicular to its shaft,
Movement about this axis is spring restrained and is detected by o displace-
ment pick-off, The measurement of this output axis torque cen be used as a
measure of the megnitude of the input angular velocity which produced it.
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An associnted development is the force~balonce type of rate gyroscope in
which the signal from the pick-off is amplified and fed to coils, situnted in
mognetic fields, to hold the gyro in equilibrium, The mechanical springs are
dispensed with in this configuration,

New developments, important in flight test work, use a vibrating device1.
Examples are the tuning fork and torsional gyroscopes, which produce high
sensitivities, have long life characteristics, and eliminate uncertainties due
to gimbal bearing irregularities, wear of rotor bearings, and unbalance,

2,3 Airflow direction sensors

The angles of incidence ond sideslip define the direction of the airflow
with respect to ihe aireraft, The measurement of airflow direction can be
made by employing = free-floating wind vane which aligns 1iself with the local
free cir stream. A displacement pick-off senses deflection of the vane with
respect to a reference line on the aircraflt. To avoid unacceptable position
errors the vane must be mounted checd of the fuselage nose on a pole at least
1% fuselage diameters in length ond this imposes severe limitations on the
size and weight of the sensing head?,

Another class of instrument used for the measurement of the free stream
direction with respect to the aircraft utilises the pressure difference set up
between a pair of holes oriented ot equol angles on either side of the longi-
tudingl axis of o probe which is inclined to the airflow. A differentinl
pressure pickeup provides a signel for recording purposes., The sensitivity
of this type of sensor may be dependent on iinch Mo, ond the ambient atmospheric
pressure and hence may require more extensive wind tunnel and in-flight tests
than those required for vaone tyve sensors. This is probably one of the
reasons why they have not been used extensively in flight test work.

From the safety nspect alone pressure sensors should be adopted where
there is a possibility that the detachment of a vane could endrnger the air-
eroft, esge by entering the engine.

The discussion of calibrating techniques involving airflow direction
sensors is mainly confined to vane types although mony of the techniques
discussed apply equally well to both types.

3 STLADY-STATE CALIBRATING TESTS

3,1 *Linear accelerometer tests

Calibrations of linear accelerometers are usuzlly expressed in g units,
1g being the acceleration in terms of the local terresiriol gravity. Two
calibration procecdures for imposing convenient g increments on the instrument
are the added weight ond ta1lting tests,

The former test consists of adding weights to the sensitive element to
simulate acceleration forces, However, the veights should be hung from the
centre of gravity of the moving system 1o nvoid improper loading of the springs
or link assembly, For this, the centre of grovity of the moving system must
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be known precisely., TPurthemmore, the sensing element is exposed to a
concentrated rather than a distributed load, For these reasons it is
considered that the added weipht test does not provide accepteble accurscy for
initial calibration purposes, although it can be of great value for calibration
checks in the field.

The tilting test is one in which the accelerometer is calibrated against
the earth's gravitational acceleration by rotating it about o horizontal axis
to selected anguler positions, This method is suitable for low range instru=-
ments as they can be inclined through +1g, zero and -1g positions %o obtain
ony fractional increment in this range.

However, there cre two important sources of errors, First, the principal
axis may not be parallel or perpendiculer to some reference face of the
instrument case because of manufacturing tolerances. Such misalignment
between the measuring axis and the reference surface may give rise to cali-
bration errors of considercble magnitude. In certain insionces small mis-
alignments of the order of 30' of arc moy introduce errors of the order of
1 x 10=2g units at o scale reading of zero z., The error is a non~linear
function of the apglied g, being a maxinum at zero g ond o minimum at the
+1g points for 360° rotation, A typical calibration curve representing
conditions vhere the misnlignment between o base, used as a reference face,
and the measuring axis is a is shown in Fig.1. It is seen that although it
resembles o hysteresis loop in that upscale deflections come to rest at a
different point to downscale deflections for the same applied g it may in no
way be related to hysteresis, 'Therein may lie a trap for the unwary. By
conducting a few preliminary tests it is possible not only to determine the
origin of this lcop but to eliminate it if it is coused by improper alignment,
These tests are sufficiently well lmown and so elementary in nature that they
need not be described here. Suffice it to say thet any misalignments between
the measuring system and the aopproprinte mounting faces should be carefully
noted to avoid fauliy positioning of the installed instrument in the aircraf't.

The other important genergl foctor is the problem of ensuring that cross=-
coupling errors are correctly accounted for, porticularly on en accelerometer
which relies on the displacement of a mass, Cross-coupling is a change in
output due %o a component of nccelerction perpendicular to the measuring axis,
The effect of this interfering varicble is illustreted by o damped mass-spring
sy stem mounted on o 1ilting table as shown diagroamatically in Fig.2. It is
clearly seen that the mass swings in a smoll arc wvhen the system is subjected
to acceleration forces, It can be shown that the output is of the form
g sin{e ta), to a high degree of approximation, where the sign of « is
dependent on the direction of the cross component along the arm, and its
magnitude is equal 1o ¢ sin 0, ¢ being the full scale movement of the mass in
degrees, The calibration curve resulting from tilting through 360° is
distinguishable, in lhis case, by tro loops instead of one, since if the instru-
ment is precision engineered cross-effects are ssen to he negligible at the
zero and *1p positions,

As the design of the majority of instruments of this type is a compromise

between a system having large displacements per g for ense and stability of
measurement and one having small displacements per g to obteain high frequency
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characteristics it is inevitable that the mechanical deflection of the
instrument!s mass has well defined limits, In some practical arrangements
this has resulted in the term o being highly significant, and in one particular
instance, produced an error of the order of 5 x 10‘25 units at O.5g.

If the test had been carried out with the instrument positioned so that
the two non-measuring axes were interchanged, cross-effects would have been
considerably reduced., However, even with this configuration, cross-axis
sensitivity may be important if the accelerometer is operating in the presence
of cross~accelerations of the order of 2 or 3 times the rated range. This may
be particularly noticeable in accelerometers employing inductance pick-ups in
such a manner that they are susceptible to mechanical deflections, perpendicular
to the sensitive axis, and to torsional displacements of the armature. In
units of this type errors have been observed which were not linear functions of
the applied accelerations and the impressed cross-sccelerations, The IeMeSa
volue of the cross-axis sensitivity was of the order of 0:02 g/g for innuts
ranging from = to 2 times the roted range of the instrument., From these
considerations it is seen that accurate calibration is required to ensure that
test results are traceable to lmown standards of measurement. Ilioreover,
Judicious placement of the accelerometer on the tilting table and in the air-
c¢raf't is required in order to minimise cross-coupling effects.

High quality test equiyment is needed as in some instances, the measure-
ment of angles to seconds of arc may be required for the tilting test. For
these measurements, methods such as digital reodout systems emploving light
sources, optical systems, and photocells have to be used to determine the
angular position of the tilting table,

Steady-state accelerations higher than 1z can be obtained by the use of o
rotating arm, Predetermined increments of steady centrifusal forces can be
imposed on the accelerometer by verying elither the speed or the radius of
rotation, Variation of the radius of rotation is not recommended since
extreme care is necessary to realign the instrument at the differing radii for
each calibrating step.

Also, since thie test is performed in the earth's gravitational field,
Judicious placemeant of the instrument is necessary to reduce cross-coupling
effects to the minimum,

Foints worthy of special atlention to cchieve the necessary accuracy in
the centrifuge test are as follows:

(a) Since the acceleration varies as the square of the angular velocity,
speed measuremnent and regulation must be precise.

(b} The radius of rotation should be large enough so that no correction
is required for any changes that may occur in mass position due %o
changes in centrifugal forces.

(c) 'The axis of the rotating arm should be truly vertical so that a cyclic
component of the eanth's gravitational acceleration is not super~
imposed on the steady-state acceleration generated by the rotating
axm,
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2.2 Angulsar accelerometer tests

It is difficult to devise experimental technigues for the production of
precise steady-state anguler accelerations, Two possible slternative methods
for calibrating angular accelerometers are discussed.

One method is the added weight test for applying lmown moments to the
sensing element to produce a deflection equivalent to that normally caused by
angular acceleration forces, Some drawbacks associated with this technique
are:

(a) Precise lmowledpe of the moment of inertia of the sensing element
is required.

(b) ‘The magnitude and the point of application of the applied moment
must be lknown exactly.

(¢) It imposes a concentrated rether than a distributed load on the
senging element.

(d) Similar conditions are difficult to simulate if the instrument is
0il-filled for damping purposes,

For these reasons this type of test can only be recommended for field
checks,

Probably the most satisfactory method for calibrating angular accelero-
meters is to subject the instrument to sinusoidal angular accelerations, The
ranges of angular accelerometers commonly required for aircraft flight test
work can be separated into two classes; namely 2 rads sec™2 and *5 rads seg™2
with discriminations in the regions of *15 minutes of arc sec™2 and *1° sec™?
respectively. As it is fundamentally difficult to combine high sensitivity
with high undamped natural frequency vwithout resort to force-balance types, it
is found that many low range instruments have low natural frequencies in the
region of 3 ce.pes. to 7 c.p.s. Yo avoid the results being influenced by
dynamic conditions the frequency of the input should be at least ten to fif'teen
times lower than the undamped notural frequency of the instrument under test,

Electro~mechanical exciters or oscillatory tables employing such methods
as cross-heads or cams fail to produce sinusoidal outputs at the large
amplitudes, in the region of *30°, ard low frequencies of the order of
0+3 cepes., needed to calibrate a low range instrument, One of the solutions
to this problem is to employ a device similar in principle to an angular
accelerometer but having little or no dam_dng. The system is essentially a
compound pendulum or a gravity controlled inertia which, when released from an
initial engular displacement, executes free oscillations,

Referring to Fig.3, it is seen that the pendulum consists of a massive
rigid beam suspended at a short distance from its mid-point on a shaft which is
housed on low friction roller bearings, The system should be so large that
reaction forces or torques from the instrument under test are of minor signifi-
cance, Various pairs of weights can be attached to the beam at selected
positions to change its moment of inertia and frequency, and a pair of springs
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can be fitted to connect the beam to the rigid frame to supply additional
restoring torque. The combination of weights and springs must be selected
to avoid unwanted frequency vibrations from the two arms of the beam,

Before mounting the instrument on the test rig platform it is imperative
to evoluate the effects of unwanted inputs such as linear accelerations and
angular velocities along and about all axes, The familiar technique of the
2g turnover in the earth's gravitational field can be extended to cover all
5 oxes for the linear acceleration case. Angular velocity errors can be
determined by rotating the instrument sbout its 3 axes in succession on a
turntable. Acourate vertical alignment of the turntsble axis ard a constant
speed are essential to avold extraneous angular accelerations,

These tests are helpful in placing the instrument in the alrcraft so that
the effects of the interfering inputs are minimised. During calibration,
alignment of the axis of the instrument with the axis of the pendulum shaft is
important,

The test run is started by releasing the beam from a deflected position
without imparting any motion to it whatsoever, a surprisingly diffioult task,
Of many methods, two of the more successful were to hold the beam in its
selected position either by a fuse wire, disintezrated by a large current, or
by a weight with a polished base, resting against one end of the beam and
pulled away smartly on a highly polished surface.,

Angular position and angular velocity pick-offs are fitted to the test rig
and their outputs {together with that of the instrument are recorded over several
cycles on a multi-channel oscillograph recorder. This procedure is repeated
with suitcble imtial deflections so that range, calibration factor, and
linearity of the instrument may be inspected., The peak applied angular
acceleration is obtained from the product of the initial angular displacement
and the square of the frequency. The required accurate knowledge of time or
frequency is obtained by recording the output of a master tuning fork.

Two factors which can contribute errors to the test results are the
transient input (complementary function) and the omount of damping present in
the test rig.

Assuming that the instrument constitutes a second order system, as many of
them are, and that it is being subjected to sinusoidal angular accelerations
then the conditions existing ot the moment of release of the deflected oscilla-
ting beam are shown in Fig,k where it is seen that its angular acceleration is at
a maximum, At this time, i.,e. t = O, the steady state output of the instrument
should have a value corresponding to point A, lasging the input by a, because
of the damping force, This resisting force coupled with the inertia of the
system results in the instrument needing time to catch up before it can swing
into regular phase relationship with the applied angular acceleration., If the
dynamics of the system are linear and the impressed frequency is less than the
notural frequency and § < 1 it can be shown that the output is of the form

. o Et
cos a n . 2
cos(mi t-a)- sing e sin (mn.f1 ~E t+ ¢)
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damping factor relative to critical

w, = impressed frequency (rads per seo)
@ = undamped natural frequency (rods per sec)
®
N=Ki'
n
, 2EN
a = tan
1-N
2 _ .2
-1 1 n i
¢ = ten I'i”(ﬁ)
NOE W o+ o,
n " 4

From the nbove expression it was found thot & }inear second-order system
with o £ = 0-6 achieves perfect correspondence to Within a tolerence of 2 in
modulus in approximately 2ﬂ/@N sec. 1in other words, with this damping the

error becomes negligible at the beginning of the first recorded negative
half-wave if the undamped natural frequency of the instrument is ten times
higher than the impressed frequency,

So far it hes been assumed thot the oscillating beam executes simple
hormonic motion, Since frictional forces are always present the free
vibrations decay and the mechanical motion takes the form of o domped sinusoid.,
It has been found from experience that if the bearings on the test rig are of
firat cleass quality and suitably lubricated and if the beem is of large inertia
the damping forces present are predominantly of the viscous rather than the
coulomb friction type. Thus the damping force is approximately proportional
to velocity cnd of the form - § 26/dt.

In many practical test set-ups the velue of E was of the order of 001
or less. It can be shown that if ¥ is << 1, o convenient rule of thumb
method to correct the cnlculnted angular acceleration input derived from the
initial displacement and the recorded frequency consists of multiplying it

by (1 - 52) e—zg + With damping factors of the order quoted the errors are
insignificant., TFor fregquency response purposes it should be also noted thot
the phase shift of the output should be retarded by 2E radians,

However, in circumstances where both the transient input and domping
faotor oppreciobly affect the results a practical and nccurnte method has bsgen
evolved to give finnl corrected results., The method is bosed on the fact
that the wave forms, after the transient has died out, ore exponentially
attenunted sine wonves, A rough estimcte is mnde of the time when the transient
ceases to be of consequence and subsegquent peak velues are plotted as ordinates
and cycles as abscissae on log-normal graph paper. The resultant graph should
be o stroight line ond from extrapolation of this line the trus first pesk
value can be determined cs if no treonsient existed, Alternatively, a French
curve, having an exponentinlly shoped edge, can be superimposed on the recorded
troces to achieve the same purpose.
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343 Rote gyroscope tests

A smring restrained rate gyroscope depends on the detection, by & pick-off,
of the angular displacement about the gimbal bearings. The angular displace-
ment is proportional to the angulor veloeity and the magnitude of this dis-
placement for full scale input largely determines the sensitivity to the effect
of cross-coupling due to angular velocities about other axes, The sine of the
maximum deflection is a measure of the error due to perpendicular angular
velocity so that, for example, a deflection of 2° gives an error of about 3%
of the applied perpendicular angular velocity.

Small values of precession for full scale input are thus essential if
decoupling from the input axis is to be confined to a negligible amount. The
R.AE, - Aero Flight force-balance type of rate gyro does not suffer from this
effect since the gyro assembly virtually does not require to move about the
gimbal axis to produce an output.

Again, it is important to evaluzte the effects of linear accelerations
along all axes by inclining the instrument through various positions in the
earth's gravitational field., If the instrument is of good design and
properly mass balanced the error due to a linear ncceleration of 1g in any
direction should be less than 1% of full scale deflection. A point worth
noting is that unless stated otherwise it is taken for granted that the rotor
is rumning for all these tests,

The measuring axis can be located with respect to a reference axis by
rotating the instrument at constant speed on a turntable in two positions so
that no outputs are produced from the two non-sensitive axes. The measuring
axis is then mutually perpendicular to these two axes,

Rate gyroscopes which have larpe inertins about their gimbael axes and low
spring restraints maoy be susceptible to angular acceleration effeocts about
these axes, This feature can be investi ated at various values of angular
acceleration by mounting the instrument on an oscillalory beam, similar to
that previously mentioned, waith the gimbal axis oligned wrth the shaft,

Full scale deflections of rate gyroscopes for general flight test work
are confined within the ranges #5°/sec to #100°/sec with further extension to
+250°/sec for the swmecinl case of spinning tests. This section of the note
deels primarily with the low range type as they are fundamentally more difficult
to design and require more sophisticated testing techniques.

Static calibration of the instrument is werformed by placing it on a turn-
table which rotates around a vertical axis at various constant speeds. The
input axis is aligned with the turntable axis and this is not oritical simce
the output to input ratio 13 a cosine function of the angle of misalipnment.

For the low range instrument it is seen that angular velocities in the
reglon of 2 to 3 minutes of arc per second are required for calibration
purposes. It has been found from experience that the levels of mechanical
vibrations and noise associated with some conventional turntables employing
motors and gears are unccceptable, These difficulties can be overcome by a
turntable of novel design, as shown in Iig,5.
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The turntable consistas of an aluminium disc mounted on a vertical shaft
contained in oilite bearings for horizontal loads and incorporating an air
bearing for axial loads. Current is passed through coils, which are wound
on a laminated magnetic core positioned so that the disc cuts all the magnetic
flux flowing between the pole pieces, liovement of the disc between the pole
pieces sets up circulating eddy currents in it which oppose the motion, A
weight attached to the end of a string, which is wound round a pulley on the
disc imperts a driving torque. The asymptotic value of the final velocity
of the disc occurs when the total resistance to motion, which includes eddy
current damping and friction, is equal to the torque imparted by the weight.

The equation of motion of the system is:

2
a6 de
a—==+b—- = T
dt2 dt o]
whare a = total moment of inertis of moving system
6 = angular displacement in radians

the damping constant

b
T°= impressed torque,

Vhen the asymptotic value of final veloecity is reached then

aazezo
at
and
as
v = I
or
ao  _ 5
T O~ D *

The demping constant b is proportional to the square of the current
flowing in the coil and to the thickness of the disc, The disc was carefully
machined from a forging to produce a high degree of homogeneity. As the
coulomb friction in the system is of =mall magnitude the damping constant b is
almost entirely due to eddy currents and hence the damping torque is proportional
to velocity. If the current is lkept constant b is s constant and since To is

determined by the weight W the disc rotates at constant speed after the transient
has subsided, A thin sheet of high permeability materizsl is placed around the
magnetic circuit to prevent the magnetic field from reaching instruments under
test,
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The edge of the disc is engraved in degrees to give angular displacement
and with the aid of a stop watch the angular velocity is obtained., By varying
the weight or the current, various speeds of rotation are attained. The
vibration and noise levels at low speeds on the turntable are negligible.

Instead of altering the speed of the turntable the rate gyroscope can be
tilted on the table to give incremental steps ot constant angular velocity.
A volue of the latter is chosen so that the instrument deflects full scale in
the conventional position. This technique also allows the effeots of the
precession angle and coupling errcrs on the instrument to be experimentally
determined,

Tig.6 illustrates, schematically, the physical situation.  The instrument
is tilted through a known angle keeping the gimbal axis horizontal. Clearly
the output is proportional to cos (6 *a) where € is the angle of tilt from
the horizontal and g is the precession angle, the latter's magnitude being
equal to ¢ sin 8, where ¢ is the full scale deflection of the gyro in degrees,
and its sign depends on the direction of rotation of the gyro wheel with
respect to that of the turntable. These errors are difficult to determine
experimentally if the gyro is not tilted, os cos a, if o is 2%°, is negligible,

Gyroscopes employing potentiometric pick-off's should be particularly
inspected in this manner as they usually have large precession angles 30 as to
cbtain sufficlient resolution.

Pendulums and shaking tables are occasionally used to calibrate rate
gyroscopes under so-called steady state conditions by producing essentially
pure sinusoidal excitations, These tests are carried out under dynamiec
conditions at very low frequencies and they cen be helpful to the extent that
calibrations can be effected at likely flight test freguencies.

However, to be classed as static calibrations, the tests must be performed
at frequencies ot least ten times lower than the natural frequency of the
instrument, avoiding a detectable chanpge due to frequency response character-
isties. With self-oscillating devices the inherent damping amd transient
inputs at the moment of release must be considered., Mechanical shaking tables
and exciters seldom produce simple hormonic motion at large amplitudes and low
frequencies without evidence of distortion due to back-lash, coulomb friction,
and the second harmonie.

3.4 Adrflow direction sensor tests

Fig.7 shows a photograph of the R.A.L., Aero Flight windvane which
incorporates an a.c, picl~off for measuring purposes.

In a good windvane the following electro-mechanical design features must
be avoided:-

(a) lack of mass balance of the moving element

(b) significant coulomb friction or play produced by bearings, links,
and potentiometrac types of pick-off's, and
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{(c) parasitic torques generated either by inductive pick-offs or spring
ligaments.

Aerodynamic sources of error are related to such factors as;

(a) locating the moving element too near the body or boom so that the
effect of upwash becomes significany

(b) lack of robustness of the windvane so that airloads and vibration
cause malfunctioning

(c) the weight of the unit is of such a magnitude to produce the
required robustness that bending of the boom assembly is
apprecisbly increased when it is subjected to air loads and
airoraf't accelerations, This feature may also lower the natural
frequency of the boom assembly, and

(d) asymmetry of the vane due to poor workmanship.

The errors produced by the features listed in the first group should be
assessed in the laboratory. Errors associated with the second group are
usually determined by wind tumnel tests and by tests conducted on the completed
installation on the aircraft.

Static calibration tests are made in o wind tumel by rotating the
instrument body to predetermined angular positions at suitable values of

a{= p/2 V). THysteresis is examined by noting the difference between upscale
and downscale deflections for the same angle of incidence and should be
exomined at various speeds as the misalignment torque varies with q. The vane
must be mounted on the probe to include the effect of its interference on the
airflow,

At subsonic speeds the vene is usually in the region of a disturbed
pressure field created by the aircraft. At supersonic speeds it is hoped that
the vane is relatively unaffected by the presence of this field and that the
shock waves which form ahead of the aircraft do not extend to the region where
the vane is located. However, Schlieren photographs of the shock pattern
obtained from a vane and probe assembly in a supersonic tunnel at M = 1+6
revealed that this was not so”. It was also found that a symmetrical diatri-
bution of vanes asbout the supporting probe produced a smaller and more consis-
tent zero error at high speeds than the single vane installation. It is
thought that the produotion of this good feature involving a more bulky
protuberance of the boom assembly than usual may have contributed strongly to
the creation of the shock wave,.

For some flight test work the above calibration methods are adequate.
For absolute calibration, further tests are required in flight on the particular
aireraft,

Satisfactory flight colibrations are diffjcult, tedious, and time consuming

and meny methods have been attempted. A precise knowledge of aircraft ongles
of attack or yaw and flight path is of paramount importance in most tests,
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A few possible methods are:-

(a) Photographing the horizon or the sun to provide a stable reference
for aircraft attitude.

(b) 1Measuraing aircraft attitude with an inclinometer in combination
with a longitudinal accelerometer to verify that unaccelerated
flight is achieved or, if this is not so, to correct for longitu-
dinal acceleration.

(¢) Heasuring aircraft attitude wath an accurate free gyroscope having
e pendulous erection system, and obtaining rate of descent by
measuring height and time.

Despite its complexity and potential unreliability, one of the best methods
is by the use of an inertial platform employing a velocity-damped Schuler
vertical system. Two atage integrations of the outputs of three mutually
perpendicular accelerometers mounted on the platform produce three linear
velocities and three linear dispglocements, thus providing direotion and
magnitude of boith aireraft velocity amd distance flown, Pitch and azimuth
can be determined very accurately as the drift rates of most platforms are in
the region of 0+1 degrees per hour,

Although the stable platform accurately predicts the motion of the aircraft
in space, corrections would still have to be gpplied for bending of the boom
due to inertial and aerodynamic loading and for air velocity components pro-
duced by pitching, rolling, and yawing velocities about the flight path.

Gusts may produce noise in the steady state results, making interpretation
difficult and suggesting that tests be conducted at dawn in colm air, preferably
over the sen or at high altitude over land.

L DYNAMIC CALIBRATION

During flight testing it is frequently necessary to measure the oscillatory
behaviour of an aireraft, The oscillations may be pilot induced, or may result
from flying through turbulent air.

In order to measure these oscillations successfully and accurately,
instrumentation systems based on sound dynamics in the characteristics and
relations of the trensducer, intermediate circuitry, and recording medium are
required. Such systems must have predictable transfer functions under various
input amplitudes and frequencies and environmental conditions of temperature
and pressure,

Many conventional transducers for measuring accelerations and angular
velocities can be represented by mass, spring, and velocity damped systems,
If these second-order systems are linear they can be completely characterised
by two fundamental porameters; the undamped natural frequency and the damping
factor relative to critical. By referring to the well-known family of response
curves Figs.8 and 9, the moduli and phase shifts of linear second-order systems
can be determined for sinusoidal excitation at any frequency.

- 16 -



Prom dynamic considerations alone, paying no attention to other require-
ments, two methods are favoured for selecting 2 transducer on the basis of its
notural frequency and damping factor., The first is the selecting of a
damping factor which endeavours to combine the widest bandwidth, consistent
with an error not greater then say 457 in the modulus, with a phase shift
increasing linearly with frequency so as to avoid destroying the time
relaotionship existing between the fundamental and its harmonics. To meet
the condition for the modulus requires a damping factor of O+64 critical and
the phase shift case requires 0-75 critical., However, as & damping factor
of 0+64 introduces very little harmonic distortion this value is usually
chosen,

The second is that which comprises a natural frequency many times
higher than any signal to be recorded and o damping factor of sufficient
value to prevent mechanicel damage being inflicted on the transducer due to
resonance or shock., An electricel low pass filter can now be inserted
between the instrument and the recording medium to dominate the system’s
dynamic performance.

Tailoring the transfer functions in this manner so that the outputs of
8ll the gquantities being measured have practically the same dynamic character-
istics is useful in flight tests, particularly where cross-spectra are to be
computed,

Nany measuring systems suffer from the effects of coulomb frietion, non-
linear springs and suspensions, and damping that is not proportional to
velocity. Consequently these systems are seldom linear over large ranges of
amplitudes and frequencies.

The actusl characteristics of any system can only be determined in the
laboratory by dynamic tests., Two types of test are commonly used for this
purpose. They are the annlysis of the response to a step function input and
the analysis of the response of the system to a sinusoidal input at differing
frequencies,

The former method may be relatively simple and straightforward., It
consists of determining the natural frequency of the instrument with zero
damping., When damping has been added the damping factor is reedily inter-
preted by observing the overshoot after a step function has been applied.

The method is applicable only to systems which are under-critically
damped (oscillatory), as they usually are; the percentage overshoot is
funotion only of the damping factor and is given by 100 e(=E% A/1 - g2)
where £ is the damping factor relative to critical, Fig.10. By referring
to response curves, Figs.8 and 9, the modulus and phase shift of the instru-
ment at any given frequency can be determined. Strictly, this technique
can only be used if it is known, a priori, that the system can be described
by & linear second-order differential equation with constant coefficients,
However, valuable information can sometimes be obtained on individual units
of higher order systems; for example, to test the linear second-order portion
of a system containing a low pass filter which has been included to shape the
frequency spectrum., When used on these higher order systems great care is
needed in the interpretation of the results, perticularly where overall
performance characteristics, e.g, change of phase shift and modulus with
frequency, are to be derived.
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The main advantages of the sinusoidal response method are:

(a) The sinusoid is the only periodic waveform in which the amplitudes
of the components of all frequencies except the fundamental are zero.
Naturally, a sine weve has only one bar in its spectrum. This feature
eliminates the frequency distortion which could arise from an excitation
consisting of a number of sinusoidal variations at different frequencies.
This distortion of the composite oulput signal arises when the character-
istics of the instrumeni are such that each component is displaced along
the time axis by a different amount. Some flight testing techniques,

of course, may require tests to obtain a knowledge of the dynamic
response properties of the instrument when subjected to excitation with
complex waveforms.

(b) The system's response to sinusoidal excitation yields information
on the effects of Coulomb friction, backlash, and damping that is not
proportional to velocity, if these features are present in the system.

{c) A basic property of the sinusoid is that any derivative with respect
to time is the shape of a sine wave., Clearly, this is a distinct
advantace as the test measurements include amplitudes and their time
derivatives, If the parameters of the systems are linear then sinusocidal
inputs will always produce sine wave types of output.

() It allows a precise comparison between the response at very low
frequencies and the steady state response, thus providing a criterion of
he reliability of the dynamic test data.

(e) It can test the system for multiple resonances by covering a wide
frequency bandwidth.

The criticisms nommally levelled at the sinusoidal response method are:

(a) Elsciro-mechanical shaking tables and exoiters seldom produce
sinusoidal displacements of large enough amplitudes, both linearly and
angularly, at low frequencies unless they are relatively large and heavy.

(b) More than one of these devices will be required to cope with all
types of inatruments.

(¢) Devices such as compound end torsional pendulums and cantilever
springs executing free oscillations seldom produce mechanical displace-
ments of sinusoidal form to the necessary degree of symmetry unless the
inherent damping forces are negligible and restrictlions are placed on
emplitudes,

Force~balance systems are sometimes dynamically calibrated by inserting
into the gystem an electrical sipnal which simulates a mechanical excitation,
These closed loop response tests are potentially very accurate, and they are
also very convenient for periocdic checks and field use,

ilany of the machines for dynemic response testing presented here are
free-oscillating devices. The procedure for evaluating the transfer function
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of the instrument consists of recording on a galvo-recorder the displacement
or amplitude of the input motion together with the test specimen's output.
The output of en accurate tuning fork is also recorded so that displacements
can be converted into rates or accelerations., Peak values of input and
output are compared to find the voariation in the modulus of the system with
frequency.

Phase shift is derived from simple measurements of the recorded traces
of input and output.

Transfer function anclysers, while expediting the analysis, do not provide
pictures of input and output waveforms far examination and it moy also be
difficult to include all components in the system, e.g. the galvenometer.

L,1 Forms of dynamic calibrating devices

Le1.1 Shoking table Fig,11

This machine is used to calibrate linear and anguler accelerometers and
rate gyroscopes dynamically,

It consists of a variasble speed drive stabilised by a high inertia
flywheel to which a crank pin is attached. A rod connects the crank pin,
which is roadially adjustable on the filywheel, to the crosshead on which
instruments can be mounted for linear reociprocating motion. TFor oscillatory
angular motion a s8liding rod connects a pin on the crosshead to a shaft which
is suitably housed in bearings. To elimincte mechanical noise the drive
conmnecting the motor to the main shaft is performed by belts ard pulley wheels;
ball-races used on the assembly ore snecially selected and fitted.

A potentiometer measures amplitude and & speed meter is atteched to the
main shaft to indicate frequency.

The advantages of this system are:

(a) Precise and steady values of amplitudes and frequencies cen be
imposed on the instrument.

(b) A wide frequency range of 0+5 to 25 0.p.s. is obtainsble,

(c) No corrections are required for decaying free vibrations or
transients.

The disadventages of this system are:

(a) At large values of crank radii corrections must be applied for
harmonic distortion,

(b) At the minimum frequency of 05 c.p.s, the maximum value of linear
acceleration obtoinnble is approximately O+4g. The limiting factor
here is space requirement.

(c) The complete elimination of mechanical noise and vibration is seldom
achieved,
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L.1.2 Cantilever leaf snrine assembly Fig,12

This unit comprises 2 poir of leaf springs which are rigidly attached at
one end to a fixed housing and a mass is attached to the free ends. This
sheker 1s, in fact, similar in princirle to an accelerometer without a domping
mechanism, The springs have a linear load-deflection characteristic over the
working range and have a high transverse stiffness.

A wide range of nccelerations at various frequencies can be obtained by
varying the mass or the length of the springs, The amplitude of the shaker
can be measured by photo-electric cells, an a.c. pick-off, and a potentiometer.

This device can be used for calibratins horizontal and normal linear
accelerometers dynamically, TFor the latter case the springs are biased so that
lthey are siraight throughout their entire length when the mass and spring
assembly is subjected to an acceleration of 1 in the middlie of its range.

The shaker executes damped free oscillations when released from a selected
deflected position. The unit's inherent damping factor, &, is of the order of
0+006 so that the required corrections to the modulus and ghase shift of the
test instrument's output are of the order of 0:01% and 0+7° respectively.

The advantages of this system are:
(a) No mechenical noise or vibrations are present.
(b) High frequencies are easily obtainable,

(¢) Provided the springs are working well within their linear load-
deflection characleristics, hormonic distortion is negligible.

The disadvantages of the system are:

(a) To obtain recsonsble values of acceleration at low frequencies e.gs.
0+25g at 0+1 c.p.s., with negligible waveform distortion, the
springs become excessively long.

(b) Excessive static defleciion of the mass when calibrating normal
accelerometers ot low frequency makes bionssing of the smrings
difficult, TFor instonce when the sheker is set for a notural
frequency of 0*5 c.p.s. the mass has, fundamentally, a static
deflection of approximately 4O,

(¢) Time must be allowed for ihe transient to subside completely or
corrections for this factor must be applied.

Lele3 Vertical rotating machine Fig,1L

This unit mokes use of the earth's gravitational field to provide a
sinusoidal forecing function for linear accelerometers.,
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It consista of a flywheel mounted on & horizontal shaft which is driven
by a velodyne motor through pulley wheels and belts to give various controlled
speeds without mechanical noise and vibration., Steel slip-rings running in
troughs of mercury a2llow connections to be mede to the instrument which is
mounted on a plate near the centre of the flywheel., *1g or any intermediate
value of the earth's gravitational field can be imposed on the instrument by
roteting it in a vertical or inclined plane. The precise value selected can
be checked by a static turnover before commencing ilie tests,

Frequency and phasing are determined by recording an appropriate point
e.g. top dead centre, on the flywheel by a photo-electric cell arrvangement.

The advontoges of this method are:
(2) Any frequency down to zero frequency can be obtained.
(b) Sinusoidal excitation is assured under constant speed condition.

(e¢) Yo coms, eccentrics, gears or links are incorporated to produce
unwanted noise or vibrotion,

The disadvantages of this method are:

(2) Due to the centrifusel force, the dynamic response properties of
nccelerometers, which require movement of the mass to produce an
output, are considerably modified at a1l but the lowest frequency
ratios. The eguation of motion for a conventional mass, spring,
and velocity domped system subjected to this test is

B3 2 _ 2 _ . 2
X+ - X+ (wN wi) X = g sin w, t + wg R

where R is the radius of the effective centre of the mass anmd spring assembly
from the axis of rotation,

Amplitude ratio and phase shift curves shown in Figs,15 and 16, display
the actual behaviour of the instrument undergoing this test, It will be seen
that stendard frequency response curves no longer apply. The physical inter-
pretation of this phenomenon is that the centrifugal force causes an apparent
reduction in the spring force of the instrument 23 freguency increases.

(b} Positioning of the effective centre of the mass-spring system with
respect to the axis of rotation must be accurztely known.

(e) The instrument must be of the type which is negligibly affected by
erogss-effects,

(d8) The results are very sensitive to speed variation.
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4e1ah Compound pendulum Fig,13

One of the most versatile of dynamic test rigs is the compound pendulum,
which is capable of calibrating linear as well as angular accelerometers
and rate gyroscopes dynamically,

The test rig consists of a rigid beem suspended at its mid-point on a
shaf't suitably housed in low friction roller bearings. A long arm is
attached to the beam in such a manner that it resists torsional stresses and
twisting actions.

With various combinations of springs and of weights, arranged so as to
keep the centre of oscillation below the axis of rotation, a wide frequency
range can be covered,

Displacement and velocity pick-offs are incorporated to provide recorded
input information and o loiré Fringe device is instelled to give o precise
measure of static amplitude. A table ia provided on the shaft for angular
devices such as rate gyroscopes and angular accelerometers, DLinear accelero-
meters are accommodated on a platform at the end of the arm.

The pendulum executes damped free oscillations when released from a
selected deflected angular position. To avoid iedious corrections to the
results it is imperative to reduce bearing friction to a minimum.

With the confipuration as depicted only accelerometers suitable for
measuring normol acceleration can be colibrated.

However, horizontally measuring sccelerometers con be accommodated by
turning the pendulum on its side so that its shalft is vertical.
The advantoges of' this system are:

(a) No mechanical noise or vibrations from motors, gears, and cams are
present.

(b) A wide range of frequencies is covered, extending to a frequency
as low as 0-01 c.o,.s,.

(¢) With restricted emplitudes and negligible friction in the system,
angular oscillations are produced with very little distortion.

The disadventoges of the system are:

(a) To obtain reasoncble values of linear acceleration at low frequency,
the displacement of the end of the arm must be large. As the
motion follows a circular arc corrections must be applied to account
for the tilting of the zccelerometer in the earth's gravitational
field,

(b) Care must be exercised to ensure that instruments with poor
tronsverse characteristics are not influenced by centrifugal forces,
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(¢) Trensients may have to be considered,

4.2 Future developments

Future developments are being directed at improving dynomic calibrating
gear by employing force motors of the permanent magnet moving coil type.
No cams, links, or gears will be used, and the coils will be excited with
selected values of alternating current at various frequencies; power being
derived from o low frequency oscilliator and power amplifier.

4.3 DBynamic calibrating techniques for airflow direction sensors

(o) Dynamic properties of windvones

Friedmanh, has shown that the frequency response characteristics of vane-
type instruments may be quite different from those of the olassical second
order systems, As a simple clossical demonstration, suppose that a windvane
is mounted on a probe protruding from an airoraft's nose to measure angle of
yaw., Assume that the aircraft is executing sustained sinusoidal leteral
oscillations about an axis defined by the shaft of the windvone and that the
shaft follows a neerly straight path in space, If the vane has negligible
frietion and its damping is anerodynamic then it is reasonable to suppose that
the vane will align itself with the direction of the free airstream and also
follow a nearly straight pnth in space., In the absence of external disturbing
noments the output from the vane will correspond to the input under static and
dynomie conditions,

However, if intermal doamping is interposed between the vane and its body
then this is no longer so., If aerodynamic demping cen be ignored, then at low
impressed frequencies the viscous link between the vane and its body tends to
move the vane with respect to the direction of the airflow. This tendency
increases with the impressed frequency, until, at frequencies approaching the
undomped nctural frequency of the vane, it is almost moving in unison with the
body., When the impressed frequency equals the naturel frequency no output is
cbserved. Fig,17 shows the essential quontities of an electricnl analogy,
with which it is pessible to study the characteristics of the system in the
familiar realm of eleotricnl circuits,

It will be seen from the illustrotion that a2 windvane, having no internal
damping and no friction in its bearings, can be represented by the electrical
circuit with R, omitted. Thus the output achieves perfect correspondence
with the input under stotic and dynomic conditions.

If the problem is idealized by the absence of nerodynamic demping (R2),
then the amplitude ratio ond phnse shift are given by

i (L

and
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where |A] = the ratio of the omplitudes of the output to the input
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51 = 5T damping factor relative to critical
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The dynamic amplitude ratio and phose shif't are plotted against N for different
values of 51 in Figs.18 and 19.

In practice, these curves are eonsidercbly modif'ied by the presence of
cerodynamic demping. Two representative conditions are displayed in Figs.20
end 24, In both cases a realistic aerodynamic daomping fretor of 0+2 relative
to critical is chosen, while the two arbitrary values of 0+1 and C+6 are
selscted to represent internnl damping.

An interncl domping factor of O¢1 represents the value of damping which
might be inherent in the windvane due to viscous friction and sir-locds on the
bearings. The second volue of damping might be that which is incorporated to
control the response of the instrument to dynamic inputs.

From these considerations, it will be seen that, even if the vane employs
a much higher value of natural frequency then the impressed frequencies
resulting from airersft rigid body motions that are required to be investi-
gated, then the modulus and phase shift may be different from those based
on elementery theory if appreciable internal damping is present.  Another
factor that must be considered is that the internel damping ratic, unlike the
aerodynamic damping ratio, is not independent of indicated airspeed5.

It must be remembered that this particular case was selected as being the
most significant for the demonstration of certnin dynamic peculiarities. In
actual practice, it would indeed be fortuitous if the aforesaid assumptions
were fulfilled.,

So far nothing has been srid cbout nireraft angular velocities cousing
air stream direction mecsurement errors. These require kinematic corrections
to be made to the results.

Windvanes are also used in flight tests for gustresponse measurementis,
In this instance, measurements of gust velocities are required. Two approoches
to this problem are examined.

Firstly, the windvone can have response characteristics featuring o

reasoncbly high naturesl frequency and a damping factor 0+6 relative to critical,
As it is diffioult to combine the requirements of high natural frequency ond
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high aerodynomic damping, resort will have to be made to some form of internal
damping to achieve this value, The system can be trented as a conventional
second order system whose modulus is relatively fleot up to 807 of the vane's
naturel frequency, on the assumption that there is little or no aircraft
rotation.

Secondly, the windvane can have a natural frequency, very much higher
than the top frequency of importance in the test,and cerodynamic damping which
is inherently low. A filter can now be inserted into the system and be so
designed that it dominntes the system performance under dynomic conditions.

A point worthy of consideration is that airflow direction sensors of the
differential pressure tube type con be designed to have very high frequencies.
For these, the renge of ncturel frequencies extends into the hundreds of
cycles per second region. In these circumstances it may well be that the
instrument's transfer function can be neglected over modest frequency band-
widths such as 0-20 c,p.s.

A complete sitatement of the caose concerning dynamic flow direction
sensing techniques in flight test work is beyond the scope of this Note,
However, it is hoped that this brief discussion has highlighted some of the
problems encountered in the use of windvanes under dynamic conditions, lany
of these problems may turn out to be far from triviel ond Ref.6 should be
oconsutted for more deteiled information.

Suffice it to say that it behoves the technicinn to choose instruments
with characteristics compatible with the basic aerodynemic requirements
demanded from the investigation in hand so that the task of interpretation is
reduced as much as possible.

It may be of interest to point out thot the windvane illustrated in Fig.7
has an undamped notural freguency of approximately 45 c.p.s. at 150 kts E.A.S.
The aerodynamic damping factor 52 is of the order of 0+2 at ground level

conditions, The vene incorporates an a.,c, pick-off and special bearings,
thereby reducing friction eand giving infinite resolution,

(b) Frequency response tests on windvenes

One method for determining the frequency response characteristics of o
windvane is to oscillate the vane body sinusoidally in a wind tunnel ai various
amplitudes and frequencies at selected wind speeds.

This technique cen be nccomplished by a motor-driven cam and eccentric
errangement or by a compound pendulous device capable of being fitted with
various springs to cover the required {requency band., A pick-off is embodied
on the calibrator to record the input amplitude.

To facilitrte interpretotion of the results and to ensure freedom from
kinemotic effects, the axes of rotation of the exciting device and windvone
shaf't should coincide, The instrument, of course, while undergoing these
tests can be located at predetermined distmances from the oxis of rotation to
simulote and nssess the effects of angular velocities,
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These tests are excellent for determining what type of system the wind-
vane represents, For instnnce, whot is thought to be an aercdynamically
domped vane with conventional dynemic choracteristics may contain enough
viscous or coulomb friction in the bearings ond pick-off to substantially
change its frequency response characteristics.

If the level of turbulence in the wind tunnel is not excessive subsonic
dynamic calibrations cre relatively straightforward.  Supersonic teats of
this nature have never been attempted by the author, but one or two points
are worthy of consideration.

(1) If a wind tumnel with o large working section 1s chosen for the
test soc as to accommodate the rather bulky oscillatory mechanism, then care
must be exercised in ensuring that its presence does not unduly inerecse the
level of turbulence, From this point of view, o tunnel with a small working
section might be more suitable for this purpose, This would permit the
oscillating device to be located externally with possibly only a shaft
protruding into the working seclion.

(ii) As the misalignment torque of the windvane is proportional to q,
1.0, p/2 V2, it may be considered that its undamped naturnl frequency under
these conditions is so high thet step input tests will suffice,

Step input lests have been carried out in wind tunnels and in flight at
selected conditions of air speed and atmospheric pressure, TFor this purpose
a remotely controlled electricrl solenoid is embodied in the body of the
windvane. When the solenoid is operanted it subjects the vone to a step input
of a predetermined amplitude, These %tesls are helpful to the extent that they
con be performed ot particular conditions of air speeds and altitudes likely to
be encountered in the flight tests,

5 CONCLUDING REMARKRS

The object of this Note is to jresent the results of the author!s
practical experience in the stntic and dynamic calibration of some sensing
elements for flight test work, ‘To keep the Note within a reasonable size
the scope of topics has been limlted, and o selection mode which it is thought
will be of proctical vonlue to potenticl users in this wide field.

Two genercl observotions can be made. Firstly, sinusoidal oscillating
techniques provide ~ more comprehensive and quantitative anssessment of the
dynamic properties of the instrument than transient techmques. Secondly,
foroe~bnlance types of nccelerometers and rnte gyroscopes ofCer advantages
over their conventlonnl mass-spring counterparts by virtue of their inherent
high stability and lnck of cross effects and 2lso because large machines may
not be required for their dynemic ceolibration,

If machines or exciters are used to evalucte the dynamic performance of
instruments then sustained rather than free oscillatory motion would remove
some of the uncertninties, such as transient effects nrd demped sine-waves,
associated with the latter.

- P26 -



No.

Author

HObbS, A, E., W,

Gracey, W,

Dee, F,.
Mabey, G.

Friedman, C. J.

Muzzey, C. L.

Kida, E. 4.

Pinsker, W. J. G,

REFERENCES

Title, eto.

Some sources of error in the tuning fork gyroscope.
R.A.E. Tech., Note No., IAP,1139 April 19%2,

Summary of methods of measuring angle of attack
on aireroft,
NACA T.N. 4351 August 1958,

Wind tunnel ealibration of incidence vanes for
use on Falrev E.R,103,

J.R.Ae.Son., Vol.67, No.628, p.267.

April 1963,

Frequency response onalysis of the vane typs
angle of attack transducer.
hero Space Ingineering 18 (3) 69-75 March 1959,

Measurement and interpretation of flight test
dota for dynamic stability oand control,
Agard Flight Test Manual, Vol,11 Chapter 11.

The static and dynamiec response properties of
incidence venes with aerodynamic and internal
viscous damping.

AR,C, CP 652 August 1962,

e er—————————

Printed wn England for Her Majesty’'s Stationery Office by
the Royal Avrcroft Bstablishment, Farnborough. W.P.60 £.4.

- 27 -



| ‘
9 - } —!
8 7/ A
y/ R
7 : i ]
. | Lo
_|— ] REFERENCE AXIS 6 0™-90° | . | | !
- — 41 __ ME ; | i
—2EASURING AXIS 50°-180° :
/ ]
// | .4 i // |
! + g UNITS
/.r/ I % 3 //
AXIS OF ROTATIONG — | v
3'}1;1?&\// tt\J;\ | INPUT - SIN 8 4 N /// !
G t& . / : l
N COMMENCEMENT
~ OF TEST /1 | |
o 9 8 7 6 5 a4 3 2 I/ i 2 3% 4 5 6 7 8 9
OUTPUT - 2 | QUTPUT + |
/// a
% 5
.4
4
270°-360° / 5|
/’Tso"-avo“ - g UNITS
/4 f ) |
// ' |
/| |
|

FIG. I. TILTING TEST CALIBRATION OF AN OTHERWISE LINEAR
ACCELEROMETER SHOWING THE EFFECT OF AN UNCORRECTED
1° MISALIGNMENT BETWEEN THE MEASURING AND REFERENCE AXES.



4 ® 0

L

*3

on

a8 7 e 5 4
ouTPUT -

3 4

5 6

OUTPUT +

/

7 8 9 (0

HORIZONTAL

IN THE DIRECTION OF
MASS TO PIVOT.
x=¢ 6IN 8 WHERE ¢ IS
THE FULL SCALE MOVEMENT
OF THE MASS IN DEGREES

N
e » b

~J

ACCELEROMETER WITH

18
FIG. 2. TILTING TEST CALIBRATION OF AN OTHERWISE LINEAR

AXIS OF
ROTATION

g IN THE DIRECTION OF
f 9. IVOT TO MASS.

ACTING LENGTHWISE ALONG THE ARM AND THE

RESULTS UNCORRECTED FOR a*23#°FSD. OF THE MASS.

*



MASS

SWING AXIS

INSTRUMENT MOUNTING ‘_/
TABLE \ ] '

SPRINGS.

| / \ MASS

SUPPORTING FRAMEWORK

FIG. 3. COMPOUND PENDULUM.



: -\ STEADY STATE ‘ ‘
(LacaiNG BY L o)
INPUT . !

) N
|
——— NATURAL FREQUENCY OF ACCELEROMETER IS 3 THE
A < IMPRESSED FREQUENCY. § = 06 RELATIVE TO CRITICAL.,
P, THE ACTUAL RESPONSE S THE ALGEBRAIC SUM OF
// \ THE STEADY STATE AND TRANSIENT RESPONSE
\

/
I’
/ \

A /[

)
~
~~
~
~
~
-
”~
/

-~

[ \\
/ \
/ ACTUAL A\
/RESPONSE
// | \\ ——‘-'--—-.._______-

}
TIME —a= \ J i
/ \ | |

\!

AL NN Anva

/ \\ \\ // / E

)
N\
/RANSH:NT RESPONSE \ \ / //

N /)

_ NN S

f

|
FIG. 4 THE TRANSIENT RESPONSE OF AN ANGULAR ACCELEROMETER
WHEN IT IS SUDDENLY SUBJECTED TO A SINUSOIDAL ANGULAR
ACCELERATION AT ITS PEAK VALUE

»

[ 4




MAGNETISING COQIL

ALUMINIUM  DISC PULLEY WHEEL.

/

—

(

e

S

AIR BEARING

FIG.5. EDDY CURRENT DAMPED TURNTABLE FOR LOW RATES.



9
\
o>

<
o
£

} CUTPUT AXIS
_ HORIZONTAL ] ) )

e
PRECESSION ANGLE (

4
\/1

8 = ANGLE OF TILT

x = @ Cos ©

WHERE @ IS THE FULL SCALE
DEFLECTION OF THE GYRO IN
INTERFERING COMPONENT DEGREES

Uc = Uur (SIN [e+o<])

INPUT RATE
W; = Ur (cos [9+oc:|) WHERE W, 1S THE COMPONENT OF W7 ALONG
DEFLECTED GYRO INPUT AXIS

FIG. 6. GEOMETRY OF THE INPUTS TO A RATE GYROSCOPE
WHICH RELIES ON ANGULAR DISPLACEMENT ABOUT THE
GIMBAL BEARINGS FOR MEASURING PURPOSES WHEN
UNDERGOING TILTING TESTS ON A TURNTABLE
REVOLVING AT CONSTANT SPEED.



FIG.7. WIND VANE



50

30

2%

20

AMPLITUDE RATIO

o

P,

P ad

--"'""-_‘

\\\\‘

N
.
Y\

A7

\\
\ A\
\

1/

A/

A A A

LN
v
=

'/
py4dVd
A 7
o

A

IMPRESSED FREQUENCY

NATURAL FREQUENCY

FIG. 8. DIMENSIONLESS FREQUENCY RESPONSE
CURVES OF CONVENTIONAL SECOND ORDER SYSTEM.

" AN
AMPLITUDE RATIO -{(,_Nz)i(aSN)Z} 2 \\
B \
WHERE N = ©1 \§

W

AND ¢ = DAMPING FACTOR RELATIVE

TO CRITICAL

2 3 4 5 6 71 8 910 S 20

25 -



180 —_———— e e e e -
r_f—r l_"o\ e
s o
160° P
/ 6|-,s°'$ "]
/ ——

Sy
~

@OOQ / /4
\'1/90"
i
—_ o /
T 80 7 !
y 7% / |
< 00° o /,A / .! g=TaN"! 2 5N(1-N2)"' I
L w7 /f |[]| wneme 5 = PHASE BHiFT.
o
ac / /e i AND § = DAMPI:IG FACTOR RELATIVE
//////Io., / | TO CRITICAL
y, |
20° / Afé A | /] |
y?//r PR I
L 5=0
o® :"Z:—_-:/_‘ _L 1 i
01 020304050607080910 12 14 I'4 I'8B 20

IMPRESSED FREQUENCY
NATURAL FREQUENCY

FIG. 9. VARIATION OF PHASE ANGLE WITH

DAMPING OF CONVENTIONAL SECOND
ORDER SYSTEM.



5209

FIG.10. THE OVERSHOOT ENCOUNTERED FOR VARIOUS
DEGREES OF DAMPING WHEN A STEP-FUNCTION IS

APPLIED TO CONVENTIONAL SECOND ORDER SYSTEM.



H

POTENTIOMETER TO

T
INDICATE DISPLACEMENT

}

CROSSHEAD W

GYRO MOUNTED

ADJUSTABLE THRO

FOR CRANK ARM

ABQVE PIVOT

SHAKING TABLE

HGL



INSTRUMENT

WEIGHT SPRINGS. @

AN AV AV A A A A L A S A G A e 4

FIG. 12. CANTILEVER LEAF SPRING ASSEMBLY.

MOUNTING FOR RATE GYROS
ANGQULAR ACCELEROMETERS ETC

DETACHABLE ARM

MOUNTING FOR
LINEAR
ACCELEROMETER

DETACHABLE,
SPRINGS.

FIG. I3. COMPOUND PENDULUM WITH FACILITY FOR
CALIBRATING LINEAR ACCELEROMETERS.



LIGHT MOTOR DRIVE
TO OVERCOME

ROLLING FRICTION

PICK UP
MERCURY POOLS & DISCS

SUPPORTING

BEARINGS
FACE PLATE

& MOUNTINGS

r v 1

HEAVY FLYWHEEL CONNECTIONS

FIG 14. ROTATING MACHINE FOR DYNAMIC CALIBRATION
OF LINEAR ACCELEROMETERS.



© © o
o 0 -

AMPLITUDE RATIO
-

ol

O-4

O-3

o-Z

S ——
™~
/

Vs
A

0'3;”l
/1
=

"
™

\\

A

A

W\

b

AMPLITUDE RATIO = {(|-2N2)2+(a'7N)2}‘i \

W1
WHERE N = on
AND 4 = DAMPING FACTOR RELATIVE

TO CRITICAL

L
Ve

2 ! “ 5 > ‘T__S_g
IMPRESSED FREQUENCY
NAT AL FREQUENCY
FIGI15. DIMENSIONLESS FREQUENCY RESPONSE
CURVES OF AN ACCELEROMETER SUBJECTED
TO A DYNAMIC ROTATIONAL TEST.



180

170

0

150

140

130

120

O o =
O O Q
a D

]

PHASE SHIFT (LAG)
1]
(o]

.-..ﬁ=0

V974

Wl

v/

@ = TAN~! EG,N(i-ZN2>'|
WHERE @ = PHASE SHIFT

AND “) = DAMPING FACTOR
RELATIVE TO CRITICAL

//
///,
/74l o
// ‘%1 '
02 o 4 06 L 08 1 0 Iz 2 6
Yol
IMPRESSED FREQUENCY
NATURAL FREQUENCY
FIG. 16. VARIATION OF PHASE ANGLE WITH DAMPING OF

AN ACCELEROMETER SUBJECTED TO A DYNAMIC
ROTATIONAL TEST.



INTERMNAL
DAMPING
R
A
AERODYNAMIC
SPRING FORCE L
_/ t'\. RZ tO'
4
AERQODYNAMIC &/ . c
DAMPING o > T
Z 0
Y0
['q
) 1]
g2 e
4
VAT Y
{.J ]
o«
o e CORRESPONDING QUANTITIES
1 INERTIA OF VANE — L INDUCTANCE

B, INTERNAL DAMPING CONSTANT — R, RESISTANCE
B, AERODYNAMIC DAMPING CONSTANT — Rp RESISTANCE
K AERODYNAMIC SPRING CONSTANT - C™' CAPACITANCE™

FIG.|17. THE ELECTRICAL EQUIVALENT OF
THE WINDVANE



S=O 2 x
04 ©
0O 6 ]
08 +
Qo S ¢ 10 A
. ""-::..__( ‘“
o8 \ .
o7 A Var
0b ‘Q‘W\‘\ \ / 2| of : A
+ l ,+
05 \ ¥
NN+ 74
o-4 ») X /_/
N A
+
o-2 /
9 y
,—
>
o (=YY
i
O
m
F |
- H
1
o -
2 .
27 T
AMPLITUCE RAT'O'('{?L;Q‘] >
WRERE N = 2%
LS N
4 =R = INTERNAL oamPING
2LINL FACTOR
| Ll
[« 3 o2 od 04 0% Ol ") 2 ) &4 5 @ 78

IMPRESSED FREQUENCY
UNDAMPED NATURAL FREQUENCY

FIG.18. RESPONSE OF A WINDVANE, WITH VARIOUS
VALUES OF INTERNAL DAMPING, TO SINUSOIDAL
INPUTS APPLIED TO ITS BODY.



PHASE SHIFT (LAG)

360

1";__7:._57 =
340 ]
, d 30'5 o
|/ 0% —-/". T |
300 | 1
I g [ %« 0
2ad
270"
{
180
_90: —
80
. ] 74 @ = TAN! asN(l-N‘)"
60
vl ' WHERE @ = PHASE SHIFT
. A J// /| i ,
49 ,/ % | N = R
. 07 /,o(l// WN
20— ',_O_J' AND % = DAMPING FACTOR
- a.‘.
o —T 1" 71 L RELATIVE TO CRITICAL

o1 02 083 04 08 06 O7 OBOG 110 & < e |'8 20

IMPRESSED FREQUENCY
NATURAL FREQUENCY

i

FIG. 19. VARIATION OF PHASE ANGLE WITH
INTERNAL DAMPING OF A WINDVANE SUBJECTED
TO SINUSOIDAL INPUTS ABOUT ITS BODY.



>

Olivd 3IAdNiNdNY

S A
r~
-

\\\

/
/

\
\
[

250
zz
08 \\
07 l A / y,
2lz
o-ef|al = » N $z(ﬂ.+sg) b} /
(1-N2) 1 NE) / WHERE N W
0-5 2 2 N V. (AJN
|+ 4N (€I+62) \ / C) = R
©-4 (,_Nz)a N / ' onl T INTERNAL DAMPING
-3 \‘\-.-/ R
€,z ——Eb_ = AERODYNAMIC
C-2 A YR
o N DAMPING FACTOR

ot oz o3 04 05 06 07 0B09 10 i*5 2:0
IMPRESSED FREQUENCY
NATURAL FREQUENCY N

FIG 20 RESPONSES OF A WINDVANE, WITH CONSTANT AERODYNAMIC DAMPING

OF 0O-2 AND INTERNAL DAMPING OF O-1 AND 0O:6,TO SINUSOIDAL INPUTS
APPLIED TO ITS BODY,



aoc®

70°

&0°

4 =06 J—
$Ia=°2// TN

20° / \
20°
‘T
o Q,IO'I \
J, 10° A %2202 L
e
I
0 \
ul 10°
2 N ]
-]
T % g=TAN- 2N A
~ =N \
< ' 9291+ 92) N
3 _Nn2z) 2
so°|__ WHERE @ = PHASE SHIFT
N = Wi
60— R
4, soT " INTERNAL DAMPING FACTOR
Ra
70°— AND 4,= 2 = AERODYNAMIC DAMPING
2 WnN FACTOR
an” l l l L ] I l \ l _
o 0 e O 4 06 o8 hO a2

IMPRESSED FREQUENCY
NATURAL FREQUENCY

FIG. 2]. VARIATIONS OF PHASE ANGLE OF A WINDVANE,

HAVING CONSTANT AERODYNAMIC. DAMPING OF O-2

AND INTERNAL DAMPING OF O-I AND 0O-6, SUBJECTED
TO SINUSOIDAL INPUTS ABOUT ITS BODY.



=

A.R.C. C.P. No.760
533 e6405

CALIBRATION METHODS FOR THE ACCURATE ASSESSIEI™ OF THE STATIC AND DYNAMIC
PERFORMANCE OF SOME FLIGHT TEST INSTRUMENTS. IMclaren, I, Sept, 1963,

Methods for measuring the statie ard dynamic performance of some flight
test Instruments are reviewed with special reference to calibrating equip-
ment such as turntables, pendulums, shaking tables and special excitars,

The principles of frequency response tests are discussed in assoclation
with the theoretical characteristics of varlous, -oLlnally, second o—der
systems which are modified eithsr by the methed of testing or by the
inherent, practicel difficulties of instrument design,

PeTal4

629,13,052¢

A.R.C, C.P. No,760 6:9,13,052;

533,6,05

CALIBRATION METHODS FOR THE ACCURATE ASSESSMENT OF THE STATIC AND DYNAMIC
PERFOLIANCE OF SOME FLICHT TEST INSTRUMENTS, Mclaren, I, Sapt. 1963,

Methode for measuring the static and dynamic performance of some f1ight
test Instruments are reviewed with special reference to calibru’ ing equip~
ment such as turntables, pendulums, shaking tables ans special sxcliters,

The principles of frequency response tests are discu red In assoclation
with the thercetical characteristics of various, nouinally, second order
systems which are medifled eitler by the method of testing or by the
inherent, practical difficulties of instrur:it design.

P.T.0.

AsRuCe CoPa H0.760 629.1300523

53346405

CALIBRATION METHODS FOR THE ACCURATE ASSESSMENT OF THE STATIC AND DYNAMIC
PEFI CRMANCE OF SOME FLIGHT TEST INSTRUMENTS, Melaren, I, Sept, 1963

Methods for measuring the statlc and dynamic performance of some fiight
test Instruments are reviewed with special reference to callbrating equip~
men{ such as turntables, pendulums, shaking tables and special exciters,

The principles of frsquency response tesits are discussed In association
with the theoretical characteristics of variocus, rominally, second ordsr
systems which are modifled efther by the method of testing or by the
Inherent, practical difficultles of Instrument design,

P.T.0.




Disoussion 18 laregly confined to the testing of senaing elements such
a8 linear and angilar accelsrometers, rate gyroscopes, windvanes, and
anciilary devices such as filters and galvanometers,

A brief resume is also given of the gharacteristics and idiosynerasies
of measuring systems in general use,

Digecussion is laregly ccnfined o the testing of sensing elsments s.ch
a3 linear and angilar accelerome*ers, rate hyroscopes, windvanes, and
arc :1lary derices such as filiers and galvanomelers,

A brief resume 1s also given of the characteris: lcs and idlosyncrasies
of measuring systems In pereral use,

Discussion s larsely confined to the testing ¢f ssnsing elements such
as 1linear and angular accelerometers, rate gyrosccpes, windvanes, and
ancillary devices such as filters and galvanometers,

A brlef resume & also given of the characteristics and Idiosyncrasies
of measuring systems in general use,






© Crown Copyright 1964

Published by
Hezx MwuEsTY's StaTioNery OFFICE

To be purchased from
York House, Kingsway, London w.c2

423 Oxford Street, London w.1
134 Castle Street, Edinburgh 2

109 St Mary Street, Cardiff
39 King Street, Manchester 2

50 Fairfax Street, Bristol 1

35 Smallbrook, Ringway, Birmingham 5

30 Chichester Street, Belfast 1

or through any bookseller

C.P. No. 760

C.P. No. 760

S.0. CODE No 23-9015-60



