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PART 1

5 GENERAL CONSIDERATIONS ABOUT TEE DESIGN OF
@ A FLIGHT TEST INSTRUMENTATION SYSTEM

i
: ‘ i
o i
. !
.
E
\
: §
oW
¢
3
: t
f
' y
f !
) v b
B £ ;
3 I 3
3 I
‘ !
:
4 ?
-
:

YD RS OT AT R Mg e

A TR

Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).




'?j

R At ahlinte dtv-2otrdily

-y

-y

GRS AR

T ITOIAA S TRT4 S STIY O E

1.1

1.1 INTRODUCTION

A test is defined in the dictionary as "a trial determining a thing's quality or fituess for a
purpose” involving “critical exsmination". Flight testing is the subjecting of airborne vehicles and
their equipment to such trials, and flight test instrunentation is the means whereby behaviour under
test is measured and recorded for subsequent analysis.

Flight tests are conducted for a variety of reasons but the aircraft involved fall into two
categories:
(a) Uncertificated aircraft

( i) New or modified vehicles requiring operational clearance {certificatiom).

(ii) Experimental aircraft intended solely for specific research objectives.
(b) Certificated aircraft

{ i) In-service trials on military and civil aircraft, involving operational studies, tactical
trials, veapon system optimization, etc.

( ii) Investigation of post certification deficiencies.

(iii) Development of new airborne and ground systems and equipment in which a "flying platform"
is involved; "flying test beds" (engires), "flying laboratories".

( iv) Research apd teaching.

Whereas these various types of testing place many common requirements on the instrumentation
systems, special requirements also arise in each case, and these will be examined in this chapter
from the point of view of the user.

We shall deal with the instrumentation system in its widest sense, comprising both the airborne
and ground equipment and the people involved in gathering the necessary data and presenting it to the
users in the required form. The users include design engineers and operations specialists.

An important specialist activity that has gained promincnce in recent years is the automation of
the énalysis of data recorded on magnetic tape. Data processing and analysis engineers have developed
systems and methods for such automation. It should be kept in mind, however, that a detailed knowledge
beforehand of the characteristics of the input signal (especially the frequency spectrum, inmcluding
noise) is even more essential for these automated syétems than for manual dats processing. An incorrect
assumption on these signal characteristics may cause large errars (for instance by aliasing, see
Chapter 6), which often cannot be detected from the final data output. The users must be fully aware
of the details of the processing that has been performed, in order that any limitations of the methods
are fully understood and that erroneous conclusions from test results are avoided.

In Section 1.2 the manner in which general requirements on the instrumentation system are derived,
are indicated by considering the test planning process and data analysis. In Section 1.3 specific
requirements arising in various categories of tests are detailed, and in Section 1.4 further elaboration
of the data analysis requirements are given.

1.2 THE FLIGHT TEST PROCESS - GENERAL UIREMENTS

1.2.1 Overall trials plenning

The requirements for the instrumentation systea must be determined by a careful and systematic
examination of the aircraft and its systems in iue flight test planning phase to determine the tasks
to be performed. Answers to the following questions should be provided for each task:

(a) What is the overall objective?

{b) What trials best satisfy the objective?

(c) What parameters should be measured? Is externel instrumentsation, such as kinetheodolites, photo-
graphy, alsc required?

(d) what range, frequency and accuracy is required for each parameter?
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1.2

g ; (e) What processing is required on the data? What form of presentation is needed? What requirements
exist for data storage and retrieval?

(f) what analysis is required? Is accurate time correlsation of the various internal and external
recorders required? '

(g) What data turn-round time is required? Is on-line presentation and analysis needed?

(h) what special requirements exisi, e.g. crash recording, on~line safety monitoring, etc? What
special instruments are required for supporting qualitative assessments by the pilots, e.g.
cameras for photographic tufts, ice formations, ete?

Subsequent integration of these tasks into an overall aircraft test plan will determine:

(3) How the total flight test programme will be divided between the different aircraft taking part
in it. What parameters must be measured simultanecusly in each of the aircraft.

(k) Whet additional instrumentation must be provided in order to make each sircraft capable of

supporting and backing up the others in the event of major development problems, loss of an air-
craft or other unforeseen events,

e T R T S T L ORI

(1) What trials must be performed avay from the main base.

(m) What opportunities there will be to re-instrument the aircraft or whether all necessary instru-
) mentation equipment need to be installed from the start.
Finally, it is necessary to know:

[

(n) Wnat space can be allocated to instrumentation equipment. What operational equipment can be i 1
displaced, if necessary. |

: (o) Wnat other physical limits and requirements may apply, e.g. weight, power requirements, environ-
; mental conditions, etc.

The answers to these guestions will permit the important characteristics of the airborne and E
ground equipments to be defined - required recording capacity and facilities, speed and scope of 3
processing ~ and should permit the economics of possible solutions to be examined in detail.

The correct choice of instrumentation system has important effects on the efficiency of the flight
test process. This will be examined further in Section 1.3 for the various types of flight trials.

In all trials, however, there are further general instrumentation system requirements which arise
when the process of flight test data analysis is examined.

In Reference 1 the flight test process is examined in detail, and it is shown that in the analysis

process tvo main stages are apparent; "quick look" and "full analysis and reporting". These are
examined in turn.

1.2.2 The guick-look analysis

This has the objectives:

N T T ATy S T T e R T

( i) To verify the correct functioning of the instrumentation equipment.

» ( ii) To establish that the required tests have been satisfaatorily performed and adequate data is
X available for analysis.

(iii) To monitor the overall behaviour of the system under test and to engsure that thare are no
consistent ancmalies which would indicate operational or safety hazards.

T

( iv) To permit early examinstion and diagnosis of unexpected development or engineering problems.
|
f ( v) To permit analysis requirements to be defined in detail.

Items (i) to (iv) are the direct comcern of the flight test engineer and must be completed and .
actioned before the next flight may proceed, and must therefore be completed well within the planned
turn-round time of the aircraft. This will permit any necessary repeat testing, or alternate test
scheduling as a result of the findings, to be included in the programme.

§ Quick-look stages (i), (ii) anud (iii) may be performed “om-line", i.e. whilst the aircraft is
; actually flying, either by the airborne test crew {in the case of large aircraft) ar through use of :
telemetry to permit on-line display to engineers on the ground. In these cases airborane testing time I
can be used much more efficiently by allowing immediate repeats of tests if necessary or by changing
t0 alternative programmes if instrumentation unserviceability or other operaticnal factors (systems

3!1
z:
-a:
3
i

malfunction, weather, etc.) .require it. The use of such systems will also permit stages (iv) and (v)
and subsequent anslysis to be begun earlier.
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If the programme size or the rigk is not sufficient to economically justity the use of telemetry
or an on-board guick-look system, then postflight quick look must satisfy these needs.

Item (iv), the investigation of unexpected occurences, requires a high degree of flexibility in
the instrumentation system. The instrumentation system must be able to capture the events (including
transients) without undue distortion. Continuous recording devices {e.g. trace recorders) have such
flexibility, subject only to the frequency recponse of the channel and to limitations in resolution
due to the chosen paper speed. Sampling devices can be more accurate for lov-frequency inputs but
define data poorly at frequencies near the “Nyquist frequency" and can be completely misleading if
higher frequencies occur. This latter problem can only be overcome whilst retaining bigh recording
capacity if some form of adaptive sampling is adopted (Ref. 2), or alternatively, if the sampled
system installed for performance testing is supplemented by some less accurate continuous recarding
system for capturing transient incidents. Further, to ensure the capturing of any unexpected incident,
it would be necessary that the instrumentation system was recording a sufficiently comprehensive
selection of parameters throughout every flight. If this were not possible, or if sampling rate were

not adequate, then it would be necessary to hazard the aircraft by trying to repeat the incident
using appropriate instrumentation.

The use of a bigh~capacity instrumentation system can thus reduce the risk involved in test
flying.

1.2.3 Full dats analysis and reporting

Data analysis has the objectives:
( 1) To further ensure the safe and satisfactory progress of the test, and

(ii) To yield the information necessary to satisfy the ultimate objectives of the usera:
(a) Aircraft and systems performance.
(b) Safe cperational limits.
(c) Safe operation life.

(d) Proof of compliance with requirements, etc.

The first of these objectives is particularly relevant to development trials in which safe
progressive clearance depends on the exirapolation of results fram all previous tests to ensure that
adequate margins of safety should exist in the next planned test (ms in flutter testing for example).

If trials progreas is not to be impeded then analysis must be performed quickly (within the

planned turp-round of the aircraft) or the aircraft should be equipped to perform some alternative
independent trial while the results are processed.

In general, analysis involves large numbers of routine calculations with subseguent collation,
manipulation snd interpretation of results from a test series. Calculatiorn, collation and manipulation
are processes which are ideally suited to the programmable capability of general purpose digital and
analogue computing equipment, and rapid analysis requires that the necessary data is recorded in a
form which can be readily fed into such computing systems. However, the state of the art is sukth that

analyst intervention and guidance is often necessary, and such facilities should be recognised and
provided in the processing system.

In certain circumstances “semi on-line" analysis may be justified to allow satisfactory progress
in areas of high risk testing. This is a process where use of telemetry allows capture of test data
vhich is then gQuickly analysed vhilst the aircraft continues flying, so that decisions whether or not
to proceed may be taken by highly qualified specialists on the ground using these test results.

1.2.4  Required accuracy

The required accuracy of the instrumentation system and the individual parsmeters are determined
bty reference to their contribution to the overall error in the final results. To ieke & simple example
let us assume we are required to measure th: cruise performance of s simple turbo-jet powered aircraft.
This can be done by establishing measurements to determine the stabilized values of weight (W), true
airspeed (V) and fuel flow rate (F). It may well be required to hold flight conditions for 20 or 30
minutes to ensure adequately stabilized results. It is well known that the performance of this type
of sircraft can be expressed in non-dimensional form using the parameter "specific air renge" i,wlvhich
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1.4
f is & function of Mach number (M) snd weight function (W/3) only (b is the ratio of atmospheric static
pressure relative to the standard sea level value), as indicated in Figure 1.1.
3l ]
W
o
2
a
[ 4
<
; Q
i O
w
%
/s
- MACH NUMBER ) }
. Figure 1.1 Typical graph showing specific air range ; 3
‘ -:—vuamnctionothchmmbermdil/b E
For these tests the following parameters would be measured: gl
3
atmospheric static pressure p E
impact pressure q, }
total air temperature T, §
! fuel weight remaining HF y
fuel flow rate F. :
i For the purpose of an example it will be assumed that the errors in these parameiers are independent. ‘
5 'I'hu means that Wy is measured directly and not by integration of F and that the "position errora" on
' the first three pa.rametera can be neglected. Tusn the equation of the relative error in the lpeclnc g
! air range SR i
: , 48R _ 4V . dW _ 4F
l;- [ ‘ : } ; SR -‘V M W F {%
N ~ can be expressed in the independent varisbles by using the relatioos |
o vagM VT 1
P+a B
S a(1+0.2 )3
I i
{. T, = (1 + 0.2 )
; ' LI S A i
: : where K is & constant and HE is the total weight of the aircraft without fuel, The error equation then 4
; '; beqa-en
v am (_- ) , 1 i SO e -3 ?
l\ i . 3R udp*q 2Tt VE+VF“F F 3
ih ' For the example we will assume that for each variable the standard deviation of the error is 1 % of p
! the full rauge of measurement. The following table might represent a typical set of cruise values, K
R measuring ranges and relative errors equivalent to a measuring error of 1 ¥ of full scale. \
" E
Cruise Full range of { Relative error in the | Relative error in ;
cruise value due to specific range due .
value meagurenent 1 % FS error to t ¥ FS error 3
\ 2 2 ]
) qc 30,000 N/m 0 to 150,000 N/m 5% 1.8 % 3
2 3
-_ p | 40,000 8/a° | 0 to 120,000 H/u® 3% 1.1 % ;
2 T, 250 X 200 to k00 X 0.8% 0,4 % 1
1
: L 2 ¥g 0 to W, 2% 0.66
i
! 1
| i F 3 Foax Oto F . 3% 30%
‘ i
| 2 As will be seen the maximum fuel veight has been assumed to be half the total weight. The Mach pumber
o
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1.5
is 0.93.

If one was uniucky and all the errors in the last column added up in the worst sense, thea the
error in the speci{ic air range would amount to 7 £. It is, however, very unlikely that such a coin-
cidence will occur ;r the variables are, as assumed here, statistically independent. If the values

"~ in the last column are regarded as standard deviations, the standsard deviation of the error in the
specific air range will be 3.6 %.

e TS

Such en error is toc“g large to ignore anci repeated measurements would be necessary {0 allov "true"
performance to be implied as the average of the observations. (Note: this process will not eliminatz
the bias errors which might be expected vhen considering one set of equipment. However, careful

‘calitration techniques (i.e. measuring snd correcting for environmental factors) could go scme way
to eliminating theu),‘.

o e T LAY YT T

.\ o The above exnnpl“c has been chosen deliberately to illustrate how small errors in combinstion

o can beccme very significant, and indicates that demands of 1/ % to 1/2 ¥ full scale accuracy could

k easily be justified for this type of test. If non-steady test techniques are employed to reduce test

v time then it is Zound ‘\that beiter accuracy still will be required, 0.1 $ full scale being desired,
vith better resolution to aid differentiation (see Ref. 1).

Pea s

"
-
¥

‘1.3 THE IREMENTS OF SPECIFIC TYPES OF TESTING

P The various classes of test aircraft vere defined in the introduction, and the special require-
) ments of each class will nov be reviewed in twru.

1.3.1 Uncertificated aircraft

Safety ir a primary consideration in all airborne operstions and the normal operational instru-
ments provide for this. In this class of aircraft, however, things are being done for the very first

e T T

time. In consequence until the bagic aircraft is proven, the special test instrumentation is involved

in safety, and the need for rapid and accurate feedback of informaticn from the instrumentatian is of
vital importance.

1.3.1.1 Development trials

The planning of such trials usually starts very early in the design process, and the instru-
mentation systems ususlly are installed during the construction of the sircraft.

i s T e e
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Flight testing comprises a very significant part of the total development process of new aircraft
i types and much capital is tied up in it. The true prototype approach, in which sufficient development
i is completed to fully establish the design before production is cammitted, is often no longer viable
and manufacture usually starts soon after development flying begins. There is therefore considerable
commercial risk associated with the late discovery of development problems, involving both wastage of
materials and effort, and the costs of late delivery to the customer. The reliability and accuracy of
the aats gethering system, and the speed and ease with which it enables the engineers to use the data,
have & pignificant effect an the efficiency of the aircraft development process and therefore on the
cost and profitability of the project. Flight trials planning should recognise this and the instru~-
mentation systems should be chosen and depigned accordingly.

B s
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Despite increasing complexity of aircraft and their systems, the elapsed time from first flight
to certification is required to be kept constant or should even be reduced. This requires that flying
rates are maintained or even increased and that test flying effectiveness is increased giving more

E useful dats per test hour. As far as the instrumentation system is concerned this amounts to requi-
1 rements for: ’

{a) High recording capacity, permitting integrated test programmes to be performed. For example,
sufficient parameters need to be recorded to allow performance, stability and control, flutter
and even systems tests to be undertsken at each of a number of test points on any given flight.

(b) High reliability and stability of calibration to minimise instrumentation work between flights.

{¢) Telemetry may be used as indicated in Section 1.2.2 to increase testing efficiently and its use
may also increase flight safety by permitting monitariang of systems behaviour and, when relevant,
pilot actions (e.g. stalling and spinning tests).
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Ideally, the flight test engineer requires an instrumentation and display system such that he can
safely and quickly explore the whole oparational flight envelope to identify major problems; subsequent-
1y concentrating on solving these problems and gathering all of the formal data necessary forc;mr:.c&-

Further the flight test and analysis engineers are required to develop techniques to obtain results
of the required quality from less flying. Thus greater emphasis is being pluced on the ability to
extract infarmation from non-stesdy tests. Hopefully ro formal testing should ultimately be required
to establish performance sad stability and contral dats, this being extracted as & continuous process
. from all flying. This will require high accuracy from the instrumentation system, together with nev
: analysis technigues. In the past, analysis of data has normally involved breaking down the observed
; ' behaviour into its parts by direct manipulation of the results. In this vay the fundamental factors
governing the behavicur can be revealed (for example, performance as & function of thrust, drag, and }
fuel consumption, each of which in turn can be expressed as functions of flight condition, aireraft ‘

I

'
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coafiguration, engine conditions, etc.) but as test and aircraft complexity increase this becomes more
and more difficult. In the writer's experience no satisfactory method of anulysis has been developed
to allow the completely sutomatic extraction of performance information from general non-steady
manoeuvres, because of the difficulty in smoothing the dats suitably. An alternative approach would
involve synthesis, in which the expected behaviour under the actual conditions of test would be ‘
calculated from the relevant design data assumption and compared with actual behaviour. Satisfactory
agreement may be taken ag proof of design, or in the case of lack of agreement consistent amendments
of the design assumptions would be made to obtain agreement. ‘

APPSO (R

Such techniques have already been applied vith some success to sircraft performance testing and
stability "matching” and could readily be extended to cover systems temperatures and performance,
structural loading in manceuvres etc. The technique lends itself to automation since in general the
calculations are anly apecial cases of design calculations.

PPN, SN TPVENIO C R

Tests will be reguired in all aspects of:

Stability and control

Performance

Structure (losds and flutter)

Systems (including avionics)
and study of the special features of the aircraft along with the various applicable statutory require-
ments (Mil. Specs, FAA requirements, etc.) will determine the minimum basic test programme. However,
many areas require very careful thcught as to huw best to perform tests and vhat measurements are ;
necessary. .

s
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; This is especially true in systems testing but it applies in other areas too. The proper use of

ground rigs and simulators and mathemstical modelling techniques generally will lead to minimum-cost

solutions. This is best illustrated by examples: ;

A { i) Alternator cooling trials

Alternators are ususally ram air cooled and two approaches to flight trials come to mind:

3 (a) Load the aiternator electrically to its rated output - measure stabilised critical component

3 temperatures (windings, brushes, etc.) at a number of points in the flight envelope (perbaps

] 30 minutes per point) - analyse the data to cbtain the temperature-flight condition “lew™,

, and extrapolate to worst specification conditions and assess the adeQuacy. It may be neces-

Y ; sary to perform tropical trials to confiram this prediction.

(b) Perform ground rig tests on a loaded slternator to determine minimum cooling air mass flow

] required over the expected cooling temperature range. The instrumentation intended for flight

1 trisls should be calibrated during these tests. Fly to measure the sctual cooling air mass
flow achieved in flight at the same test points as in (a), which should take ocaly a few
seconds per point, and confirm direactly the adequacy of the measured mass flow. Mo extre-
polation should be necessary and no tropical trials are needed for this reascan.

It is seen that the second method will lead to considerable esconmmy in flying time, snd, since

a suitable ground rig +ill probadbly exist for other ressons, will prove to be the mare economic
solution.
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(ii) System testing .
Here we are concerned with trials to establish the performance of the system under all possible
circumstances (in this case performance involves important statistical variation, as for example
in inertial navigation systems or weapon delivery systems, and we are required to predict the
performance of the vhole family of production aircraft and systems, and not just to state the
performance of the few development systems that were tested).

If a mcdel of the system can be established - this may be either a systems rig with "real
wvarld" simulation or an entirely theoretical model, for example a mathematical representation
on a digital computer - then it can be used initially to aid trials planning. Subsequently, it
can be used to help solve development problems and its performance can be "matched” to the
obgerved behaviour in tbe flight trial. In this way the important characteristics of the system
can be identified and fully represented. The performance to be expected from the production
systems can be determined by inserting the expected characteristics (including tolerances) and
large numbers of test runs can be simulated to establish statistics quichkly and relatively
cheaply.

Without the use of a model the solution of development problems may prove very difficult,
and extensive flight trials would be required involving different sets of equipment in order to
determine with confidence the representative statistics. This would be an extremely costly process.

When all of the requirements have been collected, careful thought should be given first to the
use of existing company owned equipment and facilities to solve the problem. These will be well known,
personnel will be already experienced in their use and any ahortcomings can be eagily recognised and
corrected. Only if these facilities are not adequate, should attention first be directed to available
off-the~ghelf equipment and, as a last resort, to the building and development of completely new
systems. In this latter case every effort should be made to develop and prove the chosen system using
a suitable test vehicle, otherwise the development of the new aircraft will be slowed by the need
for parallel development of the instrumentation systems.

1.3.1.2 Experimental aircraft

The emphasis here must be on obtsining minimum operational and safety clearance of the various
essential systems followed by progressive penetration into the areas of flight dictated by the
research objectives.

Parameter lists and analysis requirements are likely to contain new and novel requirements and
the ingtrumentation of any special full scale rigs and gantries (of the type much in evidence in VTIOL
work) is an additional concern of the flight test engineer. The high temperatures and temperature
transients cccurring in aircraft used for research at very high speeds present many difficult problems
in the design of the data collection systems.

There is likely to be an even greater emphasis on the need for telemetry safety monitoring if
complex control systems are involved or if significantly new flight regimes are being explored, and
this can also fulfill the requirement for accident dats recording.

In most research programmes with experimental aircraft the flying rate is relatively lov (e.g. cne
flight per veek or less). The main ressons for this are that usually a detailed analysis of the flight
data must be made before the next flight can be planned, and that flight with experimental aircraft
require extensive ground prepa.i'utionl and preflight/postflight checks. Under these circumstances the
turn-round time of the data processing equipment may still be the limiting factor in the preparation
of cach new flight, notwithstanding the low flying rate. For each programme this turn-round time should,
therefore, be carefully planned. For some long-term research programmes the flying rate is mainly
determined by the allowed rate of expenditure. In such cases the demand for rapid turn-round of instru-
mentation date is likely to reduce in favour of more systematic and thorough data analysis procedures.

1,3.2 Certificated aircraft

The type of instrumentation used in tests vwith certificated aircraft will depend very much on the
type of test made. For the investigation of deficiencies of the aircraft or its equipment very simple
systems vith only a few channels can often be used. In some cases the AIDS system already availsble in
the aircraft can be used after slight modification. For large-scale operational tests and for the
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development of new ejuipment or new engines in "flying platforms" more complex data collection systems
5 and automatic processing are often necessary. In such cases the equipment developed for the initial
SRE . flight testing of the aircraft type can sometimes do very good service. For teaching it is likely that,

A ' to get at the fundamentals, the most simple and basic instrumentation systems are used so that the
student may fully experience all stages in the flight testing process.

When instrumenting an operaticnal aireraft very careful attention to detail vill be required to
avoid interference with systems operation and to maintain systems reliability. For these reasons it
may be best to produce' an entirely self-contained instrumentation package with independent transducers
rather than to "tap into" normal aircraft systems. Ia some cases such self-contained systems are

" mounted in modified detachable fuel taunks, so that they can be used on all aircraft of the same type.

bkl

i

Development trials of systems and equipment are likely to be even more intensive than aircraft
development trials, whereas trials involving operational transport aircraft are probably the least
L , intensive, being secondary to revenue earning and involving long delays between conduct of a flight
" and return of the recording to same central processing and analysis facility (Ref. 3).

1.4 DATA ANALYSIS REQUIREMENTS

gt bl

Efficient flight testing requires the rapid turn-round of fully analysed results in order to
_ ensure reccgnition and reaction to development problems and/or the need to repest testing with the
R ' B minimun wastage of flying.

- 2l s

The formal analysis process can be speeded up considerably by the use of digital camputers,
especially if the data is recorded in a form permitting automatic input to such machinery. If such
a system is adopted then a great deal of effort must be devoted to the development and proving of
the necessary data handling and analysis programmes before flying commences. The computer programme
should be flexible enough to enable changes to be introduced quickly.

sy TEPTTRITTE

However, to help speed up the solution of unforegseen development problems, re_quiring ungcheduled
analysis of the recorded data, the power and speed of the computing system must be capable of direct
cantrol by the user in an interactive way, so that data can ".e displayed, manipulated and operated
upon progregsively as new facts are discovered and clues are followed up.

Such a system should operate just as one would with slide rule and graph pad, but dividing the
’ functions so that the engineer does the decision making and control and the machine does the srith-
metic and presentation at very high speed. The machine's repertoire should include not cnly tbe stand-
ard operations of data extraction, calibration and displsy of time histories, but algo the calcula-~
tion of standard functions (Mach number, energy height, lift coefficient, centre of gravity), insertion
of Vslide rule type" calculations, data editing and correction, smoothing, curve fitting and cross
plotting. At each or any stage hard copy should be available on demand.

e dah s sl e b Al S S
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Interactive graphic terminals exist which permit such working and notable applications to the
flight testing are the systems described in References U4 and 5, the former describing & particularly
well developed systenm,

T

The final product of analysis should be technical reports in which data from a test series are
collated and reported. This work can be usefully aided by establishing in the data handling machinery
“data banks" in which test results are stared progressively as they are produced and subseguently
handled interactively as described sbove for individual test data.

1.5 SUMMARY AND CONCLUSIONS

Users of flight teast instrumentation require data gathering and analysis systems which have the
following characteristics:
3 (a) High data gathering capacity with the ability to accept any mixture of types of analogue and
v“ digital signals.
1 {b) High overall sccuracy vhere necessary.
’ : {c) Good relisbility.
(d) Good maintainability.
(e) Good flexibility, to cope with new requirements and unforeseen occurrences.
(f) Fecilities for crash recording and telemetry monitoring when necessary.
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(g) Data storage in a form suitable for direct entry to data processing and analysis equipment, systems

rigs and mathematical models. . -
(h) Powerful interactive data analysis facilities.

The correct choice of system can have profound effects on the efficiency of flight testing and,

in consequence, on the overall cost and profitability of a new aircraft project.

The optimum solution should be sought for each project from careful study of the tasks and the
associated data analysis requirements, and the capability of existing resources to meet these. Co-
operation between the fiight test engineer, the insirumentation engineer, and the dats analyst should

allow this optimum to be identified.

There appears to be no universal optimum. On the coutrary, the instrumentation systems are likely
to vary as widely as the types of aircraft snd the types of test for which they are intended. In later
chapters of this book the different instrumentation system approaches will be discussed in greater

detail and their particular fields of application will be indicated.
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CHAPTER 2
5 7 AN _INDUCTION INTO THE DESIGN OF PLIGHT TEST

¥
INSTRUNFRTATI OK_SYSTENS .
B.L. Dove

Flight tests programs invariably represent a significent invesiment of resources, and therefore,
considerable care must be devotedto identifying the specific requiremants for the flidat tests and to
sasure *hat tha data system will yield the required information, The types of flight test information
which can be obtained are discussed in Section 1.1 of this book, The first step towards the realisa-
tion of a flight test instrumentation system then is a clear staiemeni of the objectives of the flight
test program, These objectives are drawn up by the specialists which require the information: for in-
stance, the office which has designed a new aircraft or a new piece of equipment which must be tested,
or the operations office having a need to experiment ‘vith new military air tactics. On the basiz of
- these objectives, the flight test organiszation will prepare a preliminary flight test program, a list

of paransters which must be measured, and other special requirements, such as those mantioned in
Section 1.2,1 of Chapter 1,
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At this stage of the design prooqss; various ways of organiging to accomplish the work are
utilised, each with its own advaniages. Should a project organigation be created, an instrumentation
sysiems engineer would normally be assigned to the organiszation along with flight test engineers and
test pilots, Data processing specialists are rarely assigned to a specific project, but this decision
dspends upon the merits of each case,

s

oy e s s

The instrumentation design phase which follows begins when the flight test sugineers develop a

measurements list (see Section 2.2.2). Using this list, the instrumentation engineer produces an
overail design approach for the insirumentation systiem,

i aniliard e

In the insirumentation development phase, the hardware and software of the inairumentation systenm
are developed by technical apecialists, In this phase, commercially available parts will have to be
choasen and ordered, and the parts of the system which must be made in-house are designed. At the end
of this phase, the actual hardware and sofiware have been produced.

T
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Whan the total instrumentation system, or at least major parts of it are ready, they pass into
the test phase. The importance of this phase is often underestimated, with the result that "teething
troubles” sometimes cause delays in the itransition to the operational phase of the flight test program,
It is very important to take instrumentation testing requirements into account when planning a flight
test program, for in some cases it has required as much time as the design and development phases
together. Many of the tesis can be dane in the laboratory, but experience has shown that actual flight
testing of the airborne equipment is essential as it reveals weak poinis which were not apparent during

tests under simulsted conditions, This phase can also be used to train equipment operators and
maintenances personnel, and to finalize maintenance schedules,
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The gensral procedure described above is generally applicable for the design of instrumentation
aystens used for tesiing modern high-performance aircraft.,

2.2 FACTORS INPLUENCING INSTRUMENTATION SYSTEM DESIGN

ke

2,2,1 Introductory remarks

The nain task of the design project group is flight test program planning which includes finali-

sation of the msagurementis list, and, subsequently, the determination of the instrumentation system
dssign approach,

The design selscted for an instrumentation system is a reaction to requirements resulting from
3 discussion of the long-range plans of the flight test program, and the specific details of the current
] flight test plans which inoclude all topics discussed previcusly in Section 1.2.1.

In the normal cours of evants, several avenues to program success exist for the flight test
1 engineer. From an instrumentation point of view, some of the possible approaches to the flight teat
s prograa may require much more complicated instrumentation systems than others, For this reason, flight
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2.3

test objectives must be specific and a discussion of them at an early stage must allow for an inquiry ) ’f

into the reasons behind their selection, Significant saspeots oan be, for instance, the division of the g

- flight test program between & number of aircraft and the plans which exist for more or lass similar .
it '

- flight tests with other types of airoraft,

T
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2,2,2 The weasurements list
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Definition, A measuremsnis list is a oatalog of the quantities to be measured in flight {ests.
Typioally, a measurements 1ist contsins as & minimum: the measurement name, range of valuss expeoted,
aoourscy, resolution, frequency responss, location on the aircraft, emvironmsntal conditions, phase
correlation with other msasuremsnts, flight period of importance, msasuresent priority, and remarks,
This is prepared by the flight test enginser on the besis of the flight test program, The instrumen-
tation enginser should be drawn in at an sarly stage and may contrilute instrumsntation-oriented
requiremsnts to *he list, Figure 2.1 is an example of a Mtl list. The exaoct form of the list
may contain wore or less informstion, depending on the complexity of ihe aystem, The messurements
list is s good indicator of system cost, schedule, amount of daia processing required, eto, A
measursments list, being the cosmon linksge between ithe flight test enginesr and the instrumentation
engineer, should be kept up-to-date and reflect all agreed changes.

 an st Mk e LS A
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Use of the measurements list, Just why is & measurements list mo vital to the instrumentation
sngineer? It contains the essential information needed by the instrumentation enginser to begin the
aysten design work, The design approach osn be determined only after considering these requirements,
The flight test enginesr should provide a measureasnis list as early as possible in the program,
though its formuiation should not be rushed, It can be very halpful if complete, If incompleis, it can
initiate only a partial -- and sometimes false -- start, Situations do occur where, in order to gain
the advantage of lead time on development work, an early disclosure of even an incomplete list is
sdvantageous, Such an inoomplete list should be accompanied by an indication of what, in gensral, may
come later. The measurements list may also show remarks to indicate that further experimental work

will be needesd befors some of its inforsation oan be supplied as, for example, in the onse of aircreft
environsental conditions,
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The instrumentation engineer should assume the responsibility for challenging the requirements
imposed by the measurements list., This validation proocess is a constructive practice in which the
flight test engineer must participate, and even though the conversation may at times beoome heated,
it should be emocouraged to contimue, It has often been experienced tbat suoh discussions bhave led to
{ solutions which did not require costly special equipment, Ths instrumentation engineer, in arguing
for hig pomition, acts to prevent excesses and speciasl cases from being imposed through default,

It must be understood, howsver, that the instrumentstion engineer does not have the last word about

the measurements list, The flight iest enginesr can insist and oan, though sometimes at a very high
cost, get every measuremeni he desires,
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The instrumentation enginser will usually atiempt to negotiste an adjustment of parameters on the ]
msasurements list (such as measuring range, acouras ‘requsncy responss) so as to bette. match those
of more commonly supplied or stock transducers, This can reflect in savings in both cost and time by ]
allowing the uss of units already in hand and calibrated, It is not unusual for this to be done, for |
typically, some of the paramster specifications result from anslytical work only, and though
caloulated precisely, do not refleot actual flight test sxperience, Certainly, gross changes in para-
meter valuss are beyond the scope of this suggestion,

2,2,3 The rall de of the inst tatio st

PRI

In thia section, only the general and organisational aspects of the design of a flight test

instrussntation system vill be discussed, The more detailed aspects will coms out in the later abapters
of this book. '

It is convenisnt for this purpomss to view flight test instrumentation in & broader sense than
just the omboard equipmsent, and to divide the system into twe parts, which are physicslly distinot
and which are gererslly developed hy different groups of engineers (Pigure 2.2), They ares

= the data oolleotion subzystem, This subsystem includes all measuring channsls and their
assooiated equipment, whioh must be demigned to function under the oftes stremucus envirommsutal
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Figure 2,2 Block diagrem of a flight test instrumentation systea

conditions in the airoraft, This subsystea usually ends in & recorder, where ths information is
tesporarily stored; some of the aquipment used on the ground is often also regarded as part
of this subaystem, for instance, the receiver and the ground recorder of a telemetry systes, and even
the measuring channels of any ground-based measuring equipment suoh as kinethecdolites.

- the data processing submystem, The iask of this subaystem is to oonvert the collected data to
! & form whioh is suitable for interpretation. This intserpretation is umwlly done in two stagems
first, a limited analysis ig done as quiokly as possible, in order to find out wbether the tests bave
gons well and whether the data collesction equipment has functioned correctly, whish is the basis for
the planning of the next flight; then a complete analysis begins, which must provide'the tes} resulis
4 : in their final forn., The dats processing squipment is generally used in a well protected environment
i on the ground though, in & few cases, part of the analysia is already done in flight, For very simple
f tests involving only a few paramstiers, data processing can be done by hand, But in most flight test
i systeas, s large amount of data prooessing equipment is used, inoluding ons or more coaputers with

often complicated software,

An instrumentation eagineer begins his work on the data colleotion sub om by olassifying the
entries in the measuremenis ligt sccording to their frequency response and accuracy requirements,
These two factors heavily influence the selection of the system approach., High acocurasy i‘cqnirmntl
in combimation with low-frequenoy requirements and a large number of paramsters to be measured usually
point towards a digital cystem. High-frequenoy responss with low sccuracy requiremants and a not too
large number of paramsters csn often be handled more easily with an analog system, especially if the
interpretation of the flight test results can bs dons directly from & graphioal representaticn of the
time history of these parameters. High accuracy and high-frequency response for a largs number of
! paramsters will require & complex, ocostly system, If such a sysiea sesms nscessary, a oareful
reconsideration of the purpose of the flight tests may sometimes show that the objectives can aleo be
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2,5

resched with a less complioated sysiem. A few high~frequamcy channels can often bs acoemmodated in a
digital system by using superocommutation, a few high acouracy chsnnels cam be made availadble iz an
amalog system hy using coarse-fine recording on two data tracks, If too many chaumels of both types
‘are required, it may be necessary to use both anslog and digital systems in the sams airoraft,

By further sorting of the measuremenis list according to other requirements, mich as the period
in the test program when ihe parameter has to be recorded, its priority, ete., the imstrumentation

engineer will arrive st the number of parameters whick must be recorded simmltansously. Here, two
approaches ars possible:; ihs data colleotion sysiem can record all parameters during all flights and
the selection of the relevant data for each flight is done in the data processing system, or the systam
oan be demigned to record only the relevant paremsters during esch flight, If the first approach is
used, & larger number of data channels will be required, which gensrally mesans that the airborns
squipwent will oooupy more space; it has the advantage that all parameters are being recorded whea an ,
unsxpecied phanomenon ocours amd is, at least in part, necessary if ithe modera flight test techniques i!
mentioned in Seotion 1.3.1.1 are used, If the second approsch is used, different paramsters can W
recorded alternatively on the same data track sr that the physical dimnsions of at least the recerding
systam can ofien be markedly rednced; ii then requiraes, however, a more complicated provision for
switohing different parameters to the same data channel and it will often require more time during the
pre~flight and post-flight ohecks, In mome types of flight tesis, there are ~any paramsters whioch 3
need only be measured a few times during the flight test progrsa. If the data processiag is not too
highly automated, it is often easier to have those parameters read during flight by human obssrvers
than to reserve separate data tracks for them, Another important step in ithe design of flight test
instrumentation is the decision whether onboard recording or telemsiry (or both) will be used, This

decision is based upon fasctors such as data twrnarcund time, airoraft range during flight test, and
potential hasard, ‘
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, The more technical aspecis of the gensral design are giwen in Chapter 8, It must be stressed that
this development sust be made in parallel with that of the dats jrocessing system, so that
competibility between the two oubsysiems is ensured, Also, the geueral linss of the calibration
procedures must be laid down simultaneously, When the gene:sl deiign of the data collection subxystem
has bean agreed upon, the detailed design of each data churnel cun be startsd (ses Chapters 3 through

§) and the calibration techniones (Chapter 7) and the recorling or telemetry aystem (Chapters 9 and
10) csa be chosen.
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In parallel with the data colleotion system, the data priocsesiuvg subsystem musi be developed,
If only a few parameters are involved and if the operations which have to be done on thess parameters
i are not toco complicated, data processirg by hand often provides the optimal sclution, But, for most

: flight tests, tke use of more automated data processing has become an essential rywquirement, The

number of pecameters which can be recorded simuliansously hias incressed enormously (to several ihousand
parameters), while the turnaround time of the data procsssing has remained ccastant ur bas even baen
reduced, Thrse large amounts of data are usurlly recorded on asgnetic tape (either directly omboard
the airoraft or in a telemetiry station) and can thea be processiud hy computers. The larger musber of
paranciers per flight sad the inoreased computing capacity can b used {0 reduoce the mumber of test
flights for a given test progrem, and to flight test much more cumplisated airorafi in the same time
as asimpler aircraft types were tested previously, In the latest :ysiems for the flight testiag of
aiverafi, even the intermediate storegs of the dais om magnetis tups im 20 longer sssextial: Selemstered
data are jrocessed on-lins in high-speed digital coxputers and the data are immediately displayed to
hum:n observers on the ground to exmable them to give 1esl-iime directions to the flight crew and to do
the interpretation while the airoraft is still flying, This technique, which wvas alresdy used in some
casss for a few parameters when oritical flight lin:latiou were being explored, is mow being used

Auring the complete flight test progrsam for inoreasing nusbers of parameters (Refs, 4 and 5 of
Chapter 1).
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It is convenient to break down further ths data processing into two phasss: the pre-proocessing

phase and the computatinn phass. In the pre-processing phase the data remain in the form of time
histories of tha different paramsiers, but many kinds of operations are perforsed on thease time

historias, such as: conversion to a computer—compatible format, selection of channels, filtering,
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2.6

spplication of calibrations, eto. Thess are all more or less standard opsretions for all parameters,
In meny processing stations, especially ilioss whick reneive many differeat types of imputs suoch as
_onboard recordings, telemstiyry data in different amslcg ad digital formets, s spscial pre-processing
ocugster is used for all or most of the pre-processing opiretions, At the emd of the pre-processiag
phass, the data are usmally recordsd om s maguetic ey wiich is compatible with the iaput requiremeats
of standard digital computers, In the gomputatjon phaes, iless dsta are thea further processed to s
state where they can be used for irterpretation of flighs »<iuits. This is ussmally dons in a standard
, digital computer, which is often shared with other users. In many flight test progrems, a preliminary
“ stage of proosssing is required for guick-look and iustruseniation checking, Thias provides time
hisiories of a limitesd number of parameters, from which the quality of the flight tests can be
estinsted as a guidalins for the plamning of the next flight, and imforsstion from which snosslies in
the instrumentation system ocan be detected. The main requiresant for this phase is that the dats must
be available as soon as possible aftar the flight. Quick-luck data are sometimes obtained hy

i telemstering & linited amount of data to the ground, or by & special computer run of the dats from the
E cnboard recorders.

;
I

Eas

Data proocessing equipment is seldom bought for a single flight test program, It usually is already
available before the design of the flight test imstrumentation system begins. The main design aspect
of data proocessing is, therefore, the produciion of the nscessary software, During the design phase,
the plans for the data pocessing program must be closely corrslated with the flight test program, the
| .capabilities of the data collection aystem, the organisation of the calibrations, etec. During the
i development phase, the programming will be dons by data proosssing specialists with close cocordimation
! with the instrumentation engineer. Ample time should always be resirved for testing and optimizing the

software, using inputs from the actual data collection hardware as it becomes available,
[ 2,2,4 Other factors of influence on mystem design
E In the design of an instrussntation xystea BASIC N
3 for flight testing, & number of aspecis must be D—
r taken into account which have not yet been ACCURACY

disoussed in detail, The most important of these

are listed in Mgure 2.3, and are briefly CAPACITY
discussed below.

X Cost, Ths cost of s flight {est instrumeniation 8

| aystem is directly related to the requirvasnts ENVIROENSNTAL

imposed, An instrumentation xystem designed to QUALIFICATION

3 ; satisfy only the requiremants of a given flight /\
' test progras will have a basic cost, Below this FELIABILITY

e Al

basic cost, performance of the gystea will be
degraded or capability eliminated, Acoursoy has,
perhaps, the most important influenct on cost,
4 5 percent overall acouracy is reiatively easy
to obtain from snalog recording and tslemetry
systensi 1 percent is a very diffioult goal for
analog systems, but is easier io obtsin from

considoration of what asourscy is really needod
should precede the design of any new
instrumontation system.

The inolusion of optional items may
ocontribute significantly to ihe overall cost of
the xystem, It must bw kept in mind, however,
that for a system which can be umsed for other

~ Document provided by SpaceAge Control, Inc. (http://spaceagecontrohoom/). . . - . wi- v uemsesi
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tasts as well, the initial cost may be higher but the cost per aircraft may be low, Gns of the
diffioulties of finuncing advannes in instrumentation aystems is the reluctance of flight test
engineers to provide funds for requirements beyond their immediate needs. Separsie batiles sust be
waged Yy instrusentation organisations to get funds for improving the instrumsentation oapsbility.
Experience has taught that one of the best cost-ocontrol techniques is the careful review cf the nsed
for every data channsl requested , including an evaluation of its anticipated value. If ths progrens
oan be acoomplisbed using conventional techniques, this should be seriously oonsidsred,

Development or modifiocation, From an examination of all requirements, & decision must be made
regarding how much of the requirements ocsn be satisfisd using existing systeas or components of those
systems, If existing system oapabilities prove to be inadequate, modifications (such as the addition
of channels, inorease in sampling rate, etc.) can be considered. Modifications are not always sucoess-
ful, but the faot that the accumulated experjence with the old system can be applied to the new sysiea
is an enormous advantage. With a new systes, riaks are always involved, especially when the development

is scheduled, Ample time should be reserved to gain experience with a new system and to test it under
laboretory and flight conditions,

Sckedule, Flight test instrumsntation systems are in many casss developed under a very tight
sohedule, In practice, it is usually very late in the development of an aircraft or of an operstional
procedure that the messurements list can be made up. A flight test progrem schedule prepared without
consultation with the instrumentation engineer is daficient from ths outset, An adequate amount of time
in the sohedule must be allocated, especially if new sysiems are io be developed, becanse sany
unexpectsd delays tend to ocour. In certain situations, making preliminary program requirements mown
to the instrumentation engineer will permit him enough lead time to begin the dsvelopment work,

Flight test programs dependent on the developmsaut of a new system must either provide emough time
in the schedule or sustain additional cost due to extra manpower and overtime work,

Personnel, The design phase must be execuied by highly qualified personnsl of the flight test

instrusentation department, For the developmeni phass, subconirsciz oan bs lei to the industry, but e
design team must be available to supervise it,

Not only the personnsl involved in the design and testing must be highly qualified, the same also
applies for the personnsl which must mainiain and check the instrumsntation system during its
operation, Ampie tims in ths test phase must be reserved for training this personnel, This training
sust not be limited to just routine operations. The msintenance crew should know as much as posgible
sbout any weak pcints in the system and aleriness should be stimulated to detect errors and system

deficiencies. A qualified and well irained maintenance crew is an important aspect for attaining
Program SUCOeSS,

Acourscy, The acourscy of flight test dats does not result from the irensduser socuracy alone,
but is dependsni uponm maintaining scourasy throughout the instrumentation system, Verifying overall
acouracy adds to the anilytical phase of the design in that special tests on all components processing
the signal must be made, precision calibration meihods must be deweloped, and ihe data collection,
pre-prodessing and prcoessing subaystems must qualify to & more demanding specification. Experimsntal

verification of the overall incuraoy in the test phase will also require much time and expemiiture of
funds,

Envirogmental cualifications, in important aspect of ihe oversll accuracy is that it must be
reached under the envirommental oonditions presant in the airorxaft, Thess inoclude pressure, tcuperature,
vibration and shoak, But also mich othar aspeots as slectrical and redio imterferemce, power sysieam
aoise, eto, The difficulty especially with thess lattar effects is that they are diffioult tc estimate
weforehand, Bven though meny precsutions lile shielding and optimal poimts for ground coamections oan

be taken during the design phase, ouly actual tesis ia the airoraft oan show whether thess have
suocceedsd and what furtber measures need {0 be taken,

Reliability, Reliatility is built into & flight itest instrumentation systea bty using quality
oonponants that have undergons a suitable test program and have a flight history similar to that of

thé intended application. Reliability is further easured through good workmanship, inspsction, and
good smystem design.
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Another aspeot of reliability is safety, Flight testywry in the dangers to which the ajroralt
and its ocoupants are expossd, An attespt 40 minimine these dangers can place special requirements on
4’ ths reliability of instrumsntation gystems whioh will be reflected in cost and schedule, Special
. _safoty msasures will also have t0 be taken when the instrumentation aystem is conmscted o the cirouita
of the pilot's instruments or to esasential systems in the aircraft, If flight paramster valuss are

extremely oritical, safety monitoring by telemstry or hy onboard ibssrwvers may be mesdsd. Requiremernis
such as this should be identified in the progrem beginning.,

Maigtenance, Every system designed and Wuilt will require maintenancs in its lifetime,

Planning for this during system design is essantial,. Msintenanoce schedules should be set up esrly,

The judicious selection of piaces to insert test points for performing electrical cheocks without
disturbing ithe mysteam will pay for ithe effort expended during the design. The placement of test points
for convenience can be as important as the existence of the test points themselves, Routine maintanance,
such as cleaning recorder heads or replacing oscillogreph paper, will, of courss, be performed without
using test points, tut the real usc of such maintenance aids comes when something fails to funotion,
Pault isolation is greatly aided through the use of appropriately looated test points, buili~-in or
portable test equipment capable of genereting calibration signals, and through the location of

functional portions of subaystems in physicslly separate modules. In this way, complete functions can
be expeditiously replaced. :

oo
s e R AR T T T NS

; Aoocessibility, The efficiency of msintenancs procedures can be impedsd if the components in ihe 1
systemn are inacoossible when built into the airoraft. The location of test points and adjustable ]
devioes which must be readily scoessible for maintenance must be planned, as to its most advantegeous
position in the airoraft. In prototype airoraft, additional facilities are often provided for the
instrumentation, which will not be provided in production airoraft, This must be plauned at an early

s
stage, so that the iastrumentation requirements can be accommodated during the modificstion of the |
test airoraft,

ot Al e e S

D ; Flexibility, FMexibility is the designed-in capability of an instrumsntation gystem to be changed
; ’ to meet differing flight test requiremenis and situations. The objective of flexibility is to minimise
the amount of change required in an instrumentation system as a result of large changes in a flight Va
test program and sven to adapt it to other flight test programs in other types of airoraft, 3
] Though a "universal® flight test instrumentation system would be both too costly and ineffective, a

i systea designed to matisfy s mumber of flight test programs and types of aircraft car bs cost effective

‘} and the least obstacle in a fast-paced schadule, Flexibility cannot be limited to sysiem capacity %
and eleotrical charscteristios, If more than one airorafi type is to use it, the instrumentation gystem : p
will also need flexibility in its physical design, 1

Standardisation of designs, componsuts, a:d layout snd construction at the subsxystea level or
lower, contribute to system flexibility., For example, a system ocan be designed and constructed in ths
form of s compatible set of modules or printed~circuit plug~in cards and be used t0o asssable several
f1ight test instrumsntation units without the need for a complets new design. For pre~processing and |

; processing systems, which involve large capital investmssnts, flexibility is esseatial. §

i i T T AT 0
e

. Standardisation, in gemeral, aids maintenance personmsl through familiarity gained by repeated
‘ use, contributes to lower cost through quantity purchasss, and requires less vedesiga. Ths repeated

flight experience of componenis and subsystems providss realistic reliability information and
increased confidence,

: 2.3 CONCLSION

The subjects introduced in this chapter represent ithe laogical first order of business in the
design of an insirumntation system in that goals must be established before detailed design can begin,
From this point forward, design speocialists must decide how best to fulfill the stated requirements, ! ‘
There are meny significant technical decisions to bs made befors a complete system osa be realised. ' 1
Sensors, transduocsrs, signal conditioning techniques, and electironic hardware must undergo oareful

analysis and laboratory testing. Software must be progremmed snd tested. In the following chapters
of this book, the dstailed design of imstrumentation systeas will be discussed,
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CHAPTER 3
METROLOGICAL CHARACTERISTICS OF A MEASURING CHANNEL
by R |
L - - S J. ldrac
: 4
. ODUCTION 3
i
E The success of a flight test operation, and in fact, of every operatioz involving measurements,
{ depends on whether the measured deta represent the values of the meagurand at the moment of measurement

vith sufficient accuracy. As the number of possible technical solutions of a measurement and the com-
plexity of the measuring equipment increase, the design of such equipment more and more becomes a
matter of team work of seversl specialists. Such team work can only provide optimal results if all

Bt M il A g

: specialists use the same language, i.e. if the same terms convey the same concepts to all. In the

& past, this has often not been the case, largely because many flight test engineers do not have a
sufficient understanding of the language of the instrumentation engineers. In this chapter an analysis
wvill be given of the fundamental characteristics of a measuring process and all concepts will be

carefully defined. The more technical aspects of the design of a measuring channel will be discussed
in Chapters 4 to 7.

e i b k1. i s L i 3 e o 2o R

A measuring channel as considered in this chapter cen be & simple pointer instrument or a complex
assembly of several airborna “black boxes" such as a transducer, & signal conditioner, a commutator, an
analog-to-digital converter, an indicator or recorder, etc. and often of some of the associated ground

equipment. The main metrological characteristics of such s messuring channel are:
- measuring range o

OIS 37 VT VU WU S

AF ‘ -~ gsengitivity 1
- - linearity :
¢ - aceuracy. i
1 The accuracy must be regarded under three aspects: ‘ )

- static accuracy

‘ C g
- dynamic response ’
- fipesse.

These characteristics will be discussed separately in this chapter. Before doing this, it will be 1

. useful to give a short analysis of the (mental) steps involved in a measuring operation (Section
3.2) and to define a few terms relating to errors (Section 3.3).

g

v

3.2 PHASES IN A MEASURING QPERATION

In order to illustrate the mental proceases involved in making a measurement, an analysis will be
given of a manual measuring operation. Although in automatic measurements the emphasis may be slightly
different in same of the phases, such measurements is primciple follow the same procedure.

Phase 1. Obtaining s rough reading

< Ty TE—

The first step in & measuring operation is to obtain a numerical value. This may be done, for
i example, by writing down the position of & pointer relative to & scale on a dial, by measuring the

g ke

position of a8 trace on & continuous-trace recording, or by staring a digital number in a computer
3 memory. The number so obtained often is not expressed in units of the measurand. For instance, the

output of a pressure itransducer can be read in Volts from a voltmeter, in digital figures from s
3 digital indicator, or in millimeters from a continuous-trace recording.

\ Phase 2. Conversion of the rough reading into an indicated value

In this phase the rough reading is converted into a number expressed in units of the measurand.
The relation between the rough reading and the indicated value is given by the static calibration. For
pointer instruments where the scale is graduated in units of the measurand, phases 1 and 2 coiacide.

Phase 3. Correction of the indicated value to the meagured value

i)

These corrections take into account previously measured or calculated imperfections of the measur-
ing chain. The corrections may be derived from more precise static calibration data (for instance cor-

rections relative to the scale of a pointer instrument), from the dynamic characteristics of the
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measuring chain, from environmental effects, etc. The sign of such corrections is such that
indicated value + correction = messured value. (3.1)

If more than one maasured value of the same meagsurand is availeble, it will often be possible to
use statistical methods to obtain a more accurate result. Two cases are considered here: ‘
t . - @ number of measurements have been made under (essentially) the same conditions. Then.the mean of
' these measured values will be the most probable value i
- & time history is available of & process in which the measurand changed relatively slowly. In that

case, a smoothing technique will produce the most probable values of the individual measurements.
Trese statistical methods can also give an indication of the uncertainty which remains in the most
probable values. As discussed in more detail in Section 3.3, statistical methods do not reduce the
effects of any systematic errors not corrected in phase 3, above.

- bt
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Phase 5. Meditation asbout the true value

: ! When analysing the results of & measurement, the engineer must think about the significance of
the most probable value. There may be systematic errors which have not been corrected. Also, an

" instrusent pever directly measures the quantity in which one is interested: a strain gauge does not
measure the strain at a certain point in the structure but the average elongation of the surface

‘ ! ares to vhich it is bonded; a thermometer does not measure the air temperature at & certain point in
‘ space but the average temperature of its probe, etc. Peaks in a tine history may be reduced or even
completely suppressed by the dynamic response of the measuring system. Muny similar effects may

i ‘ ‘ cause differences betveen the most probable value of the measured quantity and the true value of the
; ‘  quantity in which one is interested. Although these points should all have been congidered durip‘

, the design of the measuring chain (on the basis of predicted inputs), it is essential that they'are
reconsidered when interpreting the results of the measurement. Then the engineer must clearly
remember the simplifying sssumptions accepted in the design phase and reconsider them in the light
of the measuring results obtained.

. —_...:h_.,‘.':r et o

3.3 ERRORS IN A MEASUREMENT

The term total error in a measurement is used for the difference between the true value and the
8 messured value (or the most probable valus). The word error is used for components of the total error, '

L mmr———

! due to single effects influencing the measurement accuracy, such &8 hysteresis error, temperature
error, dynamic error, etc.

Errors are stochastic quantities, i.e. they are characterized by a probability distribution but
their exact value in a certain mesgurement is not known. If the exact value should be known, s correc-
tion can be applied to the deusuresent and the resulting error will be zero. In many ceses the value
of the errors can be reduced by & ¢eeper analysis of the measwring channel and its enviromment. For
( ingtance, a temperature error can ve reduced if the temperature is measured and s correction applied.
; To a certain extent the magnitude ¥ the error is, therefore, a matter of choice by the instrumenta-

; tion engincer. As the analysis of e:srors is costly, it will not be extended further than is necessary
for the success of the measurement..

The analysis of errors must be based on the results of:

; : ~ & thorough test programme with the instrument (or vith one or more instruments of the same type), in L

' vhich the probability distributions of the errurs (such as resding error, friction error, etc.) are ¢

v determined, as well a8 «the sensitivity to error-producing effects (such ss temperature effect, dynamic E

- response, etc.) g

- periodic recalibrations and checks, from which failures of the instrument can be detected and from
which in soms cases new values of corrections and errcrs can be cbtained

- measurements of the error-producing quantities (such as temperature, vibration, etc.) or estimates

of their probability distributions.
If the probsbility distributions of all errors are known, the probability distribution of the total
error can be calculated by statistical methods. These methods are described in many books on statistics.
Here three statistical characteristics will be discussed briefly. They are:
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~ the average or systematic error
- the shape of the probability distribution curve
- gtatistical dependence of errors.

o A gyptematic error occurs if the average value of the error differs from zero. Systematic errars
i can have a large influence on the accuracy which can bz obtained. If values of the aystematic errors

are known, they can be applied as a correction, so that the remaining error distribution has a gero
average.

s it

TR R TN

The ghape of the digtribution curve can be different for different types of errors. Many errcrs

have a distribution which closely approximates the normal or Gausgien distridbution. Handbooks of

statistics give tables and equations for these distributions. If they have zero aversge, they can be
characterized by a single parameter, the standard deviation & . If all errors have normal distribu-
tions and are statistically independent the total error calculated from thea will also have a normal

distribution. The standard deviation of the total errorc;‘ can be calculated from the standard
deviations 6‘; of the individual errors by

@t.\ﬁf/, G2e O« (3.2)

The probability that an error with a normal distribution is not larger than & is 68.3 ®/o, that it is
not larger than 2 G is 95.5 °/o and that it is not larger than 3 O"is 99.73 °/o.

o

T TR,

Many errors have non-normsl

istributions. One example is the quantization error which occurs, "
for instance, in digital outputs. The measured value is rounded off to the nearest of a number of

discrete, equajly-spaced output values and the true value may with equal probability lie anywhere

L
o

between + half the least significant bdit. If all errors have the same type of non-normal distribution, .
the total error distribution will not have the same shape. Although equation (3.2) remains valid,
the relation between the gtandard deviation and the probability distribution will be different for
different types of distributions. In practice equstion (3.2) is then still used and it is tacitly . :
agsumeG that the distribution of the total error is sufficiently like a normal distribution so that
the probability veluea for G, 2C and 3G are the same. This is often a good approximation, but in )
extreme cases the true probability values can be considerably different.

A e 8

If the errors are dependent, equation (3.2) is not valid. In thst case there i: a definite
relation between the velues of two or more errors. The important concept of dependence will be illus~
trated by two examples. An amplifier may have & "zero offset" and an error due to an incorrect supply
voltage. These errors may be uncorrelated and therefore independent. Both errors may, however, be

T " T TR T

caused by the same temperature effect for which no correction is applied; in that case they will be
dependent. They will also be dependent if they both vary linearly with time. Another example of

1 J dependence can be found in an air-damped instrument. The dynamic response of this instrument will :
; : vary with temperature (due to changes in the dimensions of the air gap) and with pressure (due to :
3 the change of friction with pressure). If the instrument is exposed to the ambient air around an

! l aircraft, there will be & correlation of temperature and pressure with altitude. For tests at differ- ﬂ
L. Y ent altitudes the temperature and pressure effects on the dynamic response of the instrument will i
3 ] therefore be dependent. If dependence occurs, the law governing the dependence must be taken into 1

account in the statistical calculation of the total error. If the errors are linearly dependent, the
errors (and their standard deviations) must be added algebraically.

In many specifications a single value of the total error is given. Usually this will be a 30
value, but in some cages a 13 value is meant or, if the total error distribution is truncated, it

may be the maximum value. For a correct error analysis it should always be specified what type of
error is meant.

"y

One type of error that must still be mentioned is the blunder. This can, for instance, be due to
a mistake in reading an instrument, to a temporarily locse contact in an electrical circuit or to an
incorrectly punched bit in a digital paper-tape cutput. The values in most cases lie so far from all
others that they can be easily detected and eliminated during manual data processing. In sutomatic

data processing in a caaputer they can csuse problems if no special measures have been taken in the
programme to eliminate them (see Chapter 12).
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3.4

Errors are usually given in percent of the full-scale value (®/o FS). In some cases they are
given as percent of the measured value or a&s a pumber of units of the neuu.u_nd.

3.4 MEASURING RANGE 7

The first information which an engineer asks about an instrument is the range of values of the

input parameter which it can measure: its measuring range. For example,s thermometer cap have a
measuring range from - 50 % to + 50 .

" The normal mesguring range is the range of values of the measurand which the instrument can
measure with the accuracy, sensitivity and linearity specified for it.

For many instruments renges of environmentsl parsmeters (such as temperature or vibration) are

also specified. The manufacturer guarantees that the accuracy will be within specified limits as long
as the environmental parameters stay within these ranges.

Many instruments can be dsmaged if they are subjected to an input outside their measuring range.
For such iastruments a maximum overload is often specified. If the input perameter has attained
values higher than the maximum overloed, the manufacturer no longer guarantees the accuracy within
the normal measuring range. The maximum overloads at the two ends of the measuring range may be

different. If an overload lower than the maximum overload has been applied, the instrument may need
a certsin recovery time before it will function properly after thc overload has disappeared.

Maximum overloads for environmental parameterg are sometimes specified, for instance, if the
instrument can be damaged by extreme values of temperature, vibration or shock. If the instrument
has been subjected to envirommental conditions (temperature, pressure, vibration, shock) outside the
normal range but within the maximum overlosds, then it should again operate according to its specili-~
cation vhen the environmental conditions return to their normai range. These maximum overloads are
sometimes specified separately for operating conditions (i.e. the instrument should continue to
function, though with degraded performance) and for non-operating conditions (storage, transport).

3.5 SENSITIVITY AND LINEARITY

A second important characteristic of a.measuring channel is its sensitivity. This is the ratio
of a difference in the output and the corresponding difference of the input of the channel. It can
be easily understood from the static calibration curve (Fig. 3.1). The sensitivity at a certain
point is the slope of the tangent to the calibration curve at that point. In Figure 3.1 the sensiti-

vity is expressed in :;i;s. ANGE

In genersl the sensitivity of a measuring Z
channel is not constant for the complete measuring
range. In such cases the begt straight-line approx-~ a //
imation to the calibration curve is often deter- g v «_ :;‘E;:_f:“
mined (by hand-fitting or by the least-squares > . ( _m,-,, )
method). The slope of this line is the average E Y/ N
sengitivity over the measuring range. This average 3 //
sensitivity is often used for quick-look data | sesnviTY AT#'
analysis. For the case of Figure 3.1 s first ap- 7
proximation of the pressure can be obtained from ) ;l, o P =)

Ve Vo
P-F = 3 (3.3) Figure 3.1 Static calibration curve of a

typical pressure transducer
Equation (3.3) is often used as a first step in calculating the input value from the measured

data, especially if data processing is done by hand. A graph of the type of Figure 3.1 must be drawn
to a large scale if it must be read to an accuracy f 1 %/0 FS or vetter. It is often simpler to
use s correction graph of the type of Figure 3.2, which gives the difference between the true cali-

bration and the straight-line approximation on an expanded scale. The correction C(V) is then added
to the firgt approximation of eq. (3.3):
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Pop = —=4 (V) (3.%)
g
. . MEASURING RANGE
) If the sensitivity is constant over the - B B - e
complete meaguring range, the measuring channel K
is statically linear. The vord “statically” is ]
WT;‘UTV(VG.TS)

+

added to distinguish it from dynamic linearity,
vhich is defined in Section 3.8. For instruments
which are not statically lineur, the pon-linear-
ity is often mentioned in the specification. This
is defined as the maximum difference between the
calibration curve and its linear approximtion,

[~]
—ye

CORRECTION C(V)  (NsmD)

divided by the measuring range. It is expressed Figure 3.2 Correction curve for the transducer of
in percent of the measuring range (°/o FS). ‘ Figure 3.1

The word sensitivity is sometimes used for a different quantity: the smallest change in the
measuwrand which can be detected by the instrument. The normal term for this is resoluticn, which
should be used for this purpose to prevent confusion (see also Section 3.7).

3.6 ACCURACY

The accuracy of a measuring chain is a quality which is determined by the value of the residual
total error after a reasonsble amount of correction has been spplied. From this definition it follows
that the accuracy of a given instrument is not an entirely fixed value: if more effort is made in
determining corrections, the accuracy can be increased scmewhat. It will, however, never be possible
to elimirate all errors and beyond a certain point the effort required to obtain even a small in-
crease in accurscy will be tremendous. Such an effort may be justified for primary calibration
standards, but the cost of additional saccuracy will often not be economically acceptable for normal
flight tests. In exceptional cases, however, a slight increase of the accuracy over that claimed
by the manufacturer can be justified. Generally, this applies to instruments manufactured for oper-
ational use in aircraft, as for instance dtﬁeters. The manufacturer's accuracy claims are based on
the use by the flight crew, who cannot apply corrections to the scale readings during flight. If
such instruments are used for special flight test purposes, an individual celibration of each imstru-
ment may increase the accuracy slightly over the value claimed by the manufacturer.

The determination of the accuracy o a measuring channel can in principle be done in two ways.
In the “a-priori method" the errors are determined by tests before the actual measurement as Gis-
cussed in Section 3.3 and the corrections and residual errors are determined from these tests. In
the "a-posteriori method" the average value and the accuracy are determined by statistical analysis
of multiple messurements. In general,both methods are applied together: systematic errors, which
cannot be corrected on an a-posteriori basis, must be determined by the a-priori method, but the final
accuracy can be increased by taking an average of a number of meagurements or by smoothing.

It is convenient to divide the discussion of accuracy into three parts:

- gtatic accuracy, which involves the errors which cccur when the measurand changes so slowly that
the frequency response of the measuring channel does not significantly influence the accuracy.
Measurements under thase conditions are often called guasi-static, as low-frequency changes can
be allowed

- dynamic accuracy, which involves the errors which are caused by the dynsamic response of the measur-
ing channel

- finesse‘), which involves the errors caused by the fact that the presence of the ingtrument modifies
the phenomena which must be measured.

These three categories will be discussed separately.

x) The English language does not have a single word to denote this concept. The French use the

wvord finésse. In discussions with several British and American instrumentation specialists
it was found that they liked the use of the word finesse for this concept.
Accordingly, this word will be employed in this book.
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3.6

3.7 STATIC ACCURACY

Under quasi~static conditions there are many effects vhich"cun cause errors. The types of errors.
and the effect of each type of error on the messurement vary for different instrument types. The
following division of static errors has been found to be convenient in practice: ' )

1., Reading error. This is the error made during the reading of the output signal. It includes the
errors due to the limited sensitivity of the reading device (which can be the humen eye‘or the
reading system of a tape recasder) to parallax, to interpolation, to background noise, etc.

2. Dead-band error. This error is due to the fact that the output signal of the measuring chain does
not change vith small changes of the input parameter. This error can be caused by frictiom, by
play in gears, by the fact that the output signal can only appear in discrete steps. This latter
.phezamenon can be caused, ror instance, by steps from one wire to the next in potentiometers or
by the digitizing of signals (quantization error). .

The sum of the errars of these two types is called the resolution, already mentioned at the end of
Section 3.5.

3. Hysteresis error. If the relation between input and output is determined for both increasing in-
puts and decrsasing inputs, it is often found that the output at & given input depends on the
direction in which the input was varied. This is called hysteresis. This error is not completely
independent of the dead-band error, as friction and play in gears cen also cause hysteresis errors.

4. Errors due to environmental conditions. These include errorg due to temperature, thermal shock,

pressure, electro-magnetic fields, acceleration, vibration, shock, dgration of the measurement,
aqeina. supply voltage and frequency, etc.

The sum of the errors of types 1 to 4 is called the reproducibility error.
S. Zero error. This error is only taken into account separately if the zero point can be set manuslly,

as in altimeters, ohmmeters, etc. In other cases the zero error will fall under the errors due to
environmental conditions or under the calibration error.

6. Calibration error. This is the error made when applying the calibration data. For pointer instru-

ments where the scale engraved on the dial is used without additional calibration data, this error
is called the scale error.

T. Error of the calibration standard. This is the error made in the determination of the reference
quantity, which is measured during calibretion by the calibration standard.

Many of the errars mentioned depend on time. There are, basically, three ways in which thia

time dependence can occur:

- the error msy be correlated with the time history of the signal itself, es with the hysteresis error.
Although these errors can, in principle, be corrected (at least partially), this requires a time-
consuming procedure and is usually not done.

- the error can be correlated with parameters other than its input signal. The most common example of
this is the variation with time of environmental conditiong such as temperature, pressure and
vibration during a flight. Another exsample is the effect of components of the input quantity along
axes other then the nominal measuring axis, in instruments which are subject to cross-axis sensi-
tivity (see Section 4.2.2). These errors can be corrected if the influencing parameters are measured.

~ the error can be (virtually) uncorrelated with any parameter other than time. The main cause of
these errors is ageing of the components of the instruments. These errors are called drift errors,
the characteristic describing them is the stability of the instrument. In some cases a short-term
stability and a long-term stability are specified. The short-term stability is then the stability
during a period typical for the type of measurement, for instance during one flight. The long-term
stability applies to the change of calibration over the life of the instrument. It must be pointed

out that the word stability is also used in another sense: the characteristic of a system to go
back to its state of equilibrium (e.g. stability of a servo system). The distinction between these
two meanings of the word stability should be clearly kept in mind to avoid confusion.

As previously mentioned, the accuracy obtainable in a measurement with a certsin instrument
depends on many factors, such as the effort made in determining corrections of errors, the variations
in environmental conditions and the number of measurements which can be used to determine the most
probable value. It is, therefore, a practical impoasibility to characterize the "accuracy of an
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instrument’ by one or & few numberg. Values, given by manufacturers, in instrument specificstions ara

" often grossly misleading because they bave been determined under favourable conditions naver en-
countered in the actual operation of the instrument. Efforts are now being made to come to stuhr@:
ized accuracy definitions, which will make it possible to make a first choice between different
ingtruments by comparing short specifications. This hes advanced farthest in a few specialized fields
(such as electrical instruments, Ref. 2) and in some countries (France, Ref 1). The instruments 7
are classified in "Accur classes" such as class 5 °/o, class 1 °/o, class 0.25 ®/0, class 0.1 /0.
This gstandardization is very useful if all concerned clearly understand its limitations. The classifi-
cations consider static accuracy only.

3.8 DYNAMIC ACCURACY

If a measuring channel is subjected to rapidly varying inputs, the relation between input and
output becomes different from that in the quasi-static case. The dynamic response of a measuring
channel can be expressed in & differential equation. If this is & linear differential equation, the
channel is dynamically linear. Because the analysis of dynamically non-linear systems is mch‘more
difficult, the corrections obtainable with the same amount of effort are much less accurate for
dynamically non-linear systems than for linear systems. Therefore, the designers try to achieve
dynamic linearity in &ll instruments for which the dynamic response is important. Although absolute
linearity will never be completely achieved, it is sufficiently approached in most cases to make
linear analysis possible within the accuracies required. The basis dynsmic cheracteristics. depend
on. the order of the differential equation of the instrument. ‘

Firgt-order instr\;ments {which include, for instance, many temperature probes) can be character-
ized by one parameters the time comstant T. The differential equation thean is '

Tk +x = y(t), : {3.5)
vhere y(t) = the time function of the input,
x = the output of the instrument.

The time constant is expressed in seconds.

Many transducers have a second-order characteristic. They can be characterized by two parameters,

for which the patural freguency o and the damping coefficient A are normally uséd. With these para-
meters the differential equation takes the form ‘

-%2+?i+x-y(t). (3.6)
wo o]

Here w_ is expressed in rad/sec and A is non-dimensional.

Higher-order systems often occur when more than one lower-order system is used in series: if

the output of a second-order trangsducer is fed to a second-order filter, the output of the filter
will be related to the tramsducer input by a fourth-order eguation.

The parameters mentioned above for the 100.0 STEP NPUT 7s
first-order and second-order instruments are b 7 _jL/.r—;"?-
very useful when analysing the reaponse to %5
simple input time functions. This will be
illustrated for three types of input functians:

- a step input

 J

P —
~—
—————

QUTPUT

. L . . . / [~————— TANGENT AT THE ORIGIN
~ 8 linear variation of the input with time

(ramp input)

OUTPUT X (PERCENT OF STEP INPUT Y3)
\\

. . . xmvg (1=~}
- & sinusoidal input.
The regsponse to a step input of a first-
order instrument is shown in Figure 3.3. The 0 7
time constant is the time in which the error 0 T T i KA 5T

e TINE
of the output function is reduced to a factor

1/e or to 37 °/o. After 2T the error of the Figure 3.3 Response of & first-crder system with
output function is reduced to 0.372 or about time constant T'to & step input

14 °/o of the step value and after 37T to 0.373 or 5 °/o. The response of a second-order system to

Document provided by SgaceAge Contro_l, Inc. (http://spaceagecontrol.com/)

il

kb Gk i e i Sl of

Sl B ke

"

L iR

ok




!
C
]
3
3
g

T

3.8

& step input has a different shape for

different values of the damping coeffi- 0

cient (Figure 3.4). If A21 the output
approaches the input function without
overshoot; the damping is aperiodic.
1f A < 1 the output overshoots the
input and returns to it by a damped
oscillation. If A = 1, it is said
that the system is critically damped.
For A= 0 an undanmped sinusoidal cut-
put is obtained with a frequency equal
to the natural frequency. ‘ )

OUTPUT X ( PERCENT OF STEP INPUT y, )
8

N
T \\ i

ONLY FOR 0€AE1 xmyg |1~ £229%8 o (st VITAT 4+ arc cos )

The response to a ramp input of a.
first-order system is, after a short

ost

Figure 3.5 Polar representation of the fre-
quency response of a first-order
system

second-order system the delay time is equal
to 2Ww°.

The respouse to a sinusoidsl input of

Figure

initial period, an output parallel to
the input function but delayed by a
. time equal to the time constant. For a
=
g
Wz W=0 £
PHASE ANGLE ]
E
é
*?
2
-
&
8
e
3

| N/ [" N/
i A 2 n )
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3.4 The response of second-order gystems to
a step input

\ |
/ S ,
4 s &\ By oyexs wrary

7 \
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e ——

R ] ‘ T3
RELATIVE FREQUENCY
o

Figure 3.6 Amplitude characteristics of second-

order sy’s.ztems

& first-order system is a sine wave which is shifted in phase relative to the input function and has

@ different amplitude. The phase angle is equal to - arc tan T w (where w is the radial frequency

of the input function in rad/sec) and the ratio of output to input amplitude is equal to the cosine

of the phase angle. The phase angle and the amplitude ratio can be read from the polur diagram develop-
ed by Nyquist (Figure 3.5). For a second-order system the amplitude ratio and the phase shift are
given in Figures 3.6 and 3.7 as a function »f the damping coefficient and of the relative frequency

_=1%0°

o

% A=0 e, e}
— e
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RELATIVE FREQUENCY &

Figure 3.7 Phase characteristics of second-order
gystems

w/mo. At relative frequencies much higher than
1 the amplitude response curves, drawn to a
logarithmic frequency scale as in Figure 3.8,

all approach asymptotically to the straight
2

line 1/[%-] for all values of the damping

factor. ’l‘gis is of'ten expressed by saying

that the power spectrum rolls off at 12 dB/

octave in this region. It is generally found

that the amplitude response of & system of

order n at relative frequencies %" > 1 es¥mp-
()

totically approaches to & curve proportional
n
to 1/(&’—) s i.e. rolls off &t n x 6 dB/octave;

°
for a first-order system it is 6 dB/octave, etc.
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3 PR We have considered the response of first-

;‘ g “J;7k‘ order and second-order instruments to special

1 5 o N types of input time functions: a step iaput,

3 g +10 ' \ 7 a ramp input and & sinusoidal input. Now the 1
? T 2 :: more general case of the response of a linear ‘;
A E I %\ : ingtrument or messuring channel of any order

? -0 M to an arbitrary input will be considered. For %
4 . 2.0 every lineer instrasent the dynamic response

3 B ‘\\\\\ characteristics can be given by an amplitude j
» -3 ;:EE gcurve and a phase curve similar to those given ;
gl - in Figures 3.6 and 3.7. In the theory of 7
. By 0.2 04 05 04 ) 2 4 6 8 10 PFourier analysis it has been shown that each X
' RELATIVE FREQUENCY arbitrary input time function, periodic or ‘ iﬁ
% non-periodic, can be regarded as the sum of

v Figure 3.8 Amplitude characteristics of second- an infinite number of sinuoids each with & ]
? gizizssyatems dravn to logarithmic specific amplitude and phase. The output of !
J ‘ the instrument to an arbitrary input time |
i function can now be determined by first decomposing the input funetion into a sum of sinusoidal func-

lf tions, then multiplying the amplitude of each sine wave with the amplitude response factor given by 4
f o the amplitude curve at that frequency and shifting its phase by the amount given by the phase re- A
p‘ . sponge curve at that frequency, and then summing all resulting sinuscids again.

; . This procedure will be given in & more mathematical form. For a detailed derivation handboocks

E ‘ on instrumentation theory should be consulted, such as References 3 and 4. The input time function
i ‘ ©  can be represented by means of the Fourier integral:

| -

j i -1

: S(w).el @) o L /G(t).e ot gt (3.7)

g T

Here G(t) is the input time function, S{w) is the modulus which represents the amplitude variations
as a function of the frequency and the exponential part on the left side represents the phase shift

I8

] :

k. . . : . . . e ps :

/ (w) which is againa function of frequency. The dynemic response of the instrument modifies the

b . =

[ amplitude and phase of each sinusoid in & vay expressed by its itransfer function ;
H(io) = Alw).ed 9@, (3.8)

The output time function of the instrument is then
[\

e

| i x(t) = i [H(iw). 8.1 o (3.9) ;
! or, combining ;;uations (3.8) and (3.9):
: Y(t) = é—'ﬁ' [A(w). S(w).ei[q)(w) + q’(w);‘@w. (3.10)

It will be seen that ¥Y(t) is aguin a sum of sinusoids, where the emplitude of each original sinusoid
has been multiplied by a factor Alw) and the phase has been shifted by an amount o{w).

The considerations in this section have indicated methods for determining the corrections for
the frequency response of & measuring channel. Even after these corrections have been applied, dyna-
mic errors from other sources may still be present. These may be due to non-linearities in the system,
to inaccuracies in the determination of the dynamic response characteristics, ete.

i B A AT i

= e

The procedures described ia this section can, in practical cases, often be simplified cogsiderably
by & proper choice of the dynamic characteristics of the measuring channel. From Figure 3.6 if\oln be
seen thet the amplitude response of a second-order measuring channel will be correct within 1 %0 if
ﬁ the bandwidth of the input signal does not exceed 20 ®/0 of the natural frequency and if the damping
% factor is 0.7. Similarly, an amplitude response which is correct within + 5 °/o can be obtained from
a channel which has a desmping factor of 0.6 in the range of relative frequencies between O and 1.

A sufficiently constant amplitude characteristic over the bandwidth of the input asignal does not

guarantee, however, that the input and output signels are similar to the required degree. It is often

3 L FPRSTUS. 1S L ORI - g BN A SR
. . L e e ey iR RTINS i i e ot s i
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forgotten that phase distortion can also

TIME LAG
occur. An extreme example of prase distor-
tion is shown in Figure 3.9. In Figure 8 . .
an input signel is given which is composed B
of 2 sinugoids with a frequency ratio of 3. N
Figure b gives a ccrrect ontput signal, which 13
only has a certain lag relative to the input “%&?’r‘&%& e.gU“TAI;EUL‘![rT:REXTRm 4
signal. Figure ¢ shows the cutput signal if

the phase angle of the higher of the 2 fre- Figure 3.9 Phase distortion in a signal

with frequency
components £ and 3f :
quencies has shifted by an extra 180°. 1t

will be seen that the signal is distorted, though the amplitude response is correct at both frequen-
cies. Mo phase distortion will occur if the phase angle varies linearly with frequency, as is the
cage in Figure 3.7 in the range of relative frequencies between O and 1 for a damping factor of 0.7.

Then at all frequencies & constant time delay occurs, which is called the group delay. If the group
delay at all frequencies is constant, no phase distortion will ‘oceur.

In wany cases the input signal consists of a frequency band which is of interest to the neasure-
ment and & frequency bend which is not of interest to the messurement. This can oceur, for ingtance,
if accelerameters sre used for the measurement of the motions of an airerafi (frequency band of inter-

] est, say O - § Hz). If the accelerometer is mounted to a part of the aircraft which vibrates at &

e e, .0 S W

frequency of, say 30 - 40 Hz, this vibration will alsc be measured by the accelercmeter but is of no
interest to the measurement of aircraft motion. If these frequency bands awre sufficiently separated,
the frequency response characteristics of the measuring chain can often be chosen so that the signal
bandwidth which is of interest is reproduced without undue distortion while the amplitude of the

unwanted part of the signal is reduced markedly. This will be discussed in more detail in the next
3 clapters.
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When a measuring instrument is introduced in a physical efvironment, it introduces a change in
this environment., The input to the instrument will, therefore, be different from the valne which the
! measurand would have had if the instrument were not there. Examples of this effect are:

a micrometer exerts a force on the object which it mweasurer and thereby changes its dimensions

an angular position indicator exerts a moment about the axis on which it is mounted and changes
its position

4 temperature probe changes the calorific capacity of the object whose temperature is being
measured aud tihereby changes its temperature

O WA ST T T ST T

a prescure probe {and its support) change the pressure distribution in a {lowing medium; an exten-
sion of this is the static pressure error in aircraft: there the presence of the aircraft itself,
; togetber with that of the prooce and its support,changes tiu pressure distribution

; 8 vibration pick-up will change the distribution of masses of the structure

Leulbe 2 AL i o SR

the loading caused by the input impedance of an electrical measuring system reduces the voltage

to be measured. For servo systems the input impedance at balanced condition may be higher than
the impedance in the transient condition.

e

T

Died

These effects can influence both the static accuracy, as in the case of the micrometer and of

the pressure probe, and the dynamic wscecuracy, as in the last two exampies mentioned. If thege errors
arc negligible, it is said that the finesse of tue measuring system is high.

Errors due to low finesse can in some cases be corrected during data processing, together with

the instrumental errors. Often this will, however, be difficult or even impossible, as for iastauce
vhen a vibration pick-up changes the vibration of the structure. Then the measuring system must be
chosen so that the fiuesse error will remain as low as possible (for instance by choosiug a light
vibration pick~up) and the probability distribution of the residual must be estimated.

#) See note on page 3.5
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CHAPTER 4
TRANSDUCERS
by
L.H. Weirather

4.1 INTRODUCIION

by

The first element of & measuring channel generally is the device used to convert the measurand,
i.e. acceleration, temperature, etc., intc a form which is more suitable for transmission or recording
purposes. This device is called a transducer and most generally is designed either to provide an
electrical output or, with a suitable mirror arrangement, to reflect a light beam onto a photographic
recarding medium, Another family of frequently used transducers consists of the mechanical direct-
indicating instruments, with pointer or numeric indicators. In this family, the transducing and digplay
functions are integrated into a single box, linked by mechanical elements.

ST e X 2 AT T

« The primary emphasis of this chapter will be placed on transducers with an electrical output,
although many of the principles and characteristics discussed here apply also to other types of

devices. A large variety of physical effects are used for producing the electrical outputs of trans-
ducers. The characteristies of these physical effects themselves will not be discussed in detail in
: this chapter. They are described in several of the references given in Section 4.4. This chapter will

concentrate on those characteristics of transducers which are primarily relevant to their role as part
; of a measwring channel.

For most measurands there are several transducing principles in use. For instance, accelerations
\ can be measured by transducers utilizing potentiometers or strain gages, by piezoelectric trans-
‘ ducers, by force-balance transducers, etc. Each of these transducer types has different character-

istics and different areas of application. The general characteristics of these transducing
principles will be discussed in Section 4.3.

3 4.2 CHARACTERISTICS OF TRANSDUCERS

4,2.1 Introductory remarks

Transducer characteristics can be conveniently divided into three groups: input, transfer and
‘ ocutput characteristics. These three groups will be separately discussed below. These characteristics
mainly determine whether a transducer can be used for a particular measurement. In the final choice

L TR WL ppwToy

of the transducer other aspects, such as envircnmental conditions, cost, reliability, availability,
maintenance and calibration requirements and applicability to other measurements also play an
iuwportant role. These aspects are discussed in more deteil in Chapter 2.

It must be stressed that, especially for relatively simple tests and for some special-purpose tests,

the cost, accuracy and reliability of the complete instrumentation system may be largely determined
by the choice of the transducers.

AT T N T T TR T T T

4.,2,2 Input characteristics

"

The most important input characteristics are:
- the normal measuring range and the ranges of the environmental parameters (defined in Section 3.lL)
As the errors in many types of transducers are proportional to their range, generally the best
}

accuracy will be obtained if the range of the instrument is equal to the range of the measurand
{ 3 or slightly larger.

s
- the finesse (defined in Section 3.9). This must be appropriate to the measurement, i.e., the effect

of the transducer on the physical process being measured must be amall with respect to the allowable
total error.

- the cross-axis sensitivity, Many transducers which are nominally sensitive only to inputs along
one axis of the instrument (such as accelerameters and rate gyroscopes) produce spurious outputs
to an input perpendicular to its sensitive axis. An example of cross-axis sensitivity of an

Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).
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accelercmeter is shown in Figure 4.1. The
nominal axis of sensitivity is the Z-axis, vhich
is perpendicular to the undeflected spring blade.
If the spring is deflected by an inertisl force

d CASE acting on the mass along the Z-axis, the mass-

K spring system will also became sensitive to
inertial forces along the X-axis. For the

g relatively small deflections which occur in
i vis DIRECTION OF

Lt A

QY ¥ ersoapeat- aur

B} S ey sccelercmeters of the type shown in Figure 4.1,
1 ’ DIRECTION OF SENSITIVITY the cross-axis errar is proportional to the
E &?&lﬂ z product of the accelerations in the X and 2 H
directions.
E Figure 4.1 C‘:'g:;xt::f::.z; :ﬂl::‘ A similar relation exists for many other types 1
L . spring snd mass of accelerometers and for most rate gyros. For

e sl

some types of trsusducers, for instance piezo~
electric transducers, the cross-axis error is not proportional to the product of the two imputs.

The cross-axis error is small if the total deflection is small, as in force-balance sccelsrometers.
The cross-axis effect can often be reduced by & careful choice of the orientation of the instrument
with respect to the aircraft. For the accelerometer of Figure L.1 the effect of accelsrstions along
the Y~axis will be much lower than the effect of those along the X-axis. The transducer should,

- therefore, be criented so that the largest cross-axis accelerations act along the !-Axis. If the
' law which governs the cross-axis sensitivity is known and the other uecele.utipn is measured
separately, it is possible to apply & correction during data processing.

P

gy -

- error in the location or the alignment of the transducer. In many flight tests the location of the

transducer relative to the center of gravity of the aircraft, and the alignment of the sensitive
axis of the transducer relative to the reference axes of the aircraft must be known precisely.
Any uncertainty will increase the errors in the measuremant.

4.2.3 Transfer characteristics

e i T N

The transfer characteristics define the relation between the magnitude of the input quantity
and the magnitude of the output quantity of the transducer. They are determined from the static

¥ calibration, the dynamic response characteristics (amplitude and phase) and the sssociated error
distributions. These are defined and described in Chapter 3. As already stated there, the transfer
characteristics will in general change with the environmental conditions. Probably the mcst

troublescme agpects of the envirommeat are temperature, shock and vibration, and electromagnetic
interference.

s, e i it e o SIS 8 8 St b
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The main effects of temperature are zero and/or sensitivity shifts in the output.
P Same transducers may Le caupensated for temperature errors by using various electrical and mechanical
techniqQues. Beyond about 250°C. temperature compensation becomes extremely difficult to design and
implement. Various methods are used to protect transducers from extreme temperature variations. These
include temperature-controlled compartments, air and liquid cooled encloasures, heat sinks, integral
heaters and heater blankets. One of the most insidious, and little known, enviroomental effects is
1 caused by temperature transients. These csuse temperature gradients in the instruments vhich can

.

produce temperature errors much larger than those which occur under (quasi-) static conditians in
the same temperature range. It is practically impossible for the user to correct the effects of these

tempersture gradients. Their effect can only be reduced by isolating the transducer as well as possible g
from the temperature environment.

"

The effects of shock and vibration are especially difficult to eliminate for inertisl tronsducers
X : such as accelerometers and rate gyros, since they act upon the transducer in the sane way as its

‘ : regular input. For example, an accelercmeter used o measure the motion of the center of gravity of E
an aircraft will also respond to vibrations of its mounting plate relative to the c.g. If the signal i
to be measured and the spurious vibration signal are in the same frequency band, it is impossible

to separate them by filtering. If the' noise frequency is markedly different from the frequencies of
interest, there are 3 methods to reduce the spurious vibration signals:

Document prqvideq‘ by _SpggeAgg Control, Inc. (hitp://spaceagecontrol.com/). -:
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- choosing a transducer vith s frequency response vhich will transduce the signal of interest without
distortion and which will be insensitive to the unwvanted frequencies

- using & mechanical low-pass filter (vibration isolation mounts) betwesn the source of the excitation
‘apd the transducer SRR R '

- iptroducing an electrical filter in the output of the trausducer.

In general, using & transducer with an optimal freguency response for the measurement is
preferable to the other two methods menticned. This will not always be pcssible. The problem with
mechanical filters is that they often bave s non-linear frequency response and will therefore distort
the signal of interest. Reasonadly linear vibration isolation mounts are available and are used in
scme ipnertial platforms. They are, hovever, costly and have to be specially designed for each trans-
ducer. In some cases good results have been obtained by nounung the inertial transducer on s
relatively large wooden board, wbich provides s reasanably linear frequency response and more damping
than most other construction materials. The use of electrical filters in the output of the transducer
can lead to large errors if tbe amplitude of the vibration is s0 high that it drives the transducer
outside its linsar reange. If the vibration frequency is much higher than the cut-off frequency of
the filter but still within the bandwidth of the traunsducer, the fact that high-smplitude vibrations
vere present cannot even be seen from the filtered cutput. An example of this effect is described in
Section 5.2.3 for the case where a closed-loop accelerometer is used to measure aircraft motions.
These transducers are chosen because of their inherently high accuracy. They have, however, a band-
width of the order of 0 to 200 Hz, though the frequency range of the signal of interest is of the
order of 0 to 5 Hz. High~frequency vibrations of the mounting plate of the transducer may then
saturate the servo amplifier and thereby cause large distortion. In this case the only vay to reduce
the errors is to reduce the amplitude of the high-frequency vibration sensed by the transducer. This

can only be dane by using a mechanical filter between the vibrating mounting plate and the trans-
ducer.

The effect of shock and vibration on non-inertial transducers can be suppressed by the same
methods as mentiauned above. Here, however, the most practical method is to use anti-vibration mounts.
Transducers with small movable masses are generally less susceptible to vibration than others.

The detrimental effects of angular vibrations and especially ar accelerations on some

transducers is frequently overlooked. Angular acceleratiouns can for instance affect the accuracy of
rate gyroscopes to a marked degree.

Transducers may be required to operute in the presence of strong electromagnetic fields. Generally
speaking, transducers with low cutput impedance, high cutput voltage and short cable lengths are less
susceptible to this type of interference. Other transducers can be used in this kind of sn enviromment,
but they must then have specially designed shielding and electrical ground circuits (Chapter 5).

Other environmental conditions such as pressure, humidity, sand and dust, salt spray and
radiation may also have to be considered for specific epplications.

L.2.4 oOutput characteristics

The output characteristics of a transducer are generally less important than the input and trans-
fer characteristics since they can be appropriately and conveniently modified using signal conditio-
ners (see Chapter 5). But even so, they are important in the design of the overall data collection

system. The main output characteristics are the type of output, the output level and the output
impedance.

The types of output can be divided into three general categories:
- analog outputs
« pulse outputs
- digital outputs,

Transducers with analog outputs comprise the largest class of transducers in use today. The
output voltage is generally classed as being either DC or AC.
Transducers with DC output produce either a voltage, a current, a charge or an impedance which is
s measure of the physical input signal to the transducer. As most recorders and most analog-to-

Document provided by SpaceAge Control, Inc. (hitp://spaceagecontrol.com/).
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digital converters reguire DC input signals, some of these transducers can.be directly connscted to
the recorder or encoding device witbout intervening signal conditioning. In mauy cases, however,
signal conditioning is necessary because voitage asplification, or impedance watching, etc. is '
necessary (see Chapter 5). For trgnsducers with an AC output the information is contained in either
the amplitude, the phase or the frequency. For transducers with a phase output, s phase refersnce
signal must be available which is often the AC supply voltage to the tragsducer. The AC output is
usually converted into either a DC output or a pulse output before it is ussd to drive a recarder,
telemetry trausmitter or analog-to-digital converter.

The transducers with pulse output. The information is represented as a puise rate, & pulse
position or s pulse width. The signals in this category cas be convezted to digital form relatively
The transducers with digital output produce coded output signals vhich srg digital in nature.

In some cases the coded signal is aveilable at the cutput continucusly and ir whm oully vhen the
transducer is interrogated hy the recording device or telemetry system.

Besides the type of output, thers are a number of other electrical output characteristics which
are of importance for the matching of the transducer to the recording or telemetr;” system or for the

design of the signal conditioning equipment (see also Chapter 5). The most J.nportunt of thesa are:
~ bandwidth

= output level

- output power

= output impedance
- ground connection.

The bandwidth of all compouents of the measuring channel should be at least as broad as the band-
vidth of the transducer (vithits output filter, if one is used). The outpuy level usuall’ is expressed
in terms of the output voltage or current. The output voltages are rough'; divided into high-level
outputs, 0 to 5 volts or higher, and low-level outputs, usually O to 20 millivolts. Often different
signal conditioning equipment is provided for high-level and low-level outputs. Even if the desired
voltage or current is available, the output power that can be tsken from the transducer may be
insufficient so that pover smplification is necessary in the signal conditisner

It is generslly desirable that the output impedance be low, not more then & few chms. This is
important because a low output impedance requires a lower power to obtain a certain value of the
output voltage or output current, and because the circuit is less sensitive to many types of electrical
interference. For those transducers which have & high output impedance (such as, for instance,

piezoelectric transducers), signal conditioning circuits may be necessary before the signal is trans-
mitted over long wires.

Many transducers designed for flight testing have a floating ocuiput, so that grounding connections
caa be made at the most convenient point of thz circuit. In other transducers one of the output terminals
is connected to the power ground or via the transducer case to the aircraft structure oo which it is
mounted. In such cases special measures in the signal conditioning circuits are required (see Chapter ).

4.3 TYPES OF TRANSDUCERS

A brief discussion will be given of the characteristics of the more common types of transducers.
The main empbasis vill be on the transfar and cutput characteristics because these are particularly
important in the overall design of the data collection system. The input parameters and the transducing
principles vill only be mentioned insofar as they are of direct importance to the discussion.

Table k.1 provides s listing of several types of transducers with ranges, accuracies, frequency
responses and types of cutput typical of those used in many flight test progrums. Many other types
are available for special spplicaticus. It should be noted that variations in accuracy and other
characteristics are possidle within each category in the list.

In the following discussions the transducer types have been divided into five categories, each

of which will be discussed separstely. These are active analog, passive analog, pulse and frequency
generating, digital snd closed-loop.

Document prowded by SpaceAge Control Inc. (http: //spageagecontrol com/).
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L,3.1 i ors

Active or sslf-generating transducers require no external source of power or excitation. The
most common types of active angslog transducers used in flight test applicstions are piezoelectric,
thermoslectric, magnetoslectric, and photoelectric transducers.

Piezoelectric tracsducers (Pig. 4.2) operate
on the principle that & voltage is generated in
certain crystal materials when they are subjected
to mechanical forces or stresses along specific

DIRECTION OF NOMINAL . .
SENSITIVITY planes. Figure 4.2a shows a section through .
transducer vhere the acceleration produces a
- - shear force in the piezoelectric material; in
| | Pigure L.2b it produces a compression. Piezo-
g ) ’
,f L 7 electric transducers are basically charge
74 % A : . * .
7 p, PIEZOELECTRIC | | generating devices with an output impedance of
MATERIAL ¢ o several hundreds of MNegohms. When used as voltage
) & —
l II BASE I ] generators, they must be connected with very
short cables to special high-impedance voltage
. SHEAR TYPE b. COMPRESSION TYPE

amplifiers. The calibration has to be done after
installation, since amall variations in the
capacitance of the cable could cause significant

changes in the calibration. The use of charge
smplifiers (see Chapter 5) minimizes the effects of cable capacitance, noise, etc.

Figure 4.2 Two types of piezoelectric
acceleration transducers

The outstanding characteristics of piescelectric transducers are their large range (up to
10,000 g) and extremely high natural frequency (about 30,000 Hz), and their small size and veight.
They are used sxtensively for the measurement of high-frequency vibrations, but do not respond to
low-frequency vibrations. The low-frequency cut-off point of these devices is 10 Hz or somewhat lover,

_ depending on the preamplifier used.

Thermoelectric transducers. (Fig. 4.3) The
thermoelectric effect is utilized in thermocouples,
which consist of two dissimilar metal wires whose
ends are connected together. When the junctions

T
are subjected to different temperatures, an emf vor =RREEER 4 =
is produced. The magnitude of the emf depends upon AMCTION COMIANTAN 3 }
the temperature difference and the materials of the COLYL-___.J
conductors. The most cammon types of thermocouples JUNCTION

used in flight testing are copper-constantan,

chromel-alumel, iran-constantan and platinum- Figure .3 Copper constantan thermacouple
platinum/rhodium.

Thermocouples are mainly used for the measurement of high temperatures, for example, in engines.
The output voltage is in the range of 0 to about 60 mV and typical aircraft installations have an
output resistance of a few ohms. Thermocouples require either a reference temperature device for
maintaining & constant temperature at the cold junction, or = mechanical or an electrical compensation

for cold-junction temperature changes. Special tonded-foil thermocouples are uged for measuring surface
temperatures.

Magnetoelectric transducers. These are instruments of the induction generator type, in which
motions of a conductar ar coil in a permanent magnetic field induce a voltage in the coil. The output
voltage is proportional to the magnetic field strength, the number of turns in the coil and the
velocity of the coil relative to the field. Common applications of this effect are the AC and the DC
tachometers used in measuring rotary velocity. The magnetoelectric effect is also used for generating
pulses (see Section 4.3.3).

Photoelectric transducers. These produce a voltage which is roughly proportiocnal to the light
energy falling on & photoelectrical cell and are mainly used for on-off type measurements, such as
Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).
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digital shaft encoders.

4.3.2. Passive analog transducers

The physical input varies the impedance or impedances in these transducers. An exteraal pover
gource ig required for producing an output voltage or current. In many of these transducers two or
three cutput voltages are produced, the ratio of which contains the information (potentiometers,
differential transformers, syanchros). Other types, which have only a single variable impedance
{resistance thermometers, variable self-inductances, variable capacitauces), are often used in bridge
circuits or in variable-frequency oscillators.

h.;.a.l Variable resistance transducers

Potenticmeters. The value of the output of a potentiometer is determined by the mechanical
rotation or the linear diasplacement of a sliding contact. The resistance element usually consists of

a wire vound around a form, or a metallic, carbon or conductive plastic film deposited on a non-
conducting base. The resolution of wire-wound potenticmeters is limited by the number of wires used;
the resolution of film potentiometers is unlimited.

Potentiometers are extensively used in flight testing. Their main advantage is that they can
give high-level IC outputs which can be essily filtered and which can be used without amplification.
Potenticmeters must, however, be applied with care because they can be subject to a number of problems:
« There is always friction between the resistance material and the wiper. Though this friction can
be quite smll for high quality potentiometers, it limits the attainable accuracy in cases where
only small forces are available, as in lov-range pressure transducers.
- Vibrations and .accelerations can affect the contact pressure of the wiper resulting in output
failures. This can sometimes be reduced by choosing the best orientation for the potentiometer
vith respect to the main direction of the vibration. ‘
- Wear of the resistance element can be a problem, ecpacially if the viper moves in the same region
for a loug time. Wear can cause non-linearities before a final break-down coccurs.
~ Film type potentiometers can have a non-linear characteristic near the end of their range and near
taps apd can scmetimes accept only a very small wiper curreat. '

Potenticmeters are used for the direct measurement of linear and angular displacement. They are

also used in transducers to measure displacements derived from physical input Quantities such as
pressure, acceleration, force, and rate gyro deflectian.

A special type of potentiometer is used
in the so-called "I synchronous system" (such
as "Desynn"). The 28 V DC supply is connected
to two vipers, vhich move over a circular
potentiometer with three taps. The voltages
between these taps can be transmitted over long

GRS wintE vires. The ratios of these voltages determine
A the position of the pointer in a special

WRE C 45 4| indicatar. It should be noted, that the electrical
GAGE ¢ ) output of the potentiometer is less suitable for

C

p ) recording purposes.

1 . .
Strain gages. The wire strain gege and tke

Backing < IRECTION OF NOKINAL SENSITIVITY TERMINALS foil strain gage are based on the principle that

the resistance of a vire or foil changes in a
reproducible way when gtretched within their

FOIL /

STRAIN

‘ elastic limits. Two types of strain gages are
g used extensively in flight testing:
- bonded-wire or foil strain gages (Fig. 4.4).

The wire ar foil is bonded to a thin sheet of
backing material, which in twrn is cemented

to the structure to be tested. In order to

Figure L.4 Foil and wire strain gages optimize the sensitivity of the gage for
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particular applications, the sensitive element can be formed in different patterns. For example,

the strain gages shown in Figure 4.4 measure strains in & single direction. Other types of strain
--— gages (rosette types) are available for measuring csmi-directicsal strains. These consist of several

strain gages of the type of Figure L.k bonded to the same base, at predetermined ;nglei with respect

to cach other. For measuring membrsne deflections gages of spiral shape are ‘sometimes used. Bonded

strain gages are used by themselves as transducers for measuring strains in structures, and are

alsc incorporated in the design of other types of transducers (i.e. pressure gages).

- unbonded wire strain gages. (Pig. 4.5). In
‘many transducers a type of strain gage is

used in which the wires are wound under tension
between amall poles mounted on the transducer
elements. These transducers are somevhat more
. stable than those using bonded strain gages
D because of the absence of the backing material

A
SUPPLY and the bonding film.
VOLTAGE ‘

INSULATED

. . s . tet
TG 7 Strain gages are primarily used in Wheatstone

bridge circuits. One, two or all four arms of the

bridge can be made up of strain gages. The strain
gsges should be 3o arranged that temperature
effects are reduced. The bridge supply can be
either DC or AC. The bridge output is low-level,
usually with a maximum of about 100 mV.

A relatively new development is the
semiconductor strain gage, vhich operates on the
piezoresistive effect. The gage material is a
single crystal of doped silicon. The principal
advantage of this type of strain gage is its
high sensitivity: over 50 times greater than for the wire type. Its temperature sensitivity is, however,

Figure 4.5 Displacement transducer with
four unbonded strain gages

much larger than in metal strain gages, soc there is often little gain in using them when temperature
can change considerably. They are used in transducers, where effective means for temperature cospensation
can be incorporated during manufacture.

Resistance thermometers. Two types of resistance thermometers are widely used in flight testing:
the metal wire resistance thermometer and the thermistor.

The metal resistance thermometers are usually made of nickel or platinum wire. The reproducibility
is very good and the calibration is nearly linear over & wide temperature range. Some types can be
used to temperatures of 1500°C. There are two basic configurations: the buldb type and the surface
type. The standard bulb types have a metal protection tube around the wire; they are relatively
large and have a slow response. Special types, for instance those used in many stagnation tempe-
rature probes, are scmewhat smaller and have their wire directly exposed to the air. In those types,
time constants of a few seconds can be attained. The output voltage is generally larger than for
strain gages, and can often be used without amplification. When designing measuring circuits for
resistance temperature elements, the maximum allowable self-heating of the element must be taken into
account. Elements for measuring surface temperatures consist of a fine wire grid bonded to a backing
material and are similar in construction to strain gages. They are cemented to the surface vhere the
temperature aeasurement is to be made.

Thermistors incorporate & resistance element made of a semiconductor meaterial. They can be made
very small in size, thus allowing a relatively high frequency response. Nany types have a negative
temperature coefficient. The relation between resistance and temperature usually is non-linear.
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Figure 4.6 Capacitive transducers

4.3.2.3 Variable inductance transducers (Fig. 4.7)

In varigble self-inductance transducers the
position of a core in a coil determines the self-
inductance of the coil. Inductance type trans-
ducers are available for a large number of inputs
which produce a linear displacement, such as
pressure, acceleration, force, etc. They are
low-impedance deviceg which produce relatively
high output signals. They are often used for
analog FM recording or telemetry. The coil in
these applications forms part of the cscillator
circuit which produces the frequency-modulated
signal (Fig. 4.Ta). They are alsc used in bridge
cireuits. Figure 4.7.b shows a bridge circuit
with tvo self-inductances cne of which increases
while the other decreases with the measurand.
These transducers can be made very small, and
can operate at relatively high temperatures.

Document provided by SpaceAge Control, Inc. (http://spaceagecontral.com/). .. . - .

-4.3.2.2 Variable capscitance transducers (Fig. 4.6)

In variable capacitance transducers the
effective area of two parallel plates, the

 separation between them and the dielectric strength

of the material separating them, determine the
capacitance. Common examples of transducers using
& change of plate spacing are the condensor
microphone and the capacitive pressure transducer
(Fig. 4.6.a). variation in the dielectric is
generally used to measure fuel level (Fig. 4.6.b).

Advantages of capacitive transducers include
the small size, excellent high-frequency response
and ability to vithstand high temperatures.
Disadvantages include the temperature sensitivity
and the high-impedance output, which requires
rather complex signal conditicniag circuitry.
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4.2,2.4 Variable differential transformers

In a variable differential transformer the mutual inductance between coils is varied. The most
. common type of linear variable differentisl transformer (LVDT) consists of a hollow concentric non-.
magnetic form with three windings: one primary and two secondary. A pictorial diagram of an LVDT is
" ghown in Figure 4.8. The position of a magnetic
core or armature within the coil determines the
relative mutual coupling between the primary
MAGNETIC s and secondary windings. ‘When an AC voltage is
CORE | mwﬂ DISPLACEMENT applied to the primary winding, and the two
' - —— - - secondary vind;nga are connected in series
opposition, the net output is the difference
of the two secondary voltages which is directly
proportional to the core displacement.

1 . ) !
i l\ Differential transformers are simple in ‘
S~0 construction, durable, provide frictionless

R T R AT YT

; PPLY TP . s
i :%L'rkcs ouTPUT core motion,and are capable of operation in

‘ - . relatively high temperature environments. The
Figure 4.8 Linear variable differential output can be of the order of several volts,
! transformer

vith a lov impedance which simplifies cable
L requirements. Rotary models of the differential transformer are also available.

4.3.2.5 Synchros

Generally, synchros are used for positioning by electrical means the shaft in a repeater to the
same angular position as another shaft on which the transmitter is mounted. In their normal use the
output is, therefore, an angular position of a rotor, not an electrical output. As such they are used
in flight testing for the transmission of anguia.r positions to pointer instruments. But their main
importance in flight testing is in a different application. Since synchros are extensively used in
the normal operational equipment of the aircraft, many measurements can be obtained by tapping the
4 electrical signal of these operational circuits, thereby precluding the need to install separate p
: transducers. Rather complex signal conditioning circuits are required (see Chapter 5), but never- ;
: theless this method is often more convenient than the use of additional transducers.

o
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There are two general classes of synchros: :
the torque type and the control type. In torque i
ayachro circuits (Fig. 4.9a) the rotors of the

: TORQUE TRANSMITTER TORQUE RECEIVER
3 torque transmitter and the torque receiver are - | ]
3 . ™
\ \ MECHANICAL
_}t_ both conaected to the AC supply voltage (in MECHANKAL MECHAN
: airecraft applications usually 26 Volt, 400 Hz.). WPUT N —
F If the two rotors are not aligned, a current SUPPLY o
- . . .. . VOLTAGE . |
3 will be generated in the stator circuit which L ﬁ.g;;g.f“‘-
moves the torque receiver rotor to its correct o. TORQUE SYNCHRO CIRCUIT
position. The positionigg accurascy of the receiver
- under static conditions is about 0.25 degrees CONTROL TRANSMITTER CONTROL TRANSFORMER
) |
4 (i.e. better than 0.1 ¥ of the 360 degree full & o
1 scale value). Due to the relatively low power, HECKANICAL !
} the large inertia of the torque-receiver rotor "')“I I
and the slip-ring friction in the receiver, the LY o J
frequency response is rather poor. An electrical ELECTRICAL
d R sis ouUTPUT
" meagurement of the trangmitter position can be CHANICAL
. . . . b. CONTROL SYNCHRO CIRCUIT oUTRUT
: obtained by tapping the stator wires using high-
;. k impedance circuits. The rotor voltage is used as
. } a re“erence in some signal conditioners. Figure k.9 Synchro circuits
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In control synchro circuits (Fig. 4.9b) only the rotor of the control transmitter is connected
to the supply voltage. Currents in the stator circuit induce a voltage in the rotor of a control
transformer which is amplified and fed tc a servo motor which drives the control-transformer rotor
- ?'_ e o "© %o its correct positicn. The accuracy of the alignment of the rotor can be of the order of 0.05
- ’ - degrees and the dynamic response can be much better than for torque synchros. The output of the
 synchro chain is, as with torcj,ue synchros, a shaft pesition. If an electrical output of a coatrol

synchro chain is required, this can be taken from the stator wires as in Figure 4.9a. It is, ‘however,

‘better and more accurate to mount an electrical transducer (e.g. a potentiometer or a digital shaft
encoder) on the axis of the servo motor and to use the output of this transducer.

A nuiber of special synchro types have been deaveloped: ‘ '

~ differential synchros. These are control trmmitt;era which have a three-winding rotor as well as
s three-vinding stator. The rotor is comnnected to the stator of a normal control transwitter.

i ‘ The control transformer connected to the stator will then be positioned to indicate the sum or the

difference of the angular positions of the shafts of the control iransmitter and of the differential
transmitter.

~ brushless synchros. In these synchros the excitation of the rotor is done by inductive means,

!

instead of by sliding contacts. This provides & modest improvement in both accuracy and dynamic 4

" respouse. Co=T b
-’

3

o

e g e

o - synchros with fixed coils ("synchrotel"). In these synchros the "rotor winding" does not move, but
' ‘ ‘ is wound on the same core as the stator windings. The coupling between the "rotor winding" and the y
stator windings is controlled by a amall and light moving piece of metal. As this coupling is much 1

N 4
L N less efficient, they require more supply power and are usually excited by 115 Volts, 40O Hz. The
k ‘ inertia and the friction of the rotor can be made so low that these synchros can be used in gensitive ?4‘
E - altimeters and similar instruments to provide an electrical comnection to & control transformer.

In a fev cases resolvers are used in flight testing. Thege are similar to synchros, but have

¢ only two stator coils, which produce AC voltages proportional to the sine and cosine of the angular
\; position of the rotor. They are, for example, used in many inertial platforms. The stator voltages
:E can be tapped in the same way as for synchros. o

s

h.§.3 Pulse and frequency generating transducers

For pulse-generating transducers the information is represented as a continuocusly varisble pulse
z( ‘ repetition rate. Frequency generating transducers produce a (more or less) sinusocidal output with &

: frequency proportional to the value of the input to the transducer. In the majority of flight test

z : applications this frequency is transformed in the signal conditioning circuit to a pulse rate by

2 amplification and eclipping. Although frequency outputs can be used in other ways, for example in
analog telemetry and recording circuits or in eddy-current type tachometers, in flight test applica-
tions they are generally transformed into a train of pulses. They are, therefore, described here
under the same heading. Pulse and frequency generating trangducers are analog transducers, but their
‘ output can be very easily transformed into & digital output using a counter. They are, therefore,

) papetimes classified as semi-~digital transducers.

S el e - it

s 0

4.3.3.1 Pulse-generating transducers

Most pulse-generating transducers produce a ceries of voltage or current pulses whose rate is 1

proportional to the value of the physical parameter measured. The most common types operate upon the
1 magnetoelectric or the photoelectric principles.

The magnetoelectric sensor consists of & coil with a small permanent magnet. If the field of the
magnet is disturbed momentarily by the movement of & piece of ferro-magnetic material pagsing it, a
pulse is generated in the coil. This principle is often used for the measurement of rotation speeds

i o S ok e St AR
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Figure 4,10 Pulse-generating fuel
flow transducer

in engines and in turbine-type flow-rate trans-

v ducers (Fig. 4.10). For each revolution one or ‘
‘more pulses are induced in the sensor. Y

The photoslectric or photoresigtive sensors

are also used for detecting rates of rotation.

«he pulses are produced by periodically inter~
rupting a light beam from & lamp to & photo-
electric cell or a photoresistence. This principle
is not often used in flight testing. One
application is in tape recorders to‘detect

vhether or not the tape is running.,

L.3.3.2 Frequency-generating transducers

Many types of frequeacy-generating trans-
ducers are used in flight testing. One is the
AC tachometer, which has an output proporticnal
in both frequency and amplitude to the angulasr
velocity of the shaft to which it is attached,
Other types of frequency-generating transducers
include the variable self-inductance transducers
and the capacitive transducera when used as an

element in a variable-frequency oscillator. In a fourth type, the vibrating-wire transducer, the

measurand changes the tension of & vibrating vire,

and thereby its vibration frequency. Part of the

output signal is fed back through a serve amplifier to maintain the oscillation. The same Principle is
also used for tuning forks and cerystals which are used in timers. Here, however, the frequency is

maintained as constant as possible.

4.3.4 Digital transducers

The digital transducers produce & digitally
coded output. The most common type of digital
transducer uses a shaft-position encoder such as
shown in Figure 4.11. The same principle is also
employed in linear-scale encoders, which can be
used to encode rectilinear motions. The digital
encoders may be grouped into two major categories:
the brush and the brushless types.

Figure 4.11 shows a brush-type encoder. The

disk is composed of a series of conducting and
non-conducting areas on several concentric rings,
one ring for each bit in the output. The conductive
areas are all connected to & voltage source and

a digital "1" is produced by the current which
flows through & brush when it contacts a conducte
ing area. No current flows through the brush when
it is in contact with a non-conducting area and

the digital bit produced is “o",

MOST
SIGNIFICANT
BIT

Figure 4,11 Seven-bit brush-type digital
shaft-position encoder

The brush-type encoders are rather gensitive to vibration, which may affect the contact between

the brushes and the disk. This effect is scmewhat less in brushless encoders. The

disks are gimilar

in layout, but the detection of & "1" is done by & magnetic, capacitive or optical sensor.

There are also some digital transducers which are analog transducers with a built-in electronic

e e

digitizer, functioning on the sume principle as the analog-to-digital converters described in

Chapter 5.
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Digitel transducers are not used extemsively in flight testing at the present time, baceuse the
effects of vibration bave not been completely overcome at least for the encoder-types, snd because
problems still exist with high-frequency respouse. Another reascn is that digiti) transducers are very
costly and are only available for & limited number of transducer types. Since analog-to-digital o
converters must he provided for the transducers which have only auslog outputs, it is generally more
economical to avoid using the ¥ow transducers which do have digital outputs. If in the future mor:
types of digital transducers becomw available, this situation may change.

4,3.5 Closed-loop transducers

In closed~loop transducers, also called feedback uransducers or servo transducer , s portion of
the output is returned to the input either electricslily or mecheuically. %ais feedback signal opposvs
the input signal and is therefore called "negaiive feeduack". The effect of the feedback loop is to
increase .he accuracy of the transducer over that of comparsble open-locp transducers. In many cases,
accuracies of 107 of full scale or better can be achiaved in closed-loop transducers. Waen such
accuracies are required in flight testing, for instance in pressure transducers for measuring altitude
and for acceleration transducers for measuring aireraft motions, closed-loop transducers are extensively
used. Two types of closed-loop transducers are used in flight testing, viz. farce-balance trans-
ducers and closed-loop position tranducers. '

The majority of closed-loop tranducers
used in flight testing are force-balance trans-
ducerg. The principle is shown in Figure 4.12.

ALCELEKRATIUN
DI3PLACEMENT DETECTOR

AMPLIFIER
QUTPYT CURRENT

PARANAANAAN

HINGE MASS %

The physical imput (un acceleration in Figure

4.12) exerts a forve on a sensing elemest. In ;
open-loop transducers this force would be balanced é
by a spring and the deflection of the sensing .
element would be memsured. In a closed-loop

g = ¢ ——0 i
PRECISION ouTPUT transducer ap electrical signal from the .
FORCE RESISTOR ~—1 VOLYAGE '
GENERATOR L

i

displacement detector is sent via an amplifier

- voltage by means of a precision resistance. Although a finite deflection of the sensing element is

to an electrical -force generator which repositions
Figure 4.12 Force-balance acceleration the sensing element. The current required to drive
transducer )
the repositioning device to equilibriva is a
measure of the physical input queatity end is the output of the transducer. It can be converted to a

required in order to obtain an output from the dispiacement detector, this deflection is much rmaller
than for equivalent ppen-loop transducers.

In closed-loop position trancducers the physical input is not a force but s displacement. In
these instruments the servo amplifier is used to reposition the displacement detector umtil its out-
put i5 zero. An exumple of such a rosition servo has been described in Section 4.3.2.5, which is the

system used for control synchros (Figure 4.9b). A similar sorvo system is used in some closed-loop
pressure tranaducers.

(he advantuges of closed-loop transducere can be summarized as follows:
environmental factors have much less effe.t on the accuracy because it is & uull-gseeking device
the static accuracy can be much higher becsuse fricticn effects ave practically eliminated

dynamic linearity cen be increased becauge of the absence of friction effacts and of non-linear
effects in mechanical damping devices

the dynamic characteristics are stable hecause they muinly depend on the electrical charscteristics
of the fcedback loop

- the sensing elemaat travels only & minute distance before equilibrium is atteined. Therefore, cross-
axis sensitivity is much less than in equivalent open-loop transducers.

The disadvantages are mainly that they are more costly and larger in size and weight tban conventional

transducers and that overloading may cause very large errors. A characteristic which can be a

disadvantage under some circumstances is that the bandwidth generilly increases with incressing

accwracy. This cau cause problems when & low-frequency signal must be measured in the presence of

high-amplitude, high-frequency noise (see Section 4.2.2).
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SIGNAL CONDITIONING
by A
W.G., James

5.1 INTRODUCTION

The output signal from a transducer is usually modified several times before it is in the final
form in which it can be subjected to computatioa. Exemples of such modifying operations are amplifi-
cation, filtering, sampling, digitizing, data compression, digital format conversion, modulation on
a carrier frequency, application of calibrations, etc. In principle, these operations do not change
the essential information contained in the signal. Each operation is done in order to adapt the signal
40 the input requivements of the next unit in the meaguring chain. In a broad sense all operations
between the transducer and the computer which is used for the final analysis could be regarded as
signal conditioning. In flight test instrumentation language the expression "signal conditioning" is
generally reserved to indicate the modifying operations done on board the aircraft. It is used to
indicate the signal modifications between the transducer and the input stage of the recording or tele-
metry system, the indicator or the airborne computer (Fig. 5.1). What is meant by these latter expres-
sions depends very much on the general layout of the system and on how the different circuits have
been divided between the “buxes". For instance, a "digital tape recording system" can be regarded as
congisting of:

~ the recorder deck only; then the write amplifiers, analog-to-digital converters, etc., will be re-
garded as signal conditioners

-~ the recorder deck with the {built-in) write amplifiers; in that case the write amplifiers will not
be called signal conditioners but will be part of the recording system

- a gystem of recordev and electronics accepting standard DC and digital input signals, the components
of which need not even be all housed in the same box; in that case the commutators, analog-to-digi-
tal converters and write amplifiers will be included in the digital recording system. The term signal
conditioner will then be applied only to those circuits which convert the analog transducer outputs

to the standard DC signals and the digital transducer outputs to the standard digital input format
required by the system.

In this chapter the notion "signal conditioning" will be used as follows. For single indicators
and for photo-panel recorders all circuits outside the indicatos houses are regarded as signal con-
ditioners. Continuous-trace recording systems are considered to consist of the recorder box only.

Tape recording systems will consist of the tape deck and the write amplifiers which are usually housed
in it, Similarly, telemetry systems will include the transmitter. All circuits between the transducer
and these systems will be included in the functional notion of signal conditioning and will be de-

serit2d in this chapter. Recording systems will be discussed in Chapter 9, telemetry systems in Chap-
ter 10.

In a few cases, cperations like
filtering are donme on the physical _ .
input signal before it enters the pHysicaL )| siGaAL I MWGN+J SIGNAL __;5}5&me
transducers., This is usually also called  INPUT m‘u“mlmj—‘ JCONDITIONING ATRBORNE
signul conditioning as illustrated in
Figure 5.1,

D
DISPLAY UNIT

Figure 5.1 Block diagram showing the function of

signal conditioning in an airborme flight

test instrumentation system

The main reasons for signal conditioning are:

-~ The transducers can be selected on the basis of availibility or of optimel transducing quality,
without additional requirements on their output characteristics (see also Chapter 4).

~ Transducers from the operational aystems on the aircraft can also be used for flight test purposes.
Conditioning circuits must then be made to ensure that the flight test system can under no circum-
stances interfere with the safe execution of the flight.

-~ If the frequency range of the transducer output is too large to be handled correctly by the record-

ing of telemetry system, signal conditioning can reduce the bandwidth of the signal by eliminating
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. frequency ranges vhich are of no interest for the measurements.
- Conditioning circuits can protect the signal against extraneous signals induced by the environment
and reduce the effect on the signal of changes in the eavironment.
"= The calibration of a transducer changes if more than an insignificaut part of the available powver

is trensferred by the output signal. Signal conditioning amplifiers reduce the power taken from the
transducer.

Signal conditioning also includes transformations of the transducer output signal. As explained
in Chapter U4, normally these output signals are:
- DC analog (very low frequency or quasi-gtatic)
~ AC analog (including scme special types like variable impedance and synchro ocutputs),
- frequency and pulse rate,
- digital.

The commonly encountered signal transformations are shown in Table 5.1.

Table 5.1 Frequently used signal conditioning operations

Conversion Conversgion to
from
_ DC AC Digital Frequency
DC Amplification Amplitude A/D conversion Frequency
modulation modulation
AC Demodulation Amplification Via DC —
Impedance Bridges Bridges — Frequency
modulation
Frequency Demodulation — Counting
Synchros Special purpose conversions _—

They can be divided into two groups:
Linear operations, i.e. operations where the input and output signals are of the same type and in
which the relation between output aud input can be described by a linear differential equation, and

signal conversions, where the input and output signals also ere in some way linearly related, but are
of different types.

5.2 LINEAR OPERATIONS ON SIGNALS

5.2.1 Theoretical introduction

The linear operations can be divided into four groups:
- Amplification and attenuation. The main object of thege opera.tzons is to increase or to decrease

the voltage, current, power or impedance level of the signal. In general, the spectral distribution
will alsoc be affected slightly.

- Filtering. Here the objective is to change the spectral distribution of the signal. Small changes
in the wvanted signal components unintentionally also ocecur.
- Zer) shifting. This generally involves the addition of a constant voltage or current to the signal.
- Compensation. The objective of this operation is to reduce the response to undesired variables
by means of subtraction from the perturbed signal of & similarly perturbed auxiliary signal.
This technique is applied, for instance, in bridge circuits and in differential amplifiers.

The linear operations can be described by & transfer function as discussed in Chapter 3. At each
radial frequency o the output Y(w) is related to the input X(w) by the relation

Y(w) = Aw).e2®®) x(2) + N(w) (5.1)

vhere A{w) is the amplification factor, o(w) is the phase angle between input and output and N(w) is
the zero shift and the amplifier noisge.

For amplifiers (A1) and attenuators (A<1) the amplification factor and the zerc shift are ususlly
independent of frequency within the bandwidth of the amplifier, and the phase shift is either zero
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" YmAX+N , (5.2)
or 180 degrees (inverting amplifier)
Y= -AX+ N - : : T T T T T TT(543)
In most conditioning circuits the term ¥ can be ignoread.

When Qesigning linear signal conditioning circuits, especially filters, it must be kept in mind
that the transducers and the signal converters (such as snalog-to-digital converters) also have a
transfer function. When considering the overall frequency response of a measuring chain all these
“filtering effects" must be taken into account. Sampling devices modify the frequency response
(aliasing); this effect is discussed in detail in Chapter 6. The frequency response can be displayed
by the amplitude and phase characteristics as discussed in Chapter 3. For some applications it is

easier to use the power spectral density curves, vhich give the relation between the square of A(w)
and w. '

5.2.2 Amplification and attenuation
The signal conditioning operations of this type usually do not significantly affect the spectral

content of the signal, so that they can be described by equations (5.2) or (5.3). The object of such

operations is one or more of the following signal modifications:

~ to change the voltage or current level to adapt the signal to the input requirements of the record-
ing or telemetry unit,

-~ to increase the pover of the measuring signal,

- to match the impedance of the transducer (which may be very high) to that of the recording or tele-
metry system (which can be low),

- t0 recover a small signal which is the difference of two high voltages,

- to isolate electrcaie circuits from others, so that a failure in the isoclated part will nct affect
the functioning of the remaining circuit.

Attenuation. Commonly used sttenu~ i RL» 100R J Rg
[}
ation circuits for the reduction of : H
high-level signals are the potentio-~ : { r===
meter and the step attenuator (Fig- I | R |
s . . INPUT | i (]
ure 5.2). Protective isolation can ! i |
. . . . i
be obtained by using a series resist- OUTPUT ! : ]
. i
ance (Figure 5.3). It should be noted .= d
that such attenuator circuits dissipate o. POTENTIOMETER
. P CONTINUOUSLY VARIABLE b. STEP ATTENUATOR
power, so that the signal power level
is reduced. Especially in the case of Figure 5.2 Varisble resistive attenuation
protective attenuation it may be necess-
to provide a power amplifier in TRANS- COCKPIT
ayROP . P . ,p . DUCER INDICATOR
order to maintain sufficient signal
power.
L
cps . . FLIGHT TEST
A__n_lph!.‘:.ers ccme.n.z nany dffferent L — > EQUIPMENT
types. A first clasgification is: ISOLATION
RESISTORS

voltage amplifiers, current amplifiers
sad pover smplifiers. Figure 5.3 Resistive isolation of the flight test
instrumentation input when transducers

A second classification involves the from the cockpit system are used

frequency response of the amplifiers. A DC amplifier can accomodate signals with a spectral content
ranging from zero to some upper cut-off frequency, which can be quite hig... The passband of an AC
amplifier is limited at the lower frequency side of the spectrum by a cut-off frequency above zero;

it will not pass DC. AC amplifiers are used when & low frequency response is either not required or
undesirable, for example in AC servo's, carrier systems, synchro links and vibration measurements.

The application and use of DC amplifiers generally requires more design effort because of the problems
asgociated with contact potentials, offset voltages and currents, drift and temperature compensation;

Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).

Sy PRI RPN it temr e e

e e e " 5

2
3
4
]

o Bies aie e ma o etes e S Heaslealies 4




however, they must be used if a frequency response down to very low frequency is required.

Amplifiers can also be classified according to the degree of electric isolation between the
input and output terminals (Figure 5.k). ‘

t o . o _. R o

- Single-ended amplifjers are essential-
' ly three-terminal devices: input and TRANS- FLIGHT TEST

DUCER '\\ ’ EQUIPMENT
output have one (ground) terminal in } —‘4
common. In simple single-ended am-

plifiers the common terminal is direct o) SINGLE ENDED AMPLIFIER

ly connected to the amplifier case and

1 via this case to the aircraft struc- l\
3 ture (Fig. 5.b&). In that case the ‘TRANS- FLIGHT TEST
; ‘ signal vwill be directly influenced DUCER l/l/ g EQUIPMENT
E by differences in potential be- . l
tween the points where the trans- b) FLOATING TRANSDUCER AND AMPLIFIER
E: ducer, the amplifier and the next y
stage of the electronic circuit
are connected to the aircraft struc- TRANS.
ture (ground loops). It is, there~ DUCER ] FLIGHT TEST
fore, often better to use a J’ EQUIPMENT
: floating single-ended amplifier, J,
‘ in vhich the common signal input <) DIFFERENTIAL AMPLIFIER
and output terminal is igolated
from the amplifier case (Fig. 5..b). Figure 5.4 Types of amplifier input circuits

Then a signal return wire must be added, because the signal cannot return through the aircraft struc-
ture. If, as is usually the case for modern instruments, the output terminals of the transducer and
the input terminals of the next circuit are also isolated from the aircraft structure, the signal
return wire can be grounded to the structure at the most convenient point. In differential amplifiers .
the input and output sides have no coamon terminal {Fig. 5.4c). They are, in principle, a combination
of two amplifiers with a common input ground, interconnected so that the output is the amplified

difference between the two “hot" input terminals. The amplification function of a differential amplifier
is

femanir e TEYw W LT T

YA - AX, (5.4)

vhere Y is the output voltage, x1 and x2 are the input voltages referred to the common input ground
and A, and -Ae are the amplification factors of the two "halves" of the amplifier, one of which is
inverted with respect to the other. Great care is taken in the construction to make these two ampli-
fication factors exactly equal. Then

Y ll()(1 - X2) . (5.5)

4 vhich means that the amplifier produces indeed an cutput which is proportional to the difference
between the two input voltages, regardless of the voltage level of these two inputs with respect to
ground. One limitation is that the imput voltages X, and x2 vith respect to ground should not be
80 high that the inmput circuitry would fail. This limit is of the order of 10 Volts for ordinary
‘differential amplifiers. If the input voltages are higher than this limit a floating or true dif-
ferential amplifier must be used, in which there is no galvanic connection between the signal and
the power ground of the amplifier.

The main advantage of the differential amplifier over the single-ended amplifier is, that it
only amplifies the "normal mode" voltage (x, - x2) between the two signal lines and is insensitive
to the "common mode" voltage 3(1(1 + x2) vith respect to (signal) ground. An application of this
common mode rejection characteristic of the differential amplifier is shown in Figure 5.5a.

1 The low level bridge output signul is at a DC potential of half the bridge supply voltage with
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respect to the common ground of the battery and
the amplifier. Yet the amplifier will only am-

plify the bridge output signal voltage. This
" messurement could also have been made vith a
single~ended anplifier, if the bridge pover
source vere floating with respect to ground
(Figure 5.5b). This latter configuration is
ofter inconvenient, especially if several
bridges have to be connected to the same in-
put by way of a commutator. The common mode
rejection characteristics of a differential
amplifier will also eliminate the effect of
some types of noise pickup.
In Figure 5.6a the effect of capacitive
noise pickup on the input wire of a single-~
ended amplifier is illustrated. The noise
voltage vwill be added to the signal voltage.
" Figure 5.6b the noise pickup on the two
input wires appears as a common-mode volt-
age at both input terminals of the differ-
ential amplifier and will not be amplified.
It is essential that the two input wires
are very near to each other and that the
circuits connected to the two input ter-
ninals are symmetric. In practice, the
common-mode rejection of an amplifier is
never perfect, because the amplification
factors of the two sides are not equal.
Thus the amplifier output will be affect-
ed by the common mode voltage, although
the comuon-mode sensitivity will be much

FLIGHT TEST
EQUIPHENT

g RL | i
T :

& ) STRAIN GAGE BRIDGE WiTW GROUNDED SUPPLY AND DIFFERENTIAL

AMPLIFIER

N

1

FLIGHT TEST
EQUIPMENT

& ) STRAIN GAGE BRIDGE YITH FLOATING SUPPLY AND SINGLE~ENDED AMPLIFIER

Figure 5.5 Methods for eliminating common mode

effects in strain gage bridges

FLIGHT TEST

Sty

EQUIPMENT

&) CAPACITIVE NOISE PICKUP ACTING ON A SINGLE ENDED AMPLIFIER CIRCUIT

FLIGHT TEST
EQUIPMENT

) CAPACITIVE NOISE PICKUP ACTING ON A DIFFERENTIAL AMPLIFIER CIRQUT

Figure 5.6 The effect of capacitive noise on the
input lines of single-ended and differ-

ential amplifiers

less than the normal-mode gensitivity. The ratio between these two gensitivities is called the common
mode rejection ratio. It can vary between 1072 (~40 dB) for a low quality integrated circuit to 10
(=160 dB) for a sophisticated instrumentation amplifier. However, the common-mode rejection of the
complete circuit does not depend only on the amplifier characteristics. If the amplifier input impe-
dances Z:.L in the circuit of Figure 5.5a are not exactly matched, the common mode rejection ratio of
the cire-it will be appreciably lower than that of the amplifier. The cammon mode rejection ratio
depends on the frequency of the noise (e.g. -160 dB at DC and =120 4B at 400 Hz).

158 Itgﬁﬁil

o) SINGLE - ENDED OPERATION
Ya- ;z (%) - Xz)
1

e

T

b) INVERTING DIFFERENTIAL AMPLIFIER:

) IMPEDANCE TRANSFORMER d) CHARGE AMPL!FIER

Figure 5.7 Circuits with operational smplifiers
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A type of amplifier vhick is often
used in flight tes: instrumentation cir-
cuits is the operational amplifier (Fig.
5.7), vhich is available in many differ-
ent types and qualities. It is a differ-
ential amplitier with a high ipput impe-~
dance (> 200 k), a high amplification
factar (»50,000), a reasonsbly high common~
mode rejection ratio (-80 4B) sand a low
output impedance (a few chms). Operational

amplifiers are msnufactured in large

quantities and are relatively cheap. They
are, therefore, also often used in cir-
cuits vhich could be made with single-end-
ed amplifiers. Figure 5.7 shows a few

applications.

The principle of operation will be briefly

(http://spaceagecontrol.com/)
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described using Figure 5.7s, vhich shovs an inverting amplifier in single-ended operation. (ne of the

’ input terminals is directly connected to the grounded signal return line. The ratio betveen the out-

put voltage -Y and the input voltage X is much less than the amplification factor of the operstion'd

- -amplifier. Tha voltage at the upper input of the operational amplifier must, therefore, be almost zerc.

This is achieved by means of the feedback resistor 82 Due to the high input resistance of the opera-
tional amplifier the only current path is through 31 and R,, 50 the signal current through R, and the
feedback current through R, must be equal. The amplification factor of the complete circuit -¥/X is
then mainly determined by the ratio 32/31 of two stable resistors and not by the amplifier character-
istics. Figure 5.7b shows an inverting differential amplifier which in essence consists of two cir-
cuits of the same type; the symmetry of this circuit provides a better provision against interfer-
ence and makes it possible to amplify a small voltage difference in the presence of a large common
mode voltage. The circuit of Figure 5.7c is used to connect a high-impedance transducer to s meas-
uring circuit with low impedance. The charge amplifier of Figure 5.74 is used with piezo-electric
transducers as mantioned in Chapter 4.

A disadvantage of the DC amplifiers is that the output voltage can assume a value different from
zero vhen the input voltsge is zero (zero offset). Therefore, DC amplifiers are always equipped with
a zero-ofrset adjustment vhich must be set
vhen the amplifier has been connected in
the circuit. Even if the zero offset wvas

AC AMPLIFIER

TRANS-
CHOPPER FORMER SYNCHRONOUS LOW PASS
DEMODULATOR FILTER

well adjusted initially, gradual changes .." ‘ —8>DC OUTPUT
in the amplifier (such &s component ageing DC NPUT ’f i —

and temperature effects) will produce "T—J OSCILLATOR :

drift. Special DC amplifiers have been Lo -] _____jl

developed for use in low level circuits,

vhich have an exceptionally low drift.
An example is the ‘chopper" amplifier
(Fig. 5.8). A mechanical or electronic chopper converts the DC into AC, which is then smplified in an
AC amplifier. The high-level AC is then synchronously demodulated to a pulsating DC output and subse-
quently smoothed by a filter. Chopper smplifiers are availasble with high gain and extremely low drift,
but the frequency range is limited to 10¥ or less of the chopper frequency becsuse of aliasing effects
(see Cbhapter 6). The frequency usually is 400 Hz for mechanical choppers, but electronic choppers

have been developed which function at 100 kHz and higher. Recent developments in solid-state DC differ-
ential amplifiers have, however, reduced the need for such complicated devices.

Figure 5.8 Chopper amplifier

A very important aspect in the design of every amplifier input circuit is the_reduction of spu-
rious input signals. Even very small spurious signals can have a significant effect on a low-level
input to an amplifier. Several measures have already been briefly mentioned on the previous pages.
Elimination of ground loops and the proper choice of ground connections is very important. The effec-
tiveness of differential amplifiers in rejecting stray pickup from electric or magnetic fields will
only be realized if the input circuits are symmetric and if the two input wires are very near to each
other everyvwhere. Further improvements can be obtained by using shielded or twisted wires and by

keeping low-level input wires far away from sources of spurious signals. These measures are discussed
in some more detail in Chapter 8.

5.2.3 Filtering
Filtering is done if the signal contains components which are of no interest to the measurement
and vhich have frequencies which are sufficiently different from those of the gignal of interest to
make filtering possible without significant distortion of the measuring signal. There are three main
reasons for applying filtering to a measuring signal:
1. to attenuate the amplitudes of those signal components vhich are of no interest to the measurement
and which may saturate transducers or other parts of the messuring circuit,
2. to frilter out noise and high-frequency components of the aignal which are of no interest to the
meagurement in order to reduce aliaring errors in case of sampling,
3. to present the signal so that it cen be easily interpreted.
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_ two filters have been applied the signal can be recorded. The third type of filter mentioned above

5.7

These applications of filtering will be explained by an example. An scceleration transducer is

used to measure aircraft longitudinal accelerations which are in a frequency range between 0 and 5 Hz

vith maximum amplitudes of + 0.4 g. In order to obtain sufficient accuracy a feed-back acceleration

transducer is chosen with a range of + 0.5 g and a frequency range from O to 100 Hz; the transducer

will be saturated if the signal becomes larger than + 1 g and then the output signal becomes

unrelated to the input signal. Besides the signal of interest there are two spurious inputs:

-~ & resonance of the structural member on which the transducer is mounted, with an amplitude of 1.5
& at a frequency of 30 Hz, '

- & 400 Hz signal picked up from the power supply of the aircraft by the input wires vo the amplifier;
the amplitude of this signal is equivalent to 0.2 g.

The spectral distribution of the

input signals is shown in Figure 5.9. 2

The first step must be to provide- a % "

filter to reduce the vibration input g

to the accelerometer to 0.5 g or less “

because otherwise the output of the

transducer will be distorted. This FREQUENCY (Ha)

must be done by means of & mechanical Figure 5.9 Example of a transducer output affect-

filter which actually reduces the 30 Hz ed by noise

acceleration of the transducer without

distorting the frequency range between O and5 Hz. Such a filter is relatively difficult to make; the
only alternative is, however, to use a transducer with a linear range of * 2 g or more, with a result-
ant loss in measuring accuracy. The second of the three filter functions mentioned above will be-
come important if the signal must be sampled, for instance at 100 or 200 samples per second. Then

the L0O Hz signal would be aliased to near 0 Hz (see Chapter 6) and would distort the low-frequency
part of the spectrum which is of primary interest to the measurement. Therefore, an electric filter
must be added to reduce the amplitude of the 400 Hz signal to an insignificant value. After these

is used to reduce the remaining noise to a level where it does not obscure the shape of plotted re-
sults or where it does not interfere with further computer processing (e.g. differentiation).

Filters are also extensively used in signal conditioners to reject by-products of some signal
processing techniques, for instance in chopper amplifiers. One example is shown in Figure 5.8: after
demodulation the chopper frequency components which are present in the signal must be filtered out.

Similar applications occur in several types of modulators. Filters may a#lso be used to correct the
frequency characteristics of transducers.

There are several types of filters "lovA('-').dB hoak(w).da hnuh(w),dﬂ
(see Figure 5.10 and Reference 1). The
wost important filter for flight test
applications is the low-pass filter,
vhich passes all frequencies below a lo;u—— Y log w—e 0 logT-’
certain frequency (cut-off frequency) § ¢, rod tog @ —=- } @ § ¢.rod.
and attenuates the frequencies beyond
the cut-off frequency. The high-pass T
filter does the opposite: it attenusates
all frequencies below the cut~off fre- logw ~=-
quency and passes those beyond. Band- a) LOW-PASS FILTER b) HIGH-PASS FILTER c) BAND-PASS FILTER
pags filters and band-stop filters are Figure 5.10 Gain (upper) and phase (lower) plots of
used in some applications. The filter typical filter types.

also affects the phase relations in the
pass band.

For each type of filter there are a number of parameters which can be varied: the order of the
filter, the attenuation and the phase characteristics, the cut-off frequencies, the design principle
of the rilter (such as Tchebycheff, Buttervorth, Gauss and linear phase filters). A careful analysis
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of the exact characteristics is required before a filter can be chosen for a certain application.
A somewhat more detailed discussion of this aspect is given in Chapter 6.

Both Toesive and active filters can -
be used in flight testing (Fig. 5.11).

Passive filters are constructed using e B ) -E q;—.
only passive elements, i.e. capacitors, g —0 O ———0
resistors and inductors. Active filters PASSIVE, FIRST ORDER PASSIVE, SECOND ORDER
‘use amplifiers in addition to passive
elements. In general, the same filter —{ 3
characteristics can be obtained ty Jl
active and by passive filters. The main — s
advantage of active filters is, that
they are physically smaller, especially ~
; : if the bresk frequency is low. Addition- -
) ‘ ACTIVE, FIRST ORDER ACTIVE, SECOND ORDER

al advantages are that there is no loss
in signal pover and that the input and Figure 5.11 Examples of passive and active filters
output impedance can be betiter matched

to the other impedances in the circuit. The main disadvantages of active filters are that their out-
put is not exactly zero for a zero input, that some noise is added to the signal and that a power

supply is required.

5.2.4 Zero shifting TRANSDUCER k
% In some messurements full-scale OuTPUT ;

output must be obtained from only a
part of the total measuring range of

adicat e

the transducer. If the information FULL SCALE QUTPUT
content of a transducer output is /MED OVER THIS RANGE
between zerc and a specific voltage, 240 SHIFT

full-scale output can be obtained by /
suitable amplification. If the re-
quired range does not contain the MEASURAND =i~
transducer zero output, zero shift-

ing (also called zero suppression)

Figure 5.12 The principle of zero shifting

is applied by adding an offset voltage

—L{ 11— to the signal voltage, as shown in Figure
TRANSDUCER . . ce s .
OUTPUT "—D'—'.' 5.12. A typical circult is shown in
ZERO SHIFT _— Figure 5.13, Similar circuits can also
—
VOLTAGE L OUTPUT be used for AC transducer outputs, but
- i - then the phase relationship between the

signal voltage and the offset voltage

Figure 5.13 Summing amplifier applied in a zero must be controlled.

t" shifting circuit

5.2.5 _Compensation
A good example of the compensation

s s N . . . BRIDGE

' principle is the bridge circuit, such as Qe OUTPUT
‘.'. applied for resistance strain gages and
; : s : s BRIDGE CALIBRATION
variable inductance or variable capaci SUPPLY RESISTOR R
; tance transducers. The change in impe- —
£ dance usually is very small with respect - $

to the nominal impedance of the trans-
' ducer: for strain gages it is usually Figure 5.14 wheatstone bridge with two active
3 less than 0.1% of the nominal resistance strain geges and calibration cir-
3 cult

of the gage. Such small changes can be
accurately measured in bridge circuits. For resistive transducers the Wheatstone bridge is generally
used (Fig. 5.14). The actual bridge consists usually of L resistors of the same nominal value. The
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resistance of one, fwo or four of the bridge resistors depends linearly on the value of the messurand;
~ these are called the active bridge elementa. The other resistors, the pagsive bridge elements, are
the compensation elements. All bridge elements must be mounted at the measuring point so that they
are subjected to the same temperature environment. Thus the effect of temperature on the resistors
is cancelled. Usually a calibration resistor is connected in parallel to cne of the passive bridge
arms. When the calibration switch is closed, the bridge output will change by a constant amount,
independent of the instantaneous resistance values of the active gages. This makes it possible to
check the calibration factor of the bridge circuitry during flight and, if necessary, to supply
corrective data for data processing. The bridge supply voltage can be DC or AC. If the bridge supply
voltage is grounded, & differeutial amplifier is required. Some examples are shown in Figure 5.5.

Bridge circuits are also used with
capacitive and inductive transducers. An
example of & variable~inductance trans- °

AC
ducer bridge is shown in Figure 5.15. BRIDGE Ry
This transducer consists of two coils SUPPLY L M;ﬁJST rE:TS

MEASURAND L
and & movable core. When the core (DISPLACEMENT)
changes position the self inductance INPUT Ly
L1 of one coil incresses and the Ry
gelf inductance L2 of the other coil
decreases. Cne half of the bridge o
congists of the two coils with their Figure 5.15 AC bridge circuit for use with a
internal registances R, and R,, the differential variable inductance
. s transducer

other half of the two fixed resist-

ances R3 and Rh' Balancing potentiometers are also shown. These are necessary for the adjustment of
the resistive and the reactive balance of the bridge. The output signal is amplified by a feedback
differential amplifier.

A special group of bridge circuits are the servo-compensating bridges. The wiper of the balanc-
ing potentiometer in this case is activated through servocontrol: the output of the amplifier energiz-~
es & motor mechanically connected to the wiper of the balancing potentiometer, which minimizes the out-
put signal of the bridge. The angle over which the potentiometer is rotate. is then an accurate
meagure for the bridge unbalance and thus for the value of the measurand.

5.3 SIGNAL CONVERSION

5.3.1 General aspects
Signal conversions are those signal conditioning operations in which the signal type is changed.
The most important signal conversions in flight test instrumentation are (see also Table 5.1):
~ modulation
- demodulation
- analog-to-digital conversion
~ special-purpose conversions, (e.g. synchros, resclvers).
5.3.2 Mogulation
Modulation is the conversion of a signal to an alternating voltage or to a pulse train. The most
important modulation techniques sre (Ref. 1):
- amplitude modulation (AM)
- frequency modulation (FM)
- pulse duration modulation (PDM)
- pulse code modulation (PCM).
Amplitude modulation (AM) is the technique wherein the amplitude of a periodic wave with conatant
frequency (the carrier) is varied proportionally to the amplitude of the modulating signal. The in-
formation of the modulating signal is then contained in the amplitude of the modulated signal.

Amplitude modulation on radic frequency carrierm is used in low accuracy telemetry systems (see Chap-
ter 10).

Frequency modulation (FM). The modulsting signal controls the instantaneous frequency of a periodic
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wavé with constant amplitude (the carrier). Frequency modulation is used extensively in magnetic tape '
recording and in telemetry (see Chapters 9 and 10). It is also applied when the signal must be trans-
ported via a link which has unfavourable amplitude characteristics. This can be the case in electrically

. noisy environments, when sliprings or rotating transformers are present or when size and weight con-
straints preclude circuitry of the qus;ity necessary for high quality signal bandling.

For the generation of FM signals, a
popular technique is to choose a suitable
variable impedance transducer. Its impe-
dance is part of a resonant circuit,
which determines the frequency of the
oscillator. The variable impedmce‘w
be an inductor, a capacitor or a resis-
tor. Figure 5.16 shows an oscillator
vith a variable gelf-inductance trans-
ducer.

If the input signal is a DC voltage
a Voltage Controlled Oscillator (VCO)
can be used as an FM modulator.

There are several types of analog
pulse modulation methods, the most common
of which is Pulse Duration Modulation (PDM).
It produces a sa;_npled signal; at regular
time intervals '.I.‘r a pulse is generated, its
pulse dwration '.I'p bging proportional to the
magnitude of the modulation signal (Fig.
5.17). The information is contained in the

ratio Tp/Tr' PDM is used in conditioning
functions such as multiplication and phase-
to-DC converters. In PAM~-PDM multipliers
one input signal amplitude-modulates a '
periodic pulse signal, the other input
signal causing PDM. Consequently, the area
of the resulting pulses is proportional to
the product of the input signals..
A quasi-static output is cbtained \by
averaging the pulses in a low pass filter.
The technique of pulse duration modu-
lation of a quasi-static input is shown in
Figure 5.17a. Simultaneously with the posi-
tive pulse front at the beginning of each
period Tr an electronic ramp generator is
started which produces a voltage that
increases with time at a conatant rate.
The input signal is compared with the ramp
signal and the output pulse is ended at
the moment that the two have equal
wagnitude. Figure 5.17b shows a cir-
cuit for the counversion of the phase
between two AC voltages into a PDM signal.
The gate which produces the pulse is opened

R2
— 03—
Pr——
R3
Ry
- ¢ - 1 OUTPUT

MEASURAND - ;
DISPLACEMEN
INPUT L ca= 1 3] D2

Figure 5.16 Frequency modulation by & variable
inductance transducer

QUASI-STATIC (DC) INPUT SIGNAL

PERIODIC RAMP VOLTAGE

PDM

@) POM METHOD FOR QUAS! - STATIC INPUT SIGNAL

AC,

AC,

U\

~—{f—~

PDM

b) POM METHOD USING THE PHASE DIFFERENCE BETWEEN TWO AC INPUTS

Figure 5.17 Pulse duration moduiation (PDM)

by a positive zero crossing of AC, and closed by a positive zero crossing of Ac2' This circuit is,
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B for instance, used in a popular method * TRANSFORMER
" for the conversion of synchro outputs to _

DC. It is then preceded by the circuit
_ of Figure 5.18. This circuit converts
" . the three output volteges of the synchro

————

stator to a single voltage AC, of con- ' @ ::LY

stant amplitude which has a phage shift

with respect to the rotor supply volt- J’

age that is proportional to the input

angle ¢ of the ‘synchro rotor. This AC3
cireuit consists of a precision trans- '

former, which amplifies the difference (SOLATION —9
between the voltages over two of the ' TRANSFORMER

three stator windings with a factor \G, Figure 5.18 Synchro-to-phase convertér

and an RC circuit which shift the -

-

‘phase of this voltage by 90 degrees before adding it to the voltage f‘rém'the third stator winding.
The phase angle of the voltage J-\C1 with respect to the rotor supply voltage A02 ig then converted
into a PDM signal by the circuit of Figure 5.17Tb. This PDM signal can, if necessary, be convert-

ed to a DC signal proportional to the rotor angle ¢ by passing it through a low-pass filter. Detailed
descriptions of this circuit are given in the literature, for instance in Reference 2.

PDM modulation techniques have been extensively used in flight test instrumentation systems
during the last decade. They are now more and more being superseded by digital techmiques.

Pulse code modulation (PCM) also uses a sampled signal, but the information content of the sam-

ples is not in analog form as in PDM but it is quantized (digitized). During each interval 'l‘r 8 series
of pulses is produced which represent the value of the input sample in coded form. Several different

encoding techniques are available, some of which are briefly discussed in Section §.3.5 and in Chap-
ter 10.

A new conversion technique has evolved fram recent advances ins opto-electronic technology. The
ease of operat.un nnd the wide bandwidth of components such as Light Emitting Diodes (LED's) and
silicon photc detectors, coupled with the increased reliability of glassfibre "cables” make the use
of light us a carrier very attractive. The main advantage is that perfect clectrical isolation can
be maintained between modulator and demodulator and that the glassfibre conductor ie not sensitive
to electromagnetic interference.

5.3.3  Demcdulation

A modulated signal can be restored to its original form or to an unmodulated signal of another
type by demodulation. The demcdulation

of an amplitude modulated gignel is usu- 1SOLATION YR‘N‘f'FOR“ER PEAK DETECTOR

ally done by a rectification process ‘

. . . LOW-PASS FILTER LOAD
in which momentaneous carrier values of INPUT ‘ ——-1R_
one polarity are passed unchanged,vhile T OUTPUTU
carrier values of opposite polarity are ‘ ‘ -d
inverted. A simple demodulation circuit CARRIER ()

. . s s - o ENVELOPE

is shown in Figure 5.19. The AM signal >

is rectified in a diode bridge circuit
and then smcothed by & lowe-pass filter.

T
If the range of tha output signal must
include both positive and negative volt-
ages, 8 phase~gensitive demodulator AN INPUT OUTPUT SIGNAL

zust be used. The phase of the AM
carrier signal with respect to & refer- Figure 5.19 8Single«phase full-wave bridge rectifier
ence AC signal then determines the spplied as an AM demodulator
polarity (not the magnitude) of the demodulator output. The

reference signal must be derived from
the AC supply voltage of the transducer or from the chopper

activation signal (see Figuwe 5.8).
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_Figure 5,20 shows a simple FM discrimi-

Demodulation of a frequency modu-
lated signal is called discrimination.

nator. The FM input is amplified, limit-
ed and differentiated, so that a sevies
of very sharp pulses are produced. When
a positive pulse enters the flip-flop
circuit, this starts to produce a con-
stant-voltage output; the same puise
also starts a time generator, which
resets the flip-flop after a fixed

time delay which is shorter than

~ - ot geuL e
the shortest period of the FM signal. £ SIGNAL ”“""“:'. N Lo uTPUY
The output of the flip-flop is, there-
fore, a train of pulses of constant Figure 5.20 FM discriminator based on counting the num-

heigth and constant width, the frequency ber of zero crossings per second

of which is equal to the frequency of the original FM signal. After filtering a DC signal is produced
which varies linearly with the FM frequency.

The main disadvantage of the circuit of Figure 5.20 is that the flip-flop may also be activated
by noise signals. Therefore, sometimes, more complex discriminators are used, which are generally
based on the principle of synchronous detection. In these discriminators a secondary FM signal is
generated which is sufficiently free from noise to be detected by & circuit like that described above;
& servo circuit keeps this secondary signal synchronous with the original FM signal. This servo will
only accept pulses which arrive near the time at which a new pulse could be expected to arrive on the
basis of the secondary signal and will only allow the frequency of that signal to change relatively

slowly. The discriminator will, therefore be much less sensitive to spurious pulses than the circuit
of Figure 5.20.

A PDM signal is demodulated by passing it through & low-pass filter, as already described above.

Demodulation of PCM signals is called digital-to-analog conversion. There are many types of D/A
converters. The most important of these are described in References 2 and 3.

5.3.4 Commutation

Commutation is & type of signal conversion which is different from the other types mentioned
here. The type of signal (usually a DC signal or a digital signal) is not changed, but it is sampled
at periodic intervals. This technique is extenaively used in flight test instrumentation as it pro-
vides the posaibility to record or telemster several low-frequency signals on one channel. Though
a large part of the originael signal is discarded, the accurscy of the sampled signal need not be sig-
nificantly lower than that of the original continuous signal if the sampling frequency is sufficient-

ly high. The relation between sampling frequency, asccurscy and the spectrum of the original signal
is discussed in detail in Chapter 6.

A commutator is in principle a group of switch~
es which succesaively connect a number of input
signals to a common output line, The duration of rﬂ
each sample is short with respect to the period
between successive samples of the same para- fﬂfj
meter. After decommutation the signal will have /
the shape shown in the upper part of Figure 5.21:
A hold circuit will keep the value constant TIME
until the next sample comes in. If the signal ' ERROR
changes during the period between samples, the
error will increase with time between the samples.
If correct values must be obtained between samples,

fucNAL

Iy

interpolation will be necessary. Interpolation Figure 5.21 Reconstruction error of a sample
processes are described in Chapters 6 and 12. and hold operation
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Commutation can be applied to sna-

log and to digital signals. Usually only =

the “Lot" signal line of high-level ana- - b HE!-)‘Q?I?;ATEEIS'IT
3 log or digital signals is switched, the B
¢ ' signel return lines are all grounded .
:. | at & coammon point (Figure 5.22a). The TRANSOUCERS COMMUTATOR
; l effect of interference and of ground a) ANALOG HIGH-LEVEL COMMUTATION CIRCUIT 3
- currents in such & cireuit would be
unacceptable for low-level signals.
5 In low-level multiplexing the two signal =N e
E' ! lines and the cable shields are scanned ““""““&t“:

___________ e} P —
X simultaneously, as skowu in Figure 5.22b. A— —PeT™ . A 'E' -ég'gugs_}'
1 | Yy p——— 2 g oyt geperm——
Some types of analog signals, such as —__________“E
synchros, have more thau one signal line; R E___________‘ "’L"
‘ t hence the number of switches per channel SOUCE] cm%rﬁug
i { . R
| must be inereased accordingly. b) ANALOG LOW-LEVEL COMMUTATION CIRCUIT
If transducers for which the output sig-
3 2
nal is proportional to the power supply Figure 5.22 Commutators
voltage sre used, it may be necessary to scan the supply voliage simultancously with the signal so

! that the ratio of the two can be determined. For parallel digitel inputs, the number of switches
must be equal to the number of bits.

e o ST T T T T
¢ gy T T T

Most modern flight test commutators use solid state switches. Matched dicdes, field-effect transis-
tors (FET) and metal-oxide semiconductor trsnsistors (MOST) are extensively used for fast, reliable

T

switching. The most important characteristics of commutators, especially when switching low level sig-
pals, are: the ratio between the impedance in on and off condition, offset voltages and currents in
semiconductors, thermsl e.m.f. in connections and the crosstalk between the different channels of the
commutator. Relay switches wre still used for high-accuracy, low level measurements. Normal relays

T PR T T i

cannot be used for commutation rates higher than & few camples per second, but reed relsys are effect-

ively used to up to 200 ssmples/sec. As solid-state switches are improving, they gradually replace
the relays even in the more sensitive applications.

s

’

5,3.5 Analog-to~digzital conversion
Digital sigruls are
mivted along & different

either parallel or serial. In parallel digital signals each bit is trans-
signal line. They can be recorded simultaneously on different tracks of &
tape recorder. A serial digital signal is tranamitted aloug a single signal line, the different bits
being transmitted consecutively. Serial digital signals must be used in telemetry, but are also used
in some modern tape recording syshems (see Chapter 9).

the majority of anslog-to-digital converters require eituer a DC sigial or a pulse signal as an

e T

input. Converters exist which can directly convert A( uvignals, gynchro signals, ete. to digital num-
bers but often these are rather complex

TR

and relatively slow (they must receive at INPUT PULSE SIGNAL ___quelri1P FLOP)
L ' least one period of the 40O Hz cignels,
and usually more thei one, before they Y
. . e . DIGITAL OUTPUT
3 can start the digitizing operation). I ozgﬁl‘iil?gk o] caTE > CCUNTER o 00. u
é' Cousegquently, in most flight test instru- ‘

3 mentation systems the transducer outputs

o) MEASUREMENT OF TIME PERIOD BETWEEN SUCCESSIVE PULSES 'PERIOD")
are first converted to DC or to a pulse

PRECISION
2 ; train before they are digitized. O5CILLATOR
4 Analog-to-digital conversion of INPUT PULSE SIGNAL DIGITAL UTPUT
! : < . : #ul GATE ] COUNTER ~
: : Pulse Repetition Rate (PRR) signals is - -
; effected by electronic counting methods:
) b) MEASUREMENT QF THE NUMBER OF PULSES PER UNIT OF TIME (" »
either the number of events (pulses) per ! 3ES e (" EPUT™)

unit time (“EPUT") is measr 2d, or the dura-

Figure 5.23 Analog-to-digital conversion of pulse

tion of the interval between successive signals
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pulses ("PERIOD").

| If the pulse frequency is relatively low, the time period between pulses is measured (Fig. 5.23a).
! : The first incoming signal pulse sets a flip-flop, which opens the gate. This gate switches pulses
from-a precision oseillator to a counter. The second signal pulse resets the flip-flop, so that the

gate closes. The number of oscillator pulses which have actuated the counter is then presented in
digital format.

——

If the pulse frequency is relatively high, the EPUT method is used (Fig. 5.23b). A precision oscilla-

i' tor opens the gate during a fixed time period, and the counter determines the number of signal pulses
which have passed the gate during thet time period.

The resolution of the digital number is equal to thé inverse of the number of pulses which have been
counted. If a high accuracy is required, the frequency of the oscillator must be high in the case of
the eirecuit of Figure 5.23s, and the measuring period must be long in the case of the circuit of
Figure 5.23b. This latter measuring period will often be determined by the commutation rate of the
fiight teast instrumentation system. If this causes the measuring period to be too short, it will be

necessary to increase the number of signal pulses by applying frequency multiplication to the origi-
nal pulse signal.

T R AT

A
£
?.)
3
3
\

Analog-to-digital conversion of DC

; signals can be done in a number of ways.

X 1jejrq1ege

The most generally used methods are: ! tIIREFERENCE
: . R R s 1

; ~ Successive approximations (Fig. 5.2ka). VOLTAGE
In this method the DC input voltage is NPUT COMPARATOR  YOLTAGE

o

! compared to voltages derived from a = 's'l‘g:’;’l_

\ reference voltage. The principle will REFERENCE SWITCHED DIGITAL v

- L. . —o—REFERENCE | gmmr | 4

. be exp.ained from the example given VOLTAGE NETWORK TPUT

in ¥igure 5.24a. In the first step the TIMIASE

: input i couvsg%_mu SWITCH

b put voltage is compared to half the START D] NG Logic

reference voltage; as the input voltage D D A e

: . s s sa s ) SUCCESSIVE APPROXIMATION ~t= SW| TCHING SEQUENCE
ig larger, the most significant bit is

¢

1. Then the switching logic produces
e new comparison voltage which is 3/h 8(‘1%%%"
of the reference voltage; as this volt- INPUT COMPARATOR
age i1s larger than the input voltage, GATH
the second bit is zero. At the third INPUT e
step the comparison voltage is again de- CWVERE‘H RAMP Dscu.u;% quNlTUDEZ

creased by half the previous step and START COMMAND |OENERATOR L

produces 1 as a third bit because the ' TIKE
input signal is larger than the compari- b} RAMP GENERATOR METHOD

g

= et e sy T

son voltage. Successive approximations

are made in this way until the required @ DIGITAL

i hacaties RS Lol S Rb ot

. . QUTPUT
number of bits has been determined. The

switching logic is controlled by a time 1

base so that the successive bits appear wpyr CONFARATOR

e% constant time intervals as a serial

v

| oo
E _‘ digital signal. If a parallel digital -
vord is required, the successive bits
are stored in a memory until the mea- ¢) ELECTRO ~MECHANICAL SERVO WITH SHAFT ENCODER N
surement is camplete; the memory is then
read out in parallel before the next Figure 5.2F Methods for A/D conversion
7 measurement starts. .
% - Ramp generator method. (Fig. 5.24b). In this method the measurement is reduced to & time measire-

ment, as in the pulse signal digitizers described above. The signal voltasge is compared to the out-
put voltege of & so-called ramp generator, which produces a voltage which increases at a counstant
rate with time. Az long a8 the signal voltage is larger than the output of the ramp generator, puls-
es from a precision oscillator pass through a gate to & digital counter. The gate is closed when
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the ramp voltage equals the input signal voltage. The number of pulses counted is thus proportional
to the input signal voltage.

chanical servo with digital £t encoder (Fig. 5.2kc). Here the signal voltage is compar-
ed with a voltage taken from the reference voltage by a potentiometer. If these voltages are not
equal, the difference is amplified and drives a servo motor. The wiper of the potenticmeter is
driven by the motor axis and is, ﬁlieretore, rotated until the voltage difference at the comparator
is zero. A digital sbaft encoder of the type shown in Figure 4,11 is also mounted on the motor axis.

When the servo is in the equilibrium position, the digital output of the encoder is a measure of
the input signal voltage.

The circuits shown in Figure 5.2l show only the basic configuration of some analog-to-digital.
conversion methods. The actual converters incorporate many additional features which improve the per-
formance of the basic system. For instance, the first two methods mentioned above can produce large
errors if the imput signal should change rapidly during the aperture or if a large interference
"gpike" should occur during that period. These effects can be overcome by adding an "integrating
circuit". Many other design finesses are required to obtain an accurate and reliable operation.

5.4 CONCLUSION

The design of signal conditioning circuits is a very complex task if the requirements of accura-
cy and reliability are high, as they usually are in flight test instrumentation systems. In this
chapter only very general aspects of the design problems have been touched upon, in order to indicate
the extent of the problems to engineers not specialized in the field of electronics and to give a
general indication of the types of solutions which are in use. More detailed information on many of
the aspects mentioned in this chapter and on the detailed design of the different signal condition-
ing circuits is given in the references below.

5.5 REFERENCES
1. Kandoian Reference data for radio engineers,
et al. Howard W. Sams and Co., Inc.
2. H. Schmid Electronic Analog/Digital Conversion,
Van Nostrand Reinhold Caiviany, 1972.
3. W.P. Dotsoé A Digital-to-Analog Conversion Circuit using third
J.H. Wilson order polynomial interpolation,

NASA TR R-382, 1972, NTIS.

Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).

. - 5 s i ke Mt ke o et e foa S e
. B i . "

b G andt Ak




i R L R s

rere 3 AT T T

o T

S T A S

6.1 INTRODUCTION

CHAPTER 6
SAMPLING AND FILTERING

by
L.W, Gardenhire

Sampled data have been collected in flight testing almost from the beginning. Pilots or flight
cbservers wrote down, more or less periodically, data fram pointer instruments from the very early
days onward and the first automated flight test data collection systems were photo-panel recorders
vhich periodically provided pictures of an instrument panel. Such data collection methods were
limited to very low frequency data, though the human cbserver could, under some circumstances, act

as & very efficient filter in separating higher-frequency noise from the low-frequency data of
interest.

With the advent of digital recording and telemetry systems and the tendency to use these for
higher-frequency data, a thorough understanding of the characteristics of dats sampling has become
essential. The basic idea behind data sampling is, that a continuously recording deta channel
provides redundant information, i.e. the originsl infermation contained in the continuous recordings
can be reconstructed with sufficient accuracy from a limited number of periodic data samples. This
provides the opportunity to record samples from other data channels during the intervening periods,
thus increasing equipment utilization and efficiency. If all data channels of a modern flight test

instrumentation system had to be recorded or telemetered contimuously, the data collection systems
would become prohibitively large.

Even if the sampled data points exactly represent the values of the input signal at the moment
vhen the samples were taken, the waveform reconstructed from these samples will never be exactly the

same as the input waveform. In order to gain an understanding of the errors involved, it is convenient
to divide them into two types:

- aliasing errors or "errors of commission", which are caused by the sawpling process itself. In
&.18s1ng

Section 6.2 it will be shown that these errors menifest themselves during the reconstruction of
the waveform by the transformation of high-freguency components (with frequencies above half the
sampling frequency) into compopents with frequencies below half the sampling frequency

"errors of omission"”, which are changes in the amplitude and the phase of components of the signal
caused by the characteristiecs of the interpolation process or the interpolation filter used for

the reconstruction of the waveform from the samples. Similar errors can alsc be imtroduced by
pre-sampling filters.

The magnitudes of both types of errors depend on the spectrum of the original signal, on the
sampling rate, and on the method of interpolation used. It is, therefore, impossible to provide simple
general rules for choosing the sampling rate and the characteristics of the interpolation process
required to reconstruct a given input signal with a certain accuracy. In the first sections of this
chapter the effects will therefore be analyzed by using a generalized type of input data spectrum

and a representative pumber of interpoletion processes. In Section 6.6 the effect of other types of
the data spectra will be discussed.

The discussions in this chapter have been confined to periodic sampling methods. When exireme
economy of power and bandwidth is required, as in missile testing, methods must be used in which
redundant information is suppressed as much as possible before transwission or recording. These
methods are indicated by the general name of source encoding (Ref. 6). A number of differeat approaches
are possible, called data campression, redundancy reduqtion. asynchronous sampling, etc. These methods
are not yet used in present-day flight testing but may become important in the future.

6.2 ALIASING ERRORS OR ERRORS OF COMMISSION

The basis for understanding these errors is the sampling theorem developed by H. Nyquist in
1928, This states that 2f independent samples per second are sufficient to completely characterize
any signal containing only frequency components smaller than f Hz. Much has been written about this
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theorem; however, most of the discussions assume ideal band-limited data and ideal filters, and do
not take into account the practical limitations of filters or the information content of the data to
be sampled. As a result, engineers have over the yesars, developed rules-of-thumb to cope with the
saxpling errors. ‘The most videly accepted approximate sampling theorem is grossly misleading. It is
generally quoted as: “Five samples per cycle of the highesit frequency of interest is required to
represent the function". This approximation has two shortcamings: First, the highest frequency of
interest is not the determining factor, i.e. if frequencies higher than those of interest are present
in the signal, they will also affect the measurements made at the frequencies of interest. Second,
there is no indicstion of the magnitude of the error to be expected when using this criterion.

e ae b ofol dad

T

The errors which occur if the

conditions of the sampling theorem are not
met, are called errors of commission or

R o

: ; aliasing errors. Figure 6.1 illustrates 4;
}_- : the general principle involved. On the left, ,%
, ‘ ] a one Hz sine wave is sampled at 8 samples :
gm%ﬂ;‘ mm— per second, and recovered to a fair accuracy

in the lower left. The T Hz sine wave shown
on the right side of the figure is sampled
with the same sampling rate, which nov is

reconstructed function on the lower right
(LINEAR INTERPDLATION)

; 4 ||| ||| SAMPLED ||| I|||I

- 1 DATA

equivalent to 1 1/7 samples per cycle. The
: g ﬁ RECONSTRUCTED Q ﬁ

R o R o T e 3 s A 5

gives an entirely different frequency (1 Hz),
i j ADEQUATE SAMPLING D.}i.‘;{%%”mﬁghg‘&’;%“ which is equal to the difference between the
: ] (8 SAMPLES PER CYCLE ) (117, SAMPLES PER CYCLE)

sampling rate (8 Hz) and the signal frequency
(T Hz). It will be clear that, if the input
Figure 6.1 Illustration of the sampling theorem signal had a 1 Hz component which was "of
in time domein interest" and & 7 Hz signal which was “not
! of interest” and if the signal was sampled at 8 samples per second, then the T Hz signal would appear
in the reconstructed vaveform as a spurious 1 Hz signal which distorts the original 1 Hz signal. It

will also be clear that the samples themselves would be correct, but that the aliasing error is

B L e

v introduced during the reconstruction of the signal from the sampled data.The aliasing error is, therefore,
;', a part of the interpolation error.

4 A more general approach can be made when

‘E considering the amplitude spectrum of the data

i (Fig. 6.2)- The Nyquist rate ("t’HO samples per AMPLITUDE

g cycle") is based on ideal dsts with an infinite

£ . . o. SPECTRUM OF

; { cut-off at a frequency f; (Fig. 6.28). This IDEAL INPUT DATA

E band-limited data has no frequencies sbove L. Ti FREQUENCY

4

1 H Figure 6.2b shows the amplitude spectrum of b. SPECTRUM OF

4 § . IDEAL SAMPLED DATA

: i such data which has been sampled at a rate rs - + FREQUENCY

~ 1 slightly higher than 2 f,. An image-like . .

F . I . c. SPECTRUM OF

. spectrum is formed around the sampling ACTUAL INPUT DATA

frequency. This is the sampling frequency FREQUENCY

E i plus and minus the information frequency. d. SPECTRUM OF

- ! ) ACTUAL SAMPLED DATA
! A series of these images appear around |

-. ! . . fy 2“ ——?

2 ! multiples of the sampling frequency. The FREQUENCY

amplitude of each image is a function of
the sampling duration and, if this duration Figure 6.2 Ideal and actual sampled
would be infinitely small, the amplitude of data in the frequency domain

all imsges would remain the same to infinity.

In actusl practice, however, the only councern is the first few images. If the sampling frequency is

slightly higher than 2 ri » there will be no overlapping (foldover) frequencies produced that fall
vithin the passband of the data.

e
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Actual data usually locks more nearly like that in Figure 6.2c. If the data of interest is
between the frequencies O and ri. one car see that a considerable part of the spectrum exists above
fi. This spectrum will cause large aliasing errors if the sampling rate is only 2 fi' as aseen in

Figure 6.2d4. The signal components at frequencies larger than ri will be folded back into the region
of interest between O and fi.

There are, in principle, two methods by which the aliasing error can be reduced:
- by using & higher sampling rate, at which the error due to overlap is less than the allowed error
~ by using & pre-sampling filter to limit the bandwidth of the signal which is to be sampled; the
cut-off characteristics of this filter must be choaen so that the frequencies above ri are suffi-
ciently reduced in amplitude before the sampling process is performed.

It has been noted that, in practice, many instrumentation engineers are so concerned about this
foldover that they tend to use pre-sampling filters in all channels. However, in doing this they may
create other errors which in many cases can be even larger than the aliasing erro%s they attempt to
avoid. These errors are due to the input filter altering the data in both amplitude and phase. Thus,

the filter omits data frequencies before they are sampled and creates errors of omission. In the next

section some general information about these errors of omission as related to the use of pre-sampling

filters will be given. In general the best way to prevent aliasing errors is to increase the sampling

rate.

6.3 PRE-SAMPLING FILTERS

The choice of & pre-sampling filter always involves a trade~off between the errors of commigsion

and the errors of omission. It is apparent that a filter will distort the incoming signal and introduce

& o 15T~ ORDER
£ _ SLOPE w1
]
: I
z |
Tl ZND = ORDER
5 E Ew
R
B 3 RD - ORDER
I {SLOPE=3)
102
3 4 TH- DRDER
o SLOPE=4
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10-3]
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- TH= QR
(SLOPE=5)
10-4
- NFINITE-ORDER
- &EIUFEZTbT"
)_
|- DATA BREAK
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Figure 6.3 Ceneralized input data spectrs
for different orders of data
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an error of omission. In cases where simple lumped-
parameter filters are used (Butterworth, Gaussian
or binomial filters, see Ref. 6), the error due
to these non-optimum types of filters may very
well be grvater than the reduction in the error
of commission. In other cases only a small gain
is cobtained at the cost of additional complexity
(see Ref. 1}. As & result it appears that in

most cagses it is better to reduce the aliasing
error by increasing the sampling rate and not to
use pre-sampling filters. This is however, not
true for all data spectre which oceur in flight

testing, as will be discussed in Section 6.6.

Analytical techniques exist for determining
optimum pre-sampling filters based on the imput
data spectrum (Ref. 2 and 3). These filters are
optimum in the sense that they minimize the mean
square error of the output data waveform with

respect to the input data waveform. The problem
is that these filters can either not be realized
or pe so complex that nobody would attempt to
actually build one. The knowledge gained from
optimum filter performance provides, however, an
insight in the performance limits of the system
using non-optimum filters, and provides & measure

of the efficiency of the non-optimized system.

It is of interest to give here an indication
of the error of omission which can be expected when

normal types of pre-sampling filters are uscd.
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6.4

In order to simplify the treatment, a generalized shape of the input signal spectrum will be used.
The input spectra are shown in Figure 6.3. The amplitude spectrum is flat up to a break freguency 'fi.‘
beyond vhich the data has a roll-off of various multiples of § dB/octave. These are described as
Yorders of data" (see also Chapter 3). First-order data (slope = 1, i.e. 20 dB/decade) ralls off at
6 aB/octave, second-order data (slope = 2) at 12 dB/octave, etc., with slope = 0 for ideal band-
limited data. These generalized spectra represent reasonably well the output of typical transducers
to a vhite-noise stimulus. An accelercmeter, for example, vhen submitted to a vhite-noise spectrum
will produce a second-order data output. From studying actual data it has been found that most trans-

ducers have 1st-, 2nd- or 3rd-order characteristics. Higher-order outputs ususlly are the i-uult of
using a pre-sampling filter.

. —— SECOND-ORDER FILTER (f3g5/ fom 1)

E t - = FOURTH-ORDER FILTER (f:“/'eu 1)
| ——FiRsT - ORDER FILTER (1344 /. w 1) g
# [ — —FOURTHORDER FILTER (f34p / f = 0.43 ) e :&w
- (<3
=
& d s~
<3
3 " A \\ \\
~N
o} | 2ND.QRDER DATA ~ ~
- | SRD-ORDER DATA S
[ ~
i INFINITE-ORDER DATA
1 \‘
! \
E EnTE- \
- ORDER GATA \
0.1 Lol L l1]l] \

IJ_ILIS Ll Ll 1Ll (B! Lod 1\l L1 Lill b 1L L LLL

0 100 1000 1 10 100 1000
RATIO OF FILTER CUT=QFF TO DATA-BREAK FREQUENCY b RATIO OF FILTER CUT-OFF TO DATA-BREAK FREQUENCY e /f‘

Figure 6.4 Errors of omission for first-

Figure 6.5 Errors of omission for second- and
and fourth-order binomial filters

fourth-order Butterworth filters

Calculations have been made of the errors
of umission caused to these spectra by three types
of filters which are commonly used and easy to
build. The filters are of the bincmial, the
Buttervorth and the Geussian types. The Butterworth
and the Gaussian filters are described in Reference
4, for binomial filters see Reference 1. Calculations
have been made for different orders of imput dats
and for two orders of the filters.The choice of
the type of filter depends on the data requirements:
the Butterworth filters have the flattest amplitude
response, the Gaussian filters have the most
linear phase response vhile the binomial filter
is eritically damped.

-

—— SECOND-ORDER FILTER (f3,5 / = 0787)
— — FOURTH-ORUER FILTER(fy 5 / i = 0.663)

LBLIRAAL

RDER DATA

RMS ERROR (%)
ryi

3
-]

Figures 6.4, 6.5 and 6.6 present the results
of the calculations (see Ref. 5). The vertical
scale is the rma difference between the input and

output signals. The horizontal scale is the ratio
% of the filter cut-off frequency tc to the data
break frequency fi' Both are defined as the

Figure 6.6 Errors of omission for second-and frequency at which an extension of the constant

fourth-order linear phase
(Gaussian) filters

_ Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).....
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' ' slope intersects vith the unity amplitude-ratio value. The data break frequency f; is defined in
Figure 6.3. The filter cut-off frequency tc is related to the 3 4B point on the amplitude charscteristic
5 . of the filter. For a first-order binomial filter the 3 dB point and the cut~off frequency are the
R ___ game: for a fourth-order binomial filter the ratio between these two is 0.44. For Butterworth filters
the points are the same for all orders of filters. For a second-arder linear phase filter the ratio
ot 1'3&3 to £, is 0.79 and for a fourth~order filter it is 0.66.

It vill be seen that for the rms values shown the curves are straight lines and the errors can
become Quite large, especially for low ratios of fc to ri. It will be clear that in many cases the
rms error due to aliasing can be more easily reduced by choosing a higher sampling frequency than by
i adding & pre-sampling filter. Pre-sampling filters should in general only be used if the dats spectrum

is much different from those shown in Figure 6.3 or if the rms error is not the determining factor.
Those cases will be discussed in Section 6.6.

6.4 INTERPOLATION

As mentioned before, the data samples provide the true values of the input weveform at the
instant the samples were taken, assuming no other errors are introduced (e.g. by the use of pre-

e n™ TS IR

3

sampling filters). If values of the input parameter between samples must be known or if other
processes, such as frequency snalysis of the data, are required, interpolation is necessary to

reconstruct the original waveform. The interpolation error is the difference between the input wave-

o

form and the reconstructed waveform, and is often expressed as & root mean square (rms) value. In some

SRR WL STEI

cases it may be desirable to express the interpolation error either as the amplitude error as &
function of frequency, or as the maximum deviation between the input and output waveform. A number of

4
A
e
: V\

these cases will be discussed in Section 6.6.

Interpolation will in general provide
an approximation to the simplest curve through
the values of the samples. This means that

=

the spectrum of the ianterpolated curve will
a.wegnwws FORM TO BE b. SAMPLED OUTPUT cut~-off at one~-half the sampling rate, and 1
, will include the lowest aliases of all 3
’. coznponents' beyond that frequency. This was
meant by the earlier remark that the aliasing :
R e, ceenn ¢ error is part of the interpolation error. i
‘ . Even if no aliasing errors are present, the 4
‘ . interpolation process will, itself, cause 3
: .o ° errors. These errors are comparable to %
( o TNTERPOLATION BY THE HUBAN o ANALOG FILTER INTER the errors of amission of the pre-sampling 1
c EYE POLATION filters, and will be designated by the same
} There are many interpolation or
& reconstruction processes, both analog and
digital. Some typical ones are illustrated
; in Figure 6.7 and will be briefly discussed
[ here.
i e, STEP INTERPOLATION { ZERO-  LINEAR INTERPOLATION i i ion i
ORDER) ( FIRST-ORDER, TWO POINT ) The simplest type of interpolation is

visual curve fitting (Fig. 6.7c). The peak
values of the sampled pulses (Fig. 6.Tb) are
viewed and mentally correlated to a smooth
curve. The curve may be actually drawn by
hand. This method is often used in guick-look

£

]

analysis and in the processing of simple

3

t t tests, but is not used when large quantities
2 @ DIGITAL INTERPOLATION h, DIGITAL INTERPOLATION

1 (SECOND-ORDER, THREE POINT) ( THIRD-ORDER.. FOUR POINT) of dats are processed.

rl Figure 6.7 Interpolation processes A second method of interpolation is

Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/)..
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6.

analog filter interpolation (Fig. 6.7d). The sampled values are converted into voltages and sequentially
fed into a low-pass filter whose output provides a continuous analog waveform which is a representation

of the.original waveform. The signal entering the filter may consist of sharp pulses as shown in Figure

6.Tb or the voltage may be held in a pulse-sivriching circuit until the next pulse arrives, as shown in
Figure 6.Te. The latter process is mainly used since the pulse response of low-order filters is rather

poor. If the pulse response of the filter is good, pulse-stretching is the equivalent of increasing the
crder of the filter by one. The analog filter method is only as good as the filter. The continuous
curve produced by the filter will in general not go through the original samples.

When computers are used for data processing, the simplest process is step interpolation as shown

in Figure 6.Te. In this process the step output of the pulse-gtretching converter is used directly.

Data values remain constant between samples and jump to the new value when the new sample is cbtained.

This is a zero-order process in that oaly horizontal lines are drawn and it can be represented by a

zero-order equation. The advantage of this method over the analog filter method is that there is no

error at the sampled values. The error builds up bpetween the samples but returns to zero at the

next sample.

A better approximation of the original waveform is obtained by linear interpolation (Fig. 6.Tf).

This first-order process consists of connecting adjacent samples with straight lines. If & value is

needed between samples, the value is read from the straight line at the required time. Linear

interpolation is a form of digital interpolation in that it uses a sample portion to determine values

between the two samples.

Better approximations to the best fitting curve may be obtained by higher-order digital inter-

polation. Figure 6.7g shows the result of reconstructing the waveform by a second-order process, using

three samples and inserting one secondary sample between each two samples. This secondary sample is
calculated using the time correlation that exists in the three original samples. The method of

calculating these secondary samples will not be covered in this chapter. It is, for instance, described

in References 1 and 6. The waveform is reconstructed by connecting the secondary samples and the

original samples by straight lines. Figure €.Th shows the result of a third-order digital interpolation

which uses the time correlation between four original samples; in this case three secondary samples are

Placed between each two original samples. The number of samples used and the secondary samples located

can be increased to infinity. However, the complexity of the calculations increases greatly and even

with an infinite number of secondary samples the interpolation error does anot go to zero.

INTERPOLATION ERRORS

COT-GFF SAMPLING IMAGES
In order to chow bow tc select the o o ~EREQUENCY §; ST 2ND 3RD 4TH 0
sampling rate based on the iaterpolation %s\ B
. . 2N0 ~ ORDER| N
filter used, an example using actusl data SEVIBRATION \ | ‘
is presented. Figure 6.8 shows the spectrum 10 DATA HH ]
of vibration data that has been filtered \ ‘,, | i
with a second-order pre-sampling filter s j‘\ ]
cutting off at 600 Hz. The data were sampled 2 \\ | 10
‘ .
at 6,000 samples per second or 10 samples . 12 dB / OCTAVE—=)\ / i
per cycle of the break freguency. The first S s VAR -
) »
four sampling images, as they would appear é 0 ,l\\ i g
4
mathematically, are shown. These images é . '/ \ Vg \ 4 8
% =
would all have the same shape, as shown in g /*/ \\ o/ ‘| s
Figure 6.2, if they were linear plots. @ e =] 1
logarithmic plots are shown ip this case o \ /A |
vhich is the conventional way of representing A\ .." ‘\
the fregquency scale. 50 — X<
The images vere produced by adding and 5’0.1 YR PERETNTYT:
subtracting the data freguency fram the FREQUENCY ( kHe )

sampling frequency at & given attenustion
level. For example, note that the data

spectrum vas at the 20-dB %vel at 2
Document provide

Figure 6.8 Images produced by saxpling of
iz, second-order vibration data
y SpaceAge Control, Inc. (http://spaceagecontrol.com/).
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6.7
Substracted from the 6-kiz sampling rate, this
produces an image frequency of 4 kHz and, when
- added, produces 8 kMz. If this process is
f continued for all frequencies present in the
d data spectrum, the first image is produced.
] o 100 The higher images are formed in the game manper
! “ ) . “ i around multiples of the sempling frequency.
, 5 \ YTV ‘ “ These are seen in Figure 6.8 at 12, 18 and 24
;- - 10 IMAGES : J'A : kHz. There is an infinite number of these
‘5. ‘J" i ‘ inages, and if the sampling time is very small
: s Xf\ .\ ' H o campared to the time between samples, their
r :;, 20 \\‘471 L'l ,l o % amplitude will remain the same.
E; g " \‘J’_ V i i é In actusl practice the individual images
k- .E_, ( g would not be seen separately but would appear
PR COMBINED IMAGES _yﬁ_l\ as seen in the dot-daghed curve of Figure 6.9.
' a5 L \\ ‘ The different image voltages sre combined for
___.,—/ \ & given frequency by taking the square ropt
40 ' DATA SPECTRUM—-—qS\ ! of the sum of the squares of all voltages 1
& \ present at that frequency. The combined imsge 1
‘ © \ ' curve is thereby formed. Note that the fold- i
E \L\N__ over error, produced by the combined image &t 1
550.‘ : e 12 1824 the lowest frequencies shown, is just
L FREQUENCY (kHz) over 1 % or about 39 dB. This is the lowest 3
: error that can be obtained at this sampling |
Figure 6.9 Results of combining the images rate, regardiess of the interpolation process
iimd of combining the data and the used, because this error occurs at zero :
: images : ) i v
frequency. If the sampling rate were increased E
‘: to about 10 kHz (17 fi)‘ this error could be reduced to about 0.4 %. This is agein the point at which :
' the sampling frequency intersects the spectrum of the data. \
; The straight-line portion of the data T =TT T
spectrum (the slope which determines the [ _
b order of data) does not continue to infinity ° N 4?\_. 10
‘ but flattens out at some level due to noise s T
'{‘ limitations. This can be seen to be 53.5 dB 10 \ bi q
. at 30 kHz in this ~ .e. Increasing the \ I : P
sampling rate above this frequency will not 1 \ 7 ;a
improve the foldover error. 20 L } 10 i
If one were to perform a aspectrum -~ 25 \ / AL V !
‘ analysis on this sampled vibration dsta, ’g % \y E !
f a spectrum as seen in the dotted curve in g COMBINED /A g
] : Figure 6.9 would be obtained. The curve is z® " g
E r produced by adding the voltage of the data E P ?v W/,ﬂ?'k} A A !
_ to that of the combined image at a given . / [/ / //',g \ INTERPOLATION FILTER
] ; frequency. ,mrenmmeo//&".’ Y 1100 Hx CUT - OFF
. 4 . . . 50 m P 24 dB / OCTAVE
';' Attenuation of these images is ///OF )}M};}N/
: accomplished through the use of an inter- 55
" polation filter cutting off at some @ // /// /// j .
frequency above the data break point and »7/ // A // .'
below the sampling rate. The filter break “0.1 YREEY s 17
3 ; point and attenuation slope are important FREQUENCY { kHs )
in obtaining an equal distribution between . . .
E errors due to sampling and errors due to Figure 6.10 ?:E:::s:;ozh:fi:::;;z,;ﬁ:g
filter; errors of commisgion

Document prowded by SpaceAge Control Inc. (http: //spaceagecontrol com/). .
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6.8

the interpolation filter removing some of the data.

Figure 6.10 shows the effect of using a fourth-order (24 dB/octave) Butterworth filter, breaking
at 1,100 Hz, on the sampling images of 600 Hz vibration data. No pulse-gtretching has been used, the

0 i,

L I B R 1) LR LA LI ARA

~ INTERPOLATION FILTER
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100

' \

15

20

10

IDATA SPECTRUM
% ) 2ND ~ ORDER

ATTENUATION (dB )}

40

FILTERED y
<5 [ NON ~ SANPLED DATA —at A
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50

N
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o
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“o3 10
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Figure 6.11 Errors of omission caused by the

interpolation filter

Note that the filtered data rolls off
at 36 dB per octave (sixth order), above the
break point of the interpolation filter.
This is because the slope of filtered data
is the sum of the orders of the filter and
the data.

Figure 6.12 ghows the total result of
the interpolation. The dashed curve shows
the original data and the dot-dash curve is
the interpolated data, including both errors
of omission and errors of commission. The
total rms error (21.1 %) is obtained by
taking the square root of the sum of the
squares of the two errors. This high error
is caused by the low breakpoint of the
interpolation filter and the resulting
excessive error of omission compared to
the error of commission. An optimum break-
point would produce a more even balance
between the two errors, resulting in a
lover total error.

100

AMPLITUDE (%)

ATTENUATION (4B )
&

10

15

50

signal entering the filter is of the type
shown in Figure 6.Tb. The first image is
attenuated to 58 dB or 0.14 % and the second
image is below 65 dB. The total power under
the dotted curve is found by integrating the
power at all frequencies and comparing this
with the total power under the data spectruas,
yielding a total rms error of 1.6 %. This
error is the error of commission referred to

earlier, and is part of the total interpolation
error.

In the process of suppressing the
sampling images, this interpolation filter
produced an error in that it removed part
of the data spectrum. The result of this
error is shown in Figure 6.11., The 1,100 Hz
fourth-order interpolation filter removed
21.0 % of the original date spectrum, agsin
based on the total rms power. This error of
omission combined with the error of commissionin
Figure 6.10 makes up the total interpolation
error, which would be the difference between

the input and the output in the time domain.
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Figure 6.12 Total results of the inter-
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Figure 6.13 shows how for the data of
Figure 6.8 the errors vary with the break

frequency of the filter. The dotted and the
dashed lines show the errors of omission and
commission for fourth-order filters of the
type used in Figure 6.10. If the two curves
are combined by taking the square root of
the sum of the squares, the dot-dash curve
results. The lowest point on this curve would
be the optimum break frequency, 2,300 Hz in
this case, decreasing the 21 % error to 9 %.

If the same procedure is repeated for
first, second and third-order filters, the
three upper curves are produced. The bottom
of each curve represents the minimum rms

error and, in turn, the optimum break
frequency.
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v
=
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BREAK FREQUENCY OF INTERPOLATION FILTER (kHz)

Figure 6.13 Seampling errcrs of the vibration
data

interpolation error decreases, but due to the non-ideal data (2nd order) the error never goes to zero.
In actual practice, the engineering optimum analog filter is one order greater than the order of
the data; anything greater adds complexity to the filter with very little decresse in amplitude errors

and phase error increase.

If the interpolation error is calculated for different sampling rates and orders of filters,

using the optimum filter break fregquencies,
the family of curves shown in Figure 6.14 10

Note that the error is reduced greatly
between first and second-ovder filters, about
15 % difference, while the difference between‘
third and fourth-order filters is only about
3 %. As the order of the filter increases the

is produced. This is a plot of rms errors
versus samples per cycle of fi for the
second-order vibration data, for different
orders »f interpolation filters. As the
order of the interpolation filter is in-

T VPV

-
(=3

creased, the slope of the error curve
approaches that of an ideal filter with
infinite slope.

RMS ERROR (%)
T

The slope of 3/2 is important, since it
is an indication of the spectral content of

~INFINITE-ORDER FILTER

Ton

IST-ORDER FILTER

\(( SLOPE 4/7)
2ND-ORDER FILTER
(SLOPE7/8)

3RD-ORDER FILTER
{SLOPE 1)

4TH-ORDER
FILTER

SLOPE 3/2) (SLOPEB/7)

data. For different orders of data this
slope changes, firat order is 1/2, third
order is 5/2, fourth order ia 7/2, etc.

| L BLBLLRL

All of the preceding results have

been obtained with the impulse response o

™ INPUT DATA SPECTRUM

A

f J \ LN,
S 1248 / OCTAVE

4141,L111;:!k hennlenl
1

of the interpolation filters. If a pulse-
stretching technique (Fig. 6.Te) is used,
better performance can be obtained,
especially for lower orders of data and
interpolation filters. As the order of the
data gets higher, the pulse stretching is

(W . | ll_LL
0 00 1000
SAMPLES PER CYCLE OF f;

Figure 6.14 Interpolation errors for second-
order vibration data (without
pulse-stretching), using optimum
break frequencies

equivalent to an additional order of filtering; thus a second-order interpolation process results

from the use of pulse-stretching and & first-order fil
filter now becomes equal to the order of the data.
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If the process described above is done for four different orders of data, using pulse stretching,
a family of curves as seen in Figures 6.15 through 6.22 are produced. There are two figures for each
order of data. The first figure determines the proper sampling rate for a given rms error and filter,

; K .  ‘ while the second figure shows the optimum break frequencies for different rms errors and orders of
' interpolation filters.

The set of curves are invaluable for selecting sampling rates and predicting interpolation
errors vhen using analog reconstruction techniques. Note that in each case the slope of the inter-
polatiop-error curve approaches the Wiener optimum (infinite-order filter) as the order of the
interpolation filter is increased. Also note that the Wiener optimum slope increases by the next
higher odd aumber over two as the order of the data increases.
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for second-order data
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Figure 6.19 Interpolation errors for third-
order data using Butterworth
filters and pulse stretching
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: Figure 6.21 Interpolation errors for fourth-
; vrder data using Butterworth
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6.6 A FEW PRACTICAL OBSERVATIONS

Similar curves may be drawn for other types of anulog interpolation filters (such as the
Gaugsian and binomial filters mentioned earlier) and for all kinds of digital filters. Examples of
! : such curves are given in Reference 6., The curves given here will suffice for showing that the inter-
¥ : polation errors can become very large if proper care is not taken in choosing the break frequency
3 and the order of the interpolation filter and the sampling frequency. They can also Le used as an
é approximate indication of what will be attainable with other filter types of the same order. For
more precise calculation the exact filter characteristic should be taken into sccount.

There is one aspect which is very important in the spectra of flight test signals. That is,

that very often there are parts of the spectrum that are of no interest to the measurement and may
even obscure the informstion of interest in the signal. Examples of such unwanted signals are:
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Figure 6.20 Optimum break frequencies
for third-order data ‘
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Figure 6.22 Optimum break frequencies
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~ the cables connecting a low-level transducer to the data collection system may pick up & strong
signal from another daia source or from the aireraft supply either by induction or capacitive
coupling

- an accelerometer or rate gyro intended for the measurement of the motions of the aircraft may
sense vibrations of the structure to which it is mounted

- & presswe transducer intended for measuring low-frequency variations in an airflow may also sense
high-frequency pressure fluctuations due to small-scale turbulence.

These unwanted signals, which often have higher frequencies than the part of the spectrum which
is of interest, can have relatively large amplitudes. They may make it necessary to use much higher
sampling rates in order to keep the aliasing errors which they cause sufficiently small, or they may
be suppressed by & pre-sampling filter. As mentioned in Chapters 4 and 5, a Yransducer with well-
chosen frequency-response chavacteristics can often replace a pre-sampling filter in this respect.
If the frequency of the unwunted signal is much higher than *he highest frequency of interest, even
s simple pre-sampling fil+ter can effectively rcduce its i~ .. cude to an insignificant value without
too much digstcrtion of the signal of interest. If the difference in frequency is small, careful

design of the pre-sumpling filter will be required to keep the errors of omission sufficiently small. '

A spurious signal of a single discrete high frequency may be suppressed by a band-stop filter (notch-
filter).

la same flight-test signals, the accur. equirements for the low-frequency part and the
high-frequency part of tlhe spectrum are different. It mey be that the low-frequency part should be
meesured very accurately, but that it will only be necessary to determine the presence or absence
of high-frequency noise and, if present, its frequencies., In that case the rms criterion for
determining the effect of pre-sampling fillers is r longer valid. As most of the errors occur in
the higher frequency region, they nuave 'ess eff ~t on the final result than would seem from their
™ms value.

When designing a sampled data channel, it is necessary to have a very good idea of the shape
of the daia spectrum which will occur during the measw-cment. It may be necessary to do some f
prelim’ nary evalustion or even some preliminary tests in order to have sufficient information on
which lue choice of the sampling rate and the filter characteristics can be based.

6.7 CONCLUSIONS

The foregoing family of curves for the selection of pre-sampling filters, sampling rates, and
interp-lation fiiters are certainly not exact rulee. The designer must cunsider his problem and
apply the results accordingly. However, the importance and the difficulty of choosing appropriate
values fur the data spectrum and the alluwable rms error should not be underestimated. It is
unlikely that the user will always kiow ahead of time exactly what spectrum his data will have or
what rms error he can allow. For thi reason he must ask himsel® what data bandwidth the system must
handle and what rms error it can introduce and still do the job which must be done.

e i e+ .

Rms error is only one means of comparing input with output and in many cases is not ihe one
to use. Sampling of picture data is & good example. If the picture is to be reconstructed for the
eye to .¢e, 7 much lower sampling rate can be used. The eye for instance is not capable of seeing

large amplitude errors .u a busy picture, yet it can see a small amplitud= error in an unchanging ‘
t
area. '

Sep~". ing and reconstruction of tlight test data has become the major method used in to-day's
t1ight westing. Although there are many reasons for this, the most important are the ease cf
handiiag and the ability to maintain accuracy. The importance of understanding the data and, in turn,

gselecting the correct sampling rate and the proper interpola’iun process cannot be overstressed.
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CHAPTER
CALIBRATION
- o
. D. A. Tougas

7.1 INTRODUCTION

Measurement can be defined as the process of campswing the magnitude or intensity of & physical
quantity to & reference value or standard in order to determine a numerical value of that physical
quantity. In the early times standards were usually defined in such a way that everyone who wanted to
make a measurement had direct access to the standards. For instance, standards of length were the
L vidth of a thumb, the length of & foot, the distance covered in one stride, etc. As greater accuracy
: became necessary and mare physical quantities had to be measured, international standards were adopted.
Standards in different countries were either compared periodically to sach other or the methods for
deriving them were so exactly prescribed that they could be reproduced with sufficient accuracy. This
development led to the establishment, in 1875, of the International Bureau of Weights and Measures at
Sévres, France. Tine .tandards preserved there are the international reference standards or primary
stapdards to which all other standards canm be compared.

! { From these primary standards a complex echelon of subordinate standards is derived. Each techni-
| ! cally developed country has its Standards Bureau or Laboratory, which has secondary standards that

: are directly derived from the primary standards. Many major industries and research laboratories have
E ‘ tertiary standards vhich are derived from tue secondary standards. The lower standards are all peri-

odically ccmpered to a standard one order higher to determine their validity as a standard. The
acasuring instrument is at the lowest level of this network.

A 1t T S e s sl

Calibraticn is the process of determining the measuring characteristics of an individual instru-
mest or mrasuring chain, vith the accuracy required for a particular applicatioun, using suiteble
standards as a reference. In general, previous knowledge of the general characteristics of the instru-
aent type will have been available when the instrument was selected for the application. The cali-

. bration will then establish precisely the relation between input and output of the particular instru-
i meat and will be the basis for a check of its accuracy.

b o —— -

o pria

The final object of a calibration is to determine the characteristics of & complete measwring

chain. In practice it is often preferable to calibrate each component of the measuring chain sepa-
rately (see Section 7.7). These component calibrations are then combined to determine the overall
(end~-to-end) calibration of the measuring channel. If an overall calibration of the measuring channel

v ol

is made in one step, it can be regarded ss & component calibration of a channel with only one compo-
nent. Therefore, most of what is said in this chapter about component calibrations is equally appli-
ceble to cases where the oversll calibration of the channel is made directly.

-

The calibration engineer uses the information provided by the calibrations to establish:
~ that each component functions properly
-~ the relation between the physical input and the output of the complete measuring chain, which is
used to convert the measured data to engineering units during processing
- the accuracy with which the measuring system follows this relation.

) : [.2 THE SCOPE OF CALIBRATION

: 1.2.1 Completc calibrations

In any practical applicatioa the output of & measuring channel will not only be determined by
the magnitude of the parameter which it should nominally measure, but also by the magnitudes of
i physical guantities other than the one that must be measured. A measurement of & pressure difference,
A : for instance, may be influenced by the pressure level at which the measurement is made, the temper-
1 atures of the different elements of the measuring chain, the acceleration to which the transducer is
subjected, the supply voltage, etc. If an accurate measurement is to be made, these influencing
quantities should also be measured simultaneously with the mcasurement of the input parumeter. A

S+ e i A
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calibration then must also include a determination of the sensitivity of the output of the measuring
systen to each of these environmental parameters.

A complete calibration, i.e., a complete determination of the measuring characteristics of a
particular instrument for a particular application, should therefore not only concern the parameter
which is ncminally measured by the measuring channel, but also the other parameters which can affect
the output. As the calibration relating to the nominasl input parameter is usually broken down into a
static and a dynamic calibration, a camplete calibration usually consists of three parts:

—~ A static calibration related to the nominal input parameter. This gives the relation between the
input value of this parameter and the output of the instrument or component, provided the input
parameter is varied so slowly that the dynamic characteristics of the measuring system do not affect
the output.

A dynamic calibration which usually gives, as a function of frequency, the amplitude ratio (i.e.
the ratio between the measured output ampiitude and the value which this amplitude should have
according to the static calibration) and the phese angle between input and output.

-~ Environmental calibrations. These should include all environmental parameters which can affect the

output. As the sensitivity of the output to these enviroomental parameters ususlly is much less
than the sensitivity to the nominal input parameter, the accuracy required for these calibrations
often is not very nigh.

In each calibration, whether static, dynamic or environmental, a standard should be used to
measure the input parameter and another standard to measure the value of the output. The accuracy
required of these standards must be derived from the accuracy specified for the measurement. This

accuracy is usually specified as a total error which must not be exceceded with a certain probability
(see Section 3.3 of Chapter 3). Since the calibration error is one of the errors included in the total
error it must be sufficiently small, so that the total error does not exceed the specified value.
High-accuracy calibration standards are costly and the time required to execute a calibration usually
increases with the accuracy. It is, therefore, advisable to use a standard which provides just the
required accuracy (see Section T.3).

7.2.2 Limited calibrations

A complete calibration as described im Section 7.2.1 will in general be & complex and time
consuming exercise. In practice the procedure is usually simplified considerably, but this can only
be done under specific circumstances. These are:

- that the ranges and freguency spectra of the nominal input parameter and of the environmentsl
parameters for the particular application are specified to & sufficic. . degree

- that previous knowledge of the messuring charaucteristics of the instrument is available, either
from previous use and calibration of the instrument or from manufacturer's specifications

- that the accuracy of the particular measurement for which the calibration must be made is well
specified.

If these requirements are met, the calibration engineer may decide that certain parts of the
camplete calibration procedure need not be executed for a particular test., Such a decision can only
be made if the calibration engineer is satisfied that his previous knowledge is applicable to the
specific circumstances of the test within the specified accuracy requirements. He may decide, for
example, that & certain environmental parameter, within its specified range, will have a negligible
effect on the accuracy. It is also possible that he is satisfied that the effect of a certain para~
meter can be corrected on the basis of results of previous calibrations or of manufacturer's data.
In that case, the value of the parameter concerned must be measured during the test also.

When making this judgement it must be kept in mind that the "previous knowledge" may not be
applicable to the circumstances of the test for which the calibration is made. Some possible reasons
for this are: -

- the environmental conditions during previous calibrations differed from those of the teut (the
manufacturer's test conditions are frequently not fully specified)
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-~ the characteristics of the instrument may have changed since its last calibration because of ageing
or daxage.

The static calibration will only be deleted on rare occasions. Even when a very low messuring o
accuracy is required, it will gemerally be better to run a static calibration because this will at ' '

least provide assurance that the instrument functions properly (see Section 7.4). The dynamic calibration

g and many or all environmental calibrations can often be deleted or can be made at considerably longer
;_I ' intervals than the static calibrations. After a major repair of the instrument & more complete
E ‘ { calibration will often be required.

l 1.3 STANDARDS

! Primary standards have been defined for the seven basic units of the International Standards
f System. These are:

; - length (meter)
b . - mass (kilogram) » g
E - time (second) |

- electric current (ampere)
; - temperature (kelvin)
!
(£ ; - light intensity (candels)
. - atomic weight (mol)

o

Six of these units have been defined in such & way that a primary standard can be set up anywhere
in the world; for instance the meter has been defined as a certain number of wave lengthas of a well

oo EC o

defined line in the spectrum of krypton 86 and a second has been defined as a certain number of periods

of the wave emitted by a line in the spectrum of cesium 133. But the kilogram, which has been defined

a5 the mags of a certain volume of platina-iridium preserved at the International Bureau of Weights and ?*
i i Measures at Sévres, can only be calibrated by direct comparison with & higher standard at all levels.
‘ : Standards for quantities other than the basic units of the IS system, such as those for presswre, }
acceleration,voltage, force, power, etc., must be derived from these seven basic standards.

As already mentioned in Sectiocn T.1, our metrology system consists of several levels of standards,
each being compared to the next higher order standard. The calibration of an instrument used for flight
testing is done against & standard which is several levels removed fram the international primary

standard. The ability to verify this series of standards to the primary standard is called traceability. ]
It is this traceability that gives credibility to the measurement and also this traceability, to an

ultimate single reference, allows the test engineer to compare empirical data from different sources.

e e T L
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Standards are instruments which have been especially selected for stability and accuracy. The
higher-order standards are used only for the purpose of calibrating standards one order lower., Only
the lowest-order working standard is more or less continuously used for calibrating measuring
instruments. It is so designed and constructed that the calibration specialist can have confidence in

its accuracy. It should be compared to & higher~order standard at specified intervals. ,L

The standards to be used in a particular laboratory should be procured to meet the specific
accuracy requirements which will be needed. Accuracy costs money and as a8 general rule it can be

assumed that, to obtain a standard of double the accuracy, the cost will increase four to ten times.
Procurement of a standard significantly better than is required may well be econcmically wasteful.

The asccuracy to which s particular instrument must be calibrated for a given measurement must be
determined by an analysis of errors as described in Chapter 3. The ratic between the accuracy of the
meagurement and the required eccuracy of the calibration standard will depend on the specific circum-
stances of the measurement. As a general guideline it is often said that the calibration standard
\ should be five times more accurate than the measurement accuracy which is required. But in cases

where there are other important error sources, i.e. where the total measurement accuracy requirements
will tolerate a greater calibration error, the ratio can be much lover, down to 2 or less. The
justification of the need for a more accurate standard should be very carefully considered.

7.4 STATIC CALIBRATION

Static calibration of the instrument against its nominal input is performed far more often than

o
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any other type of calibration. When an instrument is selected for a particular measurement, it is
usually chosen in such a way that the dynamic characteristics will not have a large influence on the
T | measuring results. Then sccuracy is primarily affected by changes in the static calibration and
Lo correction for dynamic effects can be based ‘on much less frequently executed dynamic calibrations.

¥ A The same also holds for environmentsl parameters: if the measuring system has been chosen $o that their

effect on the accuracy is amall, corrections can be based on the information provided by previous
calibrations.

The choice of the calibration standard has already been discussed in some detail in Section
7.3. When using an available calibration system for a new instrument, great care must be taken to
ensure that no errors are introduced into the calibration by an interaction between the instrument
being calibrated and the standards which are being used as a reference. The interaction which mey occur
is often quite gubtle and difficult to recognize, but the errors which can be imtroduced may be of

significant magnitude. This is one aspect of the concept of "finesse" mentioned in Chapter 3. Examples
are excessive loading of an electrical standard, or temperature effects due to self-heating by
electrical currents. P

In general, the static calibration is performed by applying fixed incremental values of the
measured parameter to the instrument and measuring the output signals. The inputs must be generated 1
\ or measured by & properly calibrated and traceable standard of surficient accurscy. The output is
; measured sccurately using a method which is compatible with any further processing of the calibration
;‘ data. For measuring systems with visual indicators this is usually done by carefully reading the
E’ indication and recording it on a specially prepared sheet. For measuring systems with an electrical
output a properly calibrated indicator must be chosen so that it provides the same load to the output
. eircuit as is used in the aircraft. If the calibration data are directly processed by a digital
computer, the output can be measured by an instrument which directly provides a digital output in
a format suitasble for the computer.

e

i*'“ As already mentioned in Section 7.1, each calibration should start with & check on the proper

; functioning of the measuring system. The first check usually verifies that there is an output of
approximately the correct magnitude. A very efficient check for most instruments is to let the input
vary slowly but continuously through the measuring range. A careful cbserver can delect irregularities
in the rate of change of the output which may indicate mechapical deamage or bad electrical connections.
Experience will teach what other checks can be made to obtain information on the proper functioning

e A et A on e o s L e r

of the different types of instruments.For instance, for pressure instruments the input is kept
constant for some time at a suitable value as a check for leaks, and » step input may be applied
to check whether the dynamic response is affected by obstructions in the tubing. When the calibration

! engineer is satisfied that the instrument functions correctly, the static calibration can be
5 initiated.

The number of points used in the calibration must be sufficient to establish the complete

calibration curve with the required accuracy. Here it is important that the final accuracy of the

calibration be kept in mind. In cases where a high degree of accuracy is required it may be necessary

to use a relatively large number of points. This is especially true when the input-output relation-

ship is suspected or known to be non-linear. On the other hand, if the instrument being calibrated is

[ considered to be much more accurate than the total requirements, very few points may be sufficient
i

T T

to provide the needed confidence. This can in some cases mean that the calibration equipment can be
simplified: for example, for soue accelercmeters it may be sufficient to measure points at + 1 g,

0 g and - 1 g, vwhich can be done using a sufficiently horizontal table and & simple bracket. In this
4 cage, the much more expensive equipment necessary for measuring olher points will not be required. :g
3 Similar methods can also be used if the cslibration curve is not 7btsolutely linear. For resistance .

it ol

3 thermometers and thermocouples a standard calibration curve for the particular material can be described
by & 2nd or 3rd-order polynomial. This calibrstion cwrve is often given by the manufacturer; if that ?1
is not the case, it must be determined during a first calibration of the element. The later calibrations K
are then used to verify that the specific element under test does indeed correspond to the relevant
standard calibration curve. In these cases, it will be pomsible to calibrate such a thermometer at
only 2 or 3 points rather than covering the full range. When calibration methods like this are used,

e e g
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the calibration engineer must be very sure that the polynomial is valid over the full range.

In some measuring systems environmental parameters, like the supply voltage or the FM carrier
frequency, can produce shifts in the zero point of the calibration or.in its average seusitivity
- without significantiy affecting the shape of the calibration curve. In such cases one or two fixed
voltage inputs are often recorded or telemetered once in every measurement cycle in order to provide
a basis for correction. Such measurements are often called "ealibration points" or "autocal". It

must be stressed that this technique does not cbviate the requirement for a normal calibration of
each measuring channel and does not reduce the number of points required in the calibration.

An important aspect of static calibration methods is to eliminate dynamic effects. In the first

place each measuring pcint must be allowed a sufficient settling time for the calibration standard
and the measuring system to reach their steady-state values. Some instruments are also semsitive to
the rate of change of the input parameter between successive calibration points. For some types of
pressure instruments, for example altimeters and air speed indicators, the time during which a value

! must be kept constant and the rate of change of pressure between successive points is specified as
: part of the calibration procedure.

Another important point in calibration is hysteresis. If hysteresis occurs, it is necessary to
calibrate the instrument first with increasing values of the measuring parameter and then with de-
creasing values, and to taske at each point the average of the two. It must be kept in mind, however,
that the magnitude of the hysteresis may depend on the range used. If during the flight test the
input parameter will vary only over part of the total range of the instrument, it will be better to
{ calibrate only over that range. If the hysteresis error is large with respect to the allowable total
error, it is sometimes necessary to simulate the expected time history of the measurement during the
calibration. Some types of hysteresis, such as that caused by backlash in gears, will not depend on the
complete previous time history of the measurement, but only on the direction in which the imput para-
meter changed at the particular mowment of measurement. It is, therefore, important for the calibration
engineer to understand the nature of the hysteresis before setting up his calibration program. The
hysteresis may also depend on the vibraticu level to which the instrument is subjected. During
calibrations where hysteresis is important, the instrument should therefore be subjected to the same
type of vibration as is expected during the flight test.

} Good calibrations can only be made if the calibration engineer understands the problems of his
instrument and has built ﬁp sufficient experience with each instrument type and even with each
individual instrument. It is, therefore, very important that all calibration results are stored in
such a way that reference is easy. The calibration engineer should compare each calibration with_ the
previous ones, in order to detect any changes that may héve occurred. Every change in a calibration
should be explained before the lnstrument is released for use. Such a comparison can be made during

the calibration if the new velues are recorded on a specially prepared sheet which also has the data
from a few previous calibrations. If some provessing has to be done before the final calibration

. results are available, and especially if the final calibration results are produced in a computer,
the calibration department should approve the final results before the instrument is released. The
calibration curve can be incorrect due {o blunder errqrs, errors in smoothing, errors in combining

different calibrations, ets., so that a positive final chieck by the calibration department is absolutely
; essential.

A digital computer is a very useful tool to aid the calibration engineer in performing his task.
The derivation of sn analytical expression to describe & best fit curve of even a moderate number of
calibration points by manual calculations can be a formidable job, especially if a polynomial expres-—
sion is required to achieve satisfactory results. On the other hand, the fitting of a relatively

R

lurge number of calibration points with even & seventh or ninth-order pelynomial is relatively simple

LI

when using a computer. In addition to performing the necessary camputations, a computer system can
provide plots or graphs and/or tabulsted data, formatted for easy evaluation and containing other
informetion to simplify tne analysis of calibration results. When a number of components, individually
calibrated, make up & aingle measurement channel, the combining of the individual calibration equations

to a single expression required for flight data processing again can best be done by the digital
computer,

e T LT
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1.5 DYNAMIC CALIBRATION

The object of & dynamic calibration is to determine the dynamic characteristics of an instrument
or a measurement system. These dynamic characteristics are discussed in some detail in Chapter 3.
They are usually given as the amplitude ratio and the phase angle as a function of frequency. Examples
of such relations for second-order linear systems are given in Figures 3.6 to 3.8 of Chapter 3.

In many cases the instruments for a particular measurement have been chosen so that the dynamic
effects can be neglected for the range of frequencies vhich will cccur during the flight test. Then
the dynamic calibration is only used to verify that this is true. But there are also many measurements
in vhich sufficient accuracy can only be obtained if a correction is made for the dynamic character-
istics. If that is the case, it is very desirable that the measuring system is dynamically linear,
i.e. that its response can be described by a linear differential equation. For dynamically non-linear
systems the correction becomes a very complex and arducus task. Fortunately, most instrument systems
designed for dynamic use follow a linear differential equation sufficieatly closely. This must,
however, be verified during the calibration. The easiest method to do this usually is to apply the
method of sinuscidal excitation described below with several smplitude values at each frequency.

If the amplitude ratio is independent of the amplitude, it can be assumed that the system is
dynamically linear.

As already mentioned in Chapter 3, it is essential that during the application of a dynamic
calibration not only the amplitude ratio but also the phase angle is taken into account. In systems
with & constant group delay the phase angle will cause a conatant time delay between input and output;
if the group delay is not constant over the range of frequencies contained in the signal, phase
distortion will occur. An extreme example of this is shown in Figure 3.9 of Chapter 3. it is, there-

fore, essential that during & dynamic calibration both the amplitude ratio and the phase angle are
- measured.

There are two principal methods for determining the Gynamic response of a measuring system:

- Sinusoidal excitation. In this method the instrument is subjected to a sinusoidally varying input,

the frequency of which can be varied over the complete dynamic range of interest (Reference 1 and
2). The amplitude ratio between input and output and the phase angle between these two are then
measured directly at s number of frequencies. From these measurements plots of the amplitude ratio
and the phase angle versus frequency can be made. a
Pulse excitation, In this method the instrument is subjected to either a step function change in
input or to a sharp input pulse (Reference 3, 4 and 5). In these techniques particular cars rust be
exercised to avoid saturating or overdriving the instrument &t any frequency. Utiliuzing . ‘rier
analysis techniques on the output, the amplitude ratio and the phese angle at each frequenc,
then be calculated (Reference 6 and 7).

The excitation of signal conditioning networks or other components of a purely electrical
nature is usually not too difficult because generators of electrical sine waves and pulses are
readily available. Devices for accurate dynamic excitation of other physical parameters are much
more difficult to obtain, Methods of dynamic stimulaticn of linear and angulas displacements and
accelerations, and of forces and moments, have been available for same time, but generators for
high amplitudes aund low frequencies (below about 15 Hz) are still difficult to obtain. In receat
years a variety of methods of dynamic pressure generation have been developed, but even today the

U.S. Bureau of Standards will only provide very limited dynamic calibrations of pressure beyond
the normal range used for microphones (approxinately 2 N/ma).

It is, therefore, of the utmost importance that the requirements for dynamic calibrations are

realistic. In most applications where the dynamic characteristics are significant, the accuracy
requirements become lower as the frequency increuases. The reasone for this cen be different accordiag

to the application. A few examples are given below:

~ Often a dynamic calibration is required to show that the amplitude ratioc and the phese angle do
aot change significantly over a limited frequency range, and that certain higher frequency noise
will be sufficiently damped. Then the accuracy required for these "noise frequencies" is much lower
than is required for the signal frequencies of irterest. The cslibration must show that the high
frequency noise will be sufficiently damped and that the effect of the dynamic response on the
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low-frequency data, that must be measured, is negligibls.

- In other cases it may be necessary to determine from the measurements whether there were high-
frequency inputs and at what frequencies these occurred, but the accuracy requirements for the
amplitudes of these high-frequency components are often much less than for the low-frequeacy signal.
One must just know that they were there, but their exact amplitude is not of prime importance.

- Even when the high-frequency components of the signal must be accurately measured, the accuracy
requirement often decreases with frequency. This is because in many measurements the signal

amplitudes decrease with frequency. For a certain overall accuracy of the total measurement the

accuracy requirement for the higher-frequency components will then be less than for the lower- g
frequency components. . 3

1.6 CALIBRATION OF ENVIRONMENTAL PARAMETERS

; A complete and comprehensive calibration of & test instrument or measurement system must take
L

. into account the enviroument in which it is to be used and the effect that these extraneous influences

-t

have on the accuracy of the measurement. Some of the more common environmental parameters which are

probable sources of error are temperature, pressure, acceleration, vibration, supply voltage aad

, electromagnetic radistion. To establish confidence in the ability of a particular instrument to

L accurately perform its designated task, an understanding of the effect of these environmental para-

E weters is essential.

E The reason for making an environmental calibration can be threefold:

,H ~ To verify that built-in correction features, such as temperature compensation, are functioning
properly according to the manufacturer's specifications. )

E ‘ - To establish. that the environwental effects ars negligible. :

- To determine the sensitivity of the instrument to the environmental parameter in order to provide
informativn for the correction of the measuvement results.

[T

In this latter case it must be recognized that a separate measurement of the environmental paraweter
iy . - . . .
! during the flight test is necessary in order to apply the correction.

Naturally, not every calibration of an instrument requires actual envircumental testing of all or :
even any of the extraneous parameters which may be encountered, but certainly they must be given
consideration. The actual flight test environment, prior evaluation tests, previous eaperience or an

understanding of the construction of the instrument may provide the confidence needed to negate the
‘{ requirement for actusl tests as discussed in Section T7.2.2.
[

As & general rule, the sensitivity of an instrument to environmental parameters is much less

than the sensitivity to the primary input. Therefore the accuracy with which these parameters must ,
be generated is generally less than for the main input.

Before setting up a calibration program for envirommental parameters, the calibration engineer :
must have & very good understanding of the construction and operation of the instrument under
consideration and the environment to which it will be exposed. The nature of the effect of an
environmental parameter on the calibration will depend on the type of instrument. For instance,

AT SR T T TS

varigtion of the supply voltage or the temperature may cause a zero shift withoui a change of
sensitivity, or a change of sensitivity without & zero sbift, or a cowbipation of both.

b : Unless the calibration engineer has a good understanding of what type of effect will oceur, it is
2 ! advisable to make & cawplete calibration of the instrument at several values of the environmental
parameter. The test equipment must then make it possible to vary the nominal input parameter and
the environmental parsmeter independently of each other. For analyzing the effect of supply

- . voltage this is generally very simple, but for other combinations of parameters quite camplex

equipment mey be required. Examples are vibration generators which can be tilted with respect to the
vertical, in order to test cross~-coupling effects in accelerometers; vibration generators which cau
. be subjzcted to different temperatures for determining the effect of temperature on demping charac-
Fj‘ ; teristics of accelercmeters; pressure connections to temperature chambers so that a pressure
instrument in the chawber can be connected to a pressure standard, etc.

1
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7.8

1.7 THE OVERALL CALIBRATION OF A MEASURING CHANNEL

The ultimate purpose of the calibration program is to provide the information needed to counvert .
the measuring results to engineering units and to provide a basis for a final check on the accuracy -

of the measurements. For both purposes the overall (end~-to-end) ulibgution of each measuring channel
must be known.

In modern flight tesiing such overall calibrations of the channel are usually not made directly.
- They are usually determined from a mathematical combination of calibrations of the components of the

' measuring chaunels. There are two main reasons for this procedure. One is that a new complex overall
calibration of many channels may be required if one single component, for example an analog-to-
digital converter used for many channels, has to be replaced. If the concept of component calibrations
is used, only a calibration of this single unit will be necessary. The second reason is that an
overall recalibration of one channel may require that a large part of the total data collection
system is transported to the calibration laboratory, with consequent danger of damage to some other
components. If the overall calibration is performed in the aircraft, less accurate transportable
standards will have to be used and other work on the aircraft will be retarded.

T XS
[T R TP

Under some circumstances, however, the individual component calibration is either impractical
or impossible, and an overall calibration of the complete measurement channel from transducer to
reccrder or telemeter output is necessary. This is the safest method of calibration because it
will include, for instance, the effects of mismatches between adjacent components in the measuring
chain wr interference between one component and another which may not be found if each component is
4 ‘ calibrated separately. In cases where some form of feed-back between separate components or the
;: aircraft structure (such as a control surface) must be included, an overall system calibration beccumes
E. a necessity. In some cases the total system may be assembled in the calibration laboratory while in

other cases it is obvious that the calibration must be performed on the aircraft after final
i installation.

o L b A T AR T VT

The combination of component calibrations into an overall calibration of one measuring channel

! requires careful consideration. The combination of static calibrations involves multiplication of the
: input-output ratios corresponding to each calibration point of the physical input parameter, after
all necessary corrections for environmental effects have been applied. When dynamic effects are of
interest, the amplitude characteristic with the lowest break frequency will mainly determine the
overall amplitude response of the measuring channel. The phase response of the other components may,
however, affect the overall phase shift characteristic of the measuring chamnel. In-flight checks
or "calibrations" to establish certain envirommental effects such as aircraft supply voltage or

shifts in FM center frequency may also be considered within the scope of the determination of the
overall calibration.

e T

In all overall valibrations calculated from component calibrations there is a possibility that
some effect in the actual circuit has not been taken into account. This may be an additional
resistance due to a bad connection, an error in the wiring (e.g. the inversion of two connections),
an unforeseen grounding point, input impedances different from those used during calibration, wiring
: capacitance, etc. It is, therefore, necessary to check at least once the overall calibration. This
is usually done during the final testing of the data collection system after it has been mounted in
the aireraft. The extent of this check must be carefully planned. In many cases a check at a single

e Lk‘_< &

TN TR
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; point may be sufficient, if the engineers are sure that every precaution has been taken. A two=-point

check or even a full calibration will give additional assurance, but may be more difficult to realize
(see also Section 8.4).

l
]
!
:: The preflight and postflight checks can be regarded as special types of calibrations. Their
A main purpose is to make & quick or last-minute verification of the correct functioning of all channels.
However, they cannot be considered a substitute for normal calibration but are additional to it. ! !
The emphasis, here, is on checking the weak points of the measuring gystem. {
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CHAPTER 8
TECHNICAL ASPECTS IN THE DESIGN OF MULTI-CHANNEL DATA COLLECTION SYSTEMS

by L
H.L. Tollisen and R.L. van der Velde

8.1 _INTRODUCTION

In Chapters 3 to T aspects of the design and calibration of single measuring channels have been
discussed. In actual flight teat instrumentation systems a number of such measuring channels are
combined, The number of channels can range from about five for a simple ad-hoc test to several thou-
sands for prototype tests of large and complex aircraft. In this chapter a few of the problems of the
design of multi-channel systems will be discussed.

After the test objectives have been specified and a first measurements list has becn compiled
(see Chapter 2), the basic outline of the instrumentaticn system must be decided upon. This must be
done in close co-operation between management, flight test engineers, data processing specialists end
ingtrumentation engineers. Aspects of this phase are discussed in Section 8.2. When the main components
have beeu defined, the system must be designed, built and prepared for installation in the aircraft

(Section 8.3). During this phase numerous tests must be executed as the system takes shape. An outline
of such tests is given in Section 8.4,

In the design of a flight test instrumentation system, and especially of the airborne data
collection system, two sets of (often conflicﬁing) requirements play an important role. On the one
hand there are the requirements for each individual measuring channel, as they have been discussed
in Chapters 3 to 6. On the other hand, there is the requirement that all these individual chennels
mugt be combined in one data collection system, which can be instaelled in the aircraft, which can be
maintained and which provides the best possible input format to data processing facilities. The
specification of a multichannel data collection system must be developed by an iterative process, in
which the requirements for the individual channels and the requiremeats for the total data collection
system are weighed against each other until an acceptable compromise has been reached. In the ideal
case the resulting compromise will be a single data ccllection system, for instance a digital system
with & certein scanning rate. Often, however, the requirements for the accuracy and frequency response
of the individual channels show such & large variation that a system of one type is not feasible. Then
a digital system may have to be combined, for instance, with an analog system in order to accommodate
& number of high-frequency channels. Such composite systems need not be completely independent: often
the digital and analog data can be recorded on different tracks of the same tape recorder and the
pover supplies and test facilities for both parts can be integrated.

At a lower level similar compromises must be made. In digital systems some individual channels
may require their own analog-to-digital converter, but it will often be possible to commutate many
of the analog signals and digitize these consecutively by the same converter. Sometimes the flight
test instrumentation system can be connected to transducers already available in the aircraft for
the normal aircraft systems. Although this is attractive from several points of view, it can only
be done if these transducers and their asgsociated circuits are accurate enough for the flight test
purposes and if adequate measures can be taken to ensure the integrity of the essential aireraft
systems even if a failure in the flight test equipment should occur.

No simple rules can be given for these and many other problems with which the instrumentation
engineer is confronted wheu designing a flight test data collection system. It is his task to select

the best compromise for satisfying the requirements of a given test program within the limits of the
available resources.

Reliability and accuracy are the leading considerations in the choice of the components and in
the design of the system and its wiring. Reliability also affects the design in another way, i.e.
test and maintenance facilities must be incorporated in the design so that these operations can be
done quickly and efficiently. However, reliability and sccuracy not only depend upon the quality of
the design and the installation, but also very heavily on the capability and experience of the people
who maintain and operate the system. The selection and training of these people, who have to work under

.. .Docyment provid
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unfavourable circumstances in flight and on the ground and often under heavy pressure, can have a large
influence on the success of a data collection system.

8.2 SYSTEM CONCERT

8.2.1 System modification versus new development

From the standpoint of econcmics and lead time, it is generally more desirable to update an
existing system than to develop a new one. An important aspect is that considerable experience will
be available on the characteristics - and the weak points - of the existing system. However, certain
aspects of the existing system must be compatible with the new requirements. Such characteristics as
size, weight and capacity are more or less fixed and cannot be changed.

Other charscteristics of an existing system can often be modified. New transducers and signal
conditioners can be incorporated. Sampling rates, frequeacy response and accuracy can often be in-
creased to a certain extent. Sampling rates can be increased or decreased by techniques such as
supercommutation and subcommutation. Higher frequency response can be obtained for continuous-trace
recorders by using faster galvanometers and higher paper speeds, and for FM systems by using higher
sub~carrier frequencies and higher tape speeds. If the basic system is acourate enough for most of
the data but @ few high-accuracy data channels have to be included, so-called encoding methods such
as coarse-fine techniques can be used,

o f athimt 8 L et €
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If the test program is relatively small and the data flow time is not critical, the use of photo- :
panel or continuous-trace recording may be adequate. All equipment mssociated with these systems is 7
| highly developed and available commercially at reasonable prices. If a computer-centered ground station
is available, the use of tape recording should be considered even for small tests. The higher costs of
the preparation of the equipment, of the installation in the aireraft and of computer programs will
often be outweighed by the advantages of automatic processing, such as shorter turnaround time, less
manhours for data processing and betiter presentation.
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Though most systems have a considerable growth potential, it may be necessary to develop a new
system for s particular test program. A significant factor in this decision will be the short-
range and long-range financial support that can be obtained, If facility funding is available and
g there appears to be » continuing need for test data, an putomated system should be given serious

i

B , consideration. This is & business matter at best and may also touch on political aspects. Either way, l i
' : its importance should not be underestimated. Long-range planning of fubture flight test programs plays ;
ﬁ ! an important puart, There is often considerable benefit in using the main components of a future complex

system for the first time in a relatively simple test, if possible in parallel with a proven system.
This may forestall many problems which could affect reliable operation of the complex system.

8.2,2 Choice of the major components
An important decision that must be made before the instrumentation system for a major flight
test program can be specified, is whether on-line data processing will be required, On-line proces- |
sing can, in principle, be applied in two ways:
- on-line processing of only a few parameters and only during flights where considerable benefit
can be derived from it, in order to decide in real time whether a test has succeeded and a next
test can be executed during the same flight

TR T T T T
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- on-line processing of all data, so that a complete mhalysis of the results is available by the
time the aircraft lands.

The first method has been in use for e long time. It has been found that the flight time and the

number of flights required for testing advanced amircraft can be considerably reduced if a number

of important parameters can be continuously observed in real time by specialists. In present systems

this has been achieved by telemetering these data to the grcund, where they are displayed on CRTs

after on-line processing in a computer, but systems using on-board computation and display are also

being considered. The need for such a system should be stated early in the development program, as

it will have considerable effect on the general layout of the instrumentation systen,

The second method, i.e., on-line processing of all data, may be technically possible using
telemetry and a powerful ground computer station. This approach is being attempted in some programs

|
!
|
|
)
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8.3

at the present time. It would seem, however, that this approsch will, in general, not be economically

Justifiable and it can be expected that off-line data processing methods will continue to be used as
the principal method,

The measurements list (Chapter 2) defines the characteristics required of each individual
measuring channel. On the basia of an analysis of sll these requirements and of the equipment available
on the market, it will then have %o be decided whether they can be handled by ome system or whether &
composite system is necessary, what kind(s) of system(s) will be used and which paremeters will be
hardled by each sys* m. Eventually a choice will have to be made from (a combination of) the
following possibilii.ea:

- on board recording (for details see Chapter 9)
photo panel
trace recording M

analog
J,/

computer compatible
\... / .
digital “—— non-computer compatible

direct
magnetic tape

= telemetry (for details see Chapter 10)

analog

digital
on-board cameras or closed-circuit television for the observation of external events (flow
patterns, external store release, ice accretion)

on-board cameras for photogrammetric measurements (aircraft trajectories, position fixing)

ground based equipment (photo theodolites, radar, telemetry ground station, etc.) (for details
see Chapter 11),

Except for small single-purpose tests, it ls almost inevitable that more than one type of data
collection system will be used during a flight test program. The unique vapabilities of each system
and the broad spectrum of requirements usunlly make it impossible for one system to handle all the

data. For a typical flight test program & composite data collection system may be required which
involves the simultanecus use of the following systems:

~ & digital system for basic airplane and engine performance data

- an M system for vibration and acoustic survey

- fugelage-mounted cameras for recording wool-tuft patterns on the wing
-~ & continuous-trace recording system for gquick-look purposes

~ photo theodolites for trajectory measurements during take-off and landing tests.

Details on most of these systems are given in Chapters 9 to 11, A few words can be said here
about the application of cameras. Film or photo cameras are used for flow investigations with wool
tufts, investigations on the shape of ice formations on the wing, control surfaces and engine in-
takes , measurements of wing and fuselage bending, observation of external store release, etc. Closed-
eircuit television is also used for some of these tasks, either for real-time monitoring by observers
in the aireraft or for play-back after a flight. Photo cameras are also often used for the measurement
of sircrafrt trajectories, both from the ground (photo theodolites) and from the sircraft as in some
methods for take-off and landing measurements.

8.2,3 On-board recording and/or telemetr

One of the first choices that must be made is whether telemetry or on-board recording will be
used, or both. It can be said that at present on~board recording is the standard method of data
collection for most types of flight tests. Even if telemetry is used during part or during the whole
program, the data will, in most cases, also be recorded on board the aircraft. The choice of telemetry
is based on one or more of several specific reasons. The most important are:

- hazardouws flying, such as high-speed and flutter testing to expand the operational envelope of an
airplane. This requires evaluation of data on each condition before going to the next, without

exposing the crew any more than necessary to the hazardous conditions. Telemetered data available
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or the ground maekes possible the participation of qualified specialists in critical decisions.
The data is also protected in the eveni of an accident. In this type of testing, only a limited
number of critical parameters need be telemetered.

g S - testing of a small vehicle. The fact that a telemetry transmitter usually is much smaller than a
recorder with adequate data capacity m lead to the choice of a telemetry system.

- on-line processing of telemetered data. This has been discussed in Section 8.2.2. .
Telemetry has, however, certain disadvantages: ﬂ
- the aircraft must be operated within "line of sight" of the receiving antenna. This may seriously o
restrict the area in which flight tests can be made. The signal-to-noise ratio should be monitored
continuously on the ground.

- the radio link is susceptible to interference from other transmitters and may detericrate due to

s worndhil, i

adverse atmospheric or ionocspheric conditious. The resulting loss of data can have & very serious :
effect on the progress of the flight testing, especially if on-line processing is used. For this -

] reason on-board recording is generally used as a back-up. 5
~ the total system is more complex and therefore more liable to malfunctioning. System checking is

Y more complicated for this reason and also because it must include both the airborne and the ground

, equipment, and the radic link between them,

~ data security is compromised because others can also receive the signal.

Detailed discussions of on-board recording and telemetry are given in Chapters 9 and 10.

If the use of telemetry is envisaged, the parameters to be transmitted must be selected first
since this can have a considerable impact on the choice of the on-board data acquisition equipment.
In many cases the most economical solution is to use the same data acquisition electronics for :
recording and telemetry.

In many flight test programs there is a requirement for protection of at least part of the flight

data in the case of a crash. As mentioned before, this can be done by telemetry. If no telemetry is

ek L SRR fo I LA

available, crash-proof containers can be used for the recording medium. This approach can be used
for cameras, magazines of continucus-trace recorders and for tape recorders. In some cases a separate
crash-recording system is used, for instance, with a wire recorder or one of the commercislly
available airline~type crash recorders. These have, however, usually a limited data recording
capacity.

8.2.4 Methods of on-board recording and telemetry

Analysis of any set of parameters will show that & division into three main categories can be
nade with respect to required frequency spectrum and accuracy:

- low-frequency data (up to about 5 Hz); for some of these date a high accuracy may be required
(e.g. 0.2 % FS), but for other low-frequency data & high accuracy will not be important

-~ medium-frequency data (up to about 30 Hz); for this type of data an accuracy of about 1 % FS will
usually be sufficient

- high-frequency data (up to several kHz); for these data a relatively low accuracy (2 to 5 % FS)
is usually acceptable.

The first two categories are suitable for digital systems, and the third is usually handled
by analog systems. If for a few parameters the required accuracy can not be obtained with an
available digitel system, coarse-fine recording should be considered on two channels per parameter.
In the case of a high-capacity system it may be possible to accommodate high-frequency parameters
by cross-strapping a number of input channels, i.e. supercommutation (Chapter 10).

Digital tape recording is now generally the backbone of all large flight test programs. In
recent years the uge of digital data collection systems has increased enormously. There are two f
principal reasons for this:
~ since analog-to-~digital converters are relatively inexpensive and bit packing densities can be

quite high, it is more efficient to do the digitizing on board the aircrart.
-~ a8 soon a8 the signal has been digitized, there is no further loss of accuracy during the data

vl Limen.
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manipulation, transmission and storage. Digital recording and telemetry are therefore especially
suitable for high-accuracy data.

At first thought it would seem to be advantageous if the tapc;s made on board the aircraft could
be read directly by a standard digital computer, i.e. if the on-board recorder produced a computer-
compatible tape. In practice, this is hardly ever attempted. The main reasons for this are:

- the tolerances of standard digital computers with respect to bit density and skew are so close,
that even good flight recorders often cannot remain within these tolerances when subjected to
the linear and angular accelerations normally eancountered during flight tests.

-~ standard digitael computers require half-inch tapes with data recorded in parallel on either T or
9 tracks at closely specified bat densities. At the bit densities achievable in airborne parallel
recording, the number of data points per tape is relatively lov. In order to achieve & better
utilization ¢f the tapes, other formats are often preferable, for instance 1 inch wide tapes with
14, 16 or 31 tracks or serial recording with extremely hign bit dersities.

-~ standard digital computers require "inter record gaps" after a certain number of data wards. During
these gaps no data must be recorded. The flight test data are, howvever, generated continuously. Some
kind of buffer storage is then required which involves a considersble increase in the complexity of
the airborne equipment. An alternative is to interrupt the data stream during the generation of
inter record gaps, but then valuable data may be lost.

Because in most data preprocessing stations a special computer is avsilable for quick lock and
editing, it is generally possible to use this computer also for converting tbe flight tapes to a
computer-campatible format.

Analog data collection systems are primarily used for recording high-frequency signals.
Interpretation of these data is often more conveniently done using traces showing the time histories

of the measured parameters. Analog tape recording can also be more convenient if analog data proces-
sors are to be used, as for instance in same types of frequency analysers. Although analog signals
can be reproduced on the ground from digital recordings, it is usually more costly to do so.

Analog systems can produce continuous data or sampled data, digital systems always produce
sampled data. Analog sampled data systems include photo panels, and pulse-amplitude modulation (PAM)
and pulse-duration modulation (PDM) methods. Continuous-trace recorders and direct-recording tape
récorders produce continuous data. Frequency modulaticn is on the borderline between the two types:
the sighal is “sampled" at a rate varying with the instantaneous signal amplitude. For all sampled
systems it must be kept in mind that the sampling frequency must always be higher (and often
appreciably higher) than the highest frequency which is of interest for the meagurement, in order to
reduce the effect of aliasing errors {see Chapter 6).

The advantage of analog tape recording over trace recording and photc panels is that the signals
can be reproduced in eiectrical form when the tape is replayed. This makes it possible to use auto-
matic or near-automatic data processing, including digitizing on the ground. Direct recording and
FM podulation techniques are generally used for analog tape recording and, after modulation on an
RF carrier, algo for telemetry. These modulation techniques are described in Chapters 9 and 10.

Combinations of different systems using the same tape recorder can be very efficient. PCM aund
M data can be recorded on differeut tracks of the same tape recorder as long as there is a suitable
tape speed for both systems. There may, however, be objections to this from the data processing people,
especially if both types of data have to be processed simultaneously at different locatious.

Photo panels are still used occasionally because of their extreme flexibility (which is an
important advantage in small sd-hoc tests) and because many types can be used for visual monitoring
during the recording.

Continuous-trace recorders can record up to 50 parameters at moderate cost and are very useful
and popular for the recording of dynemic date, especially if the measurements involve the phase
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. relaticnship between two or more variables. Gelvanometers are available to handle data frequencies
up tu 1000 Hz or higher. Their accuracy can be of the order of 1 to 2 percent. This type of recorder
is very useful for those types of tests where the interpretation can be made directly from the recard-
= ) .- " ed time histories. If further 'data processing is reguired, the traces must be processed manually.
3 : Although some equipment is available for assisting in this task, it still involves much human labour
) for all but very short and simple tests. |

8.2.5 Data processing aspects in the design of s data collection system
During the design of the data collection system the instrumentation engineers should be aware

of the data processing metbods which are to be used. A well designed data collection system can ‘
markedly reduce the expemsive time required for final data processing. In this section a few ‘ex.a.mples
will be given of how the degigner of the data collection system can simplify the data processing.

The most direct metbod is to do data processing operations on board during flight. This can be |
) done using an airborne computer, as described previously. But even if no computer is used, many
operations can be executed in the data collection system which would otherwise have to be done
during data processing. A simple example is the on-board determination of the ratio between the
transducer output signal and the supply voltage for those transducers vhose output is proportional
to the supply voltage. On-board compensation for environmental effects can also be included in this
category.

Time correlation and interpolation calculations can be reduced considerably by a judicious
design of the data collection system. If the time correlation between two signals is of interest,
they should be recorded in the same recorder on tracks which can be read simultaneously. The channels
should be designed so that they have identical amplitude and phase characteristics. These are not
only determined by the transducer and signal conditioning characteristics, but also by those of the
recording method. In the case of continuous-trace recording the dynamic characteristics of the ‘ i
galvanometers should be a5 nearly as possible the same, in FM recordirg they should be recorded on ‘ i
! the same carrier frequency. Interpolation of digitally recorded data can be avoi§ed if parameters
for vwhich time correlation is important are sampled in consecutive time slots.

PO A

In-flight reduction of the guantity of data recorded will decrease both the required recording V.

! capacity ard the data processing time. Several methods can be used: o

! -~ recording only during the significant stages of the flight.

- recording only those channels which are of direct interest to the test. The data channels required
for each flight are then selected by a patch panel or a program contrcl (see Fig. 8.3).

- adapting the sampling rate to the nature of the tests and changing the tape or paper speed
accordingly.

- using dsta compression methods, i.e. data are recorded only when they have changed by more than

3

P

B

8 specified amount. This requires additional identification on the tepe of the channel and of the

time at which the change occurred. It will only be beneficial if ihe average intervals between

© il

such changes are much longer than the sampling interval and if accurate knowledge about their
rate of occurrence is available before the flight. Data compression is as yet rarely used in flight

testing.

There are several reasons why these methods for reducing the quantity of recorded data are not

e detiond e st Lk

often used in flight testing. The first reason is that unforeseen events may not be recorded. A second
reason is that the opportunity to extract useful data from all flights is lost (see Chapter 1, Sectionm
1.3.1.1, fourth paragraph). A third reason is that the manufacturer of the specimen being tested will

normally like a complete history of all parameters during the testing period.

If the on-board recording capacity is sufficient for recarding all data channels throughout
the flight, it is possible to reduce the quantity of data to be processed by editing on the ground.
This can be facilitated by recording additional information such as measurevent number, frame nunmber,
time of day or elapsed time, and by using event markers to record the occurrence of special events.

IR

|
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8.2 TECHNICAL DESIGN AND DEVELOPMENT CONSIDERATIONS
8.3.1 Introduction

At a certain point of time the system concept has been sufficiently finslized after discussions
among aircreft designers, flight test engineers, dats processing specialists and instrumentation
engineers to permit the initiation of the detailed development of the new components. It should be
realized that all future possibilities are determined by the constraints of these choices.

The demrign of the individual channels has been discussed in some detail in Chapters 3 to 6.
Some general and organizational aspects have been dealt with in Chapter 2. It is the intention of
this chapter to discuss, in geueral terms, some topics relevant to the design and development of a
complete system and also to discuss some of the problems which arise when the congtituent parts of
an instrumentation aystem are brought together (integrated) and when the camplete instrumentation
system is installed in the test aircraft. Scme of these interface problems will be dealt with in
separate sections. ‘

As a cautionary note, instrumentation engineering has progressed a long way in the last few
years. Attempts to “connect a few components together" will almost surely result in a system that
is inadequete for even the most rudimentary measurements. Adequate attention must be given to inter-
element effects, including impedance matching, frequency respouse, ground loops and shielding. The
analytical determinstion of overall system operating characteristics requires an intimate knowledge
of the detailed, quantitative descriptions of the characteristics of each element in the system.
Instrumentation engineering is a profession and a well-equipped, trained and experienced teem is
an abgolute requirement foy the succeasful completion of a flight test program.

The range of requirements of the various programs and system capabilities are so diversified that
it is very difficult to buy a complete, off-the-shelf system that satisfies all needs of a particular

. i flight test program. As a consequence, program requireuents are met in cne of three ways, depending
upon the in-house resources and capabilities available:

3 ! - the complete design and construction is done in-house

= " - the camponents are procured and their integration is dome in-house

' : -~ the complete system is procured on contract.

. Except for the number of people required, the involvement of the user's organization is about the

same. Even if the totel system is procured, competent staff is needed to prepare the detailed
technical specifications, monitor the design and construction phases, and, after delivery, perform i 3
acceptance tests and then maintain and operate the equipment. :

E 8.3.2 Commutation and nourmalization of input signals

For data collection systems which do not use commutated deta, such as continuocus-trace recording

e

systems and systems using single-channel FM, each channel can more or less be designed separately.
The main constraint is that all channels have to be recorded at the same recording speed. For data

collection systems with commutation the general layout of the commutation system must be determined
at an early stage in the design.

The basic principles of commutation (multiplexing) ere described in Chapters 9 and 10. In systems
vith freguency-division multiplexing the main concern is to divide the channels over the available

(sub)carrier frequencies so that each channel obtains its best frequency response. If the frequency

he i narabde Ciare Uil o A e il

spectra of all channels ere similar, a constant-bandwidth system will often provide optimal results.
If the spectra of the signals differ and a few of the channels have frequencies above about 300 Hz,

a proportional-bandwidth system must be used.

¢ emeie bl s

Most modern flight test data collection systems wainly rely on time~division multiplexing. This
is used in all digital and PDM systems, and can be used in FM and direct recording and in FM and AM
telemetry. The first step in designing such a system is to determine the required basic commutation
rate. This is, iu principle, the highest sampling rate required for any channel, though super-
commutation may be used if a fewv channels require a higher sampling rate than all others. It must
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be stressed here again that the required sampling rate is aiways higher than the frequency range
mentioned in the measurements list. It is determined by the acceptable aliasing error in the channel.
The methods to determine the required sampling rate for a given frequency spectrum are described
in Chapter 6.

When the tasic cammutation rate has been fixed, the number of measurements per commutation
cycle must be determined. As discussed in Section 8.2.5 it is often possible to reduce the required
number of channels by selecting only those which are essential for a particulas flight by means of
a patchboard. The number of measurements per cycle is determined by the highest number of channels
required on any flight and by the amount of supercommutation and subcommutation required.

The basic commutation rate and the aumber of measurements are primary factors determining the
design of the data collection system. They not only determine the commutation speed itself, but also
the speed of the anslog-to-digital converter and the signal conditioning units. When deasigning & new
system, they should be considered very carefully because they have a large influence on the growt;h
potential of the system.

The basic commutation rate is an important factor in the selection of the type of switches used
in the commutator. As described in Sectiom 5.3.4 (Chapter 5), normal relays or reed relays can be
used at low commutation rates, but electronic switches must be used if the basic commutation rate
is above 100 to 200 samples/sec. At the present state of the art, electronic switches are often also
used at lower commutation rates, even for low-level signals. Electronic commutators are extremely
versatile and can be made very small as geveral switches can be incorporated in one integrated circuit.
Their design requires a few precautions. The impedance of the switchus in the closed condition is not
very low (in the order of 1000 Ohms) and they prnduce a small leakage current in the open position (in
the order of 10 nancamperes). In & properly designed circuit these characteristics will, however,
hardly affect the measuring accuracy. Cross talk, i.e. changes in the signal level of one channel
caused by the signal level in another channel, can cause difficulties, especially when integrated
circuits are used with many switches. This problem must be solved by proper grouping of the input
channels. Relatively large back currents, which can cause damage to the signal sources being sampled
can occur due to breakdown of the switches themselves or of the circuits behind them. Series resis-
tors are often necessary to limit these currents. Notwithstanding all these effects, good results
can be obtained with wvell~-designed electronic commutators, even with low-level signals.

When the basic commutation rate, the number of measurements per cycle and the type of switches
have been selected, the general layout of the data collection system can be planned in more detail.
An important factor is at what stage the signals are commutated. The most straightforward method in

a digital system with analog inputs

TRANSDUCERS is to place the commutator directly
SIGNAL before the analog-to-digital converter
O-—_ CONDITIONING TAPE RECORDER (Fig. 8.1). Then each channel has its
_—\ own signal conditioner, which trans-~
forms the transducer output signal
% mﬁlwm‘——ﬁ COAN-:::TER into the type of signsl required by

the analog-to-digital converter.

This is usually a DC signal, either
high-level (e.g. 0 to 5 Volts) or
low-level (e.g. 0 to 30 mV). Other
types of input signals have been used
in the past (for instance PDM signals),
but these are not very common nowadays.

SIGNAL MUL TIPLEXER
O CONDITIONING

Figure 8.1 Data collection system with separate
signal conditioners

In the system shown in Figure 8.1 the signal conditioning circuits are not applied in a very
economical fashio'., as each one is only used during a very brief time period of each commutation cycle.
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Therefore, a common signal conditioner is often used for all signals of the same type. A simple example
of such a system is shown in Figure 8.2. The multiplexer connects the signals from transducers with

TRANS-
DUCERS PRECONDITIONERS SIGNAL
: CONDITIONERS
TYPE 1
SIGNALS [—ame " TYPE }
]
O / I
I
]
FIRST-LEVEL SECOND-LEVEL
HULTIELEXER MULTIPLEXER TAPE RECORDER
I
O~ I \
Il
TYPE 2 A-TO-D
oo \ ‘
SIGNALS I TYPE2 CONVERTER
l
o1
. il
i
il
I
O—. ]
It
L]
15 O~ e e

Figure 8.2 Data collection system with common signel conditioners

the same type of output to tbe associated signal conditioner and thus the number of signal con-
ditioners is equal to the number of types of signals. As this number may still be quite large, simple
“"preconditioning” circuits are sometimes provided to further reduce the number of signal conditioners.
These preconditioners can include filters for individusl channels, cold-junction compensation for
thermocouples, amplifiers or voltage dividers which adapt the electrical range of the signal, etc. The
final choice of what should be included in "preconditioning” and vhat in "conditioning" will depend
on the number of transducers of each iype.

The system of Figure 8.2 still has the dissdvantage that each commutation switch is connected

to a predetermined signal conditioner and that, therefore, the possibilities of replacing a trans-
ducer by one with a different type cf output are limited. In large modern flight test systems this
limitation is overcome by using & computer or a programmable memory for controlling the commutation
cycle. An example of such a system is shown in Figure 8.3. The sequence in which the channels are
gcanned, and the scanning rate of each channel, can be programmed separately for each flight. The

single central signal conditioner will be adapted to each incoming type of signal by the program
coatrol.

In each system there are a number uf channels vhich cennot be handled by the normal commutation

system. This is, for instance, the case for these pulse-rate or frequency signals whose pericd is
much longer than the sampling time available for each channel {for example, engine tachometers and
fuel flov meters). The measurement of such signals must have a duration of at least two periods of
the lowest frequency that can occur, and integration over a still longer period may be required. Such
channels must have a separate analog-to-digital converter, which is sampled by the second-level
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ADDRESSING

Figure 8.3 Data collection system with computer~controlled commputator and signal conditioner

multiplexer, as shown in Figure 8.3. Signals which already have the digital format are also scanned

- directly by this second-level multiplexer.

For large and complex flight test systems the weight of the wiring for instrumentation can
become prohibitive. This weight can be markedly reduced by remote multiplexing. Several systems
like that of Figure 8.3 are then mounted at locations in the aircraft where large numbers of trans-
ducers are concentrated. They are controlled by a single program control unit. The digital output
of each remote multiplexing unit can then be transmitted to the recording system by a single pair

of wires and only relatively few wires from the central program unit to each remote multiplexing
unit are required.

8.3.3 Maintenance and performance monitoring of the data collection system

Maintenance and performance mopitoring are required to prevent and to correct failures and
performance degradation. The overall flight test schedule must allow specific pericds for routin:
checkout snd maintenance of the instrumentation system.

During the design phase measures must be taken to prepare for maintenance and performance
monitoring. Test connections pecessary for a quick and efficient maintenance must be carefully
planned. It is very difficult to determine in advance precisely what will have to be checked and
where the weak points of the system are. Experience and familiarity with the performance of the
components will provide a good basigs for determining what test points must be available and what
test procedures must be used. As systems often give problems at points where they were not expected,
it is advisable to design the maintenance system sc thet every conceivable function can be teated.
During the cperation it will be found which checks can be omitted or can be done at longer time inter-
vals. It is, however, very difficult to add test points or test equipment during the operational
phase.
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: Closely related to maintenance is the aspect of performance monitoring, either om the ground

: or in rlight. The requirements for special equipment for performance monitoring on the ground during
preflight and postflight checks depeud on -the time available between flights. Less time between T T
flights means more sophisticated checkout equipment. Even campletely automatic ground checkout systems
(generally referred to as ATE, Automatic Test Equipment) have been considered for flight test instru~

- ' mentation systems. Though ATE is used with success for checking operational aircraft and large missiles
- where the test sequence has been precisely defined, it is less suitable for flight test purposes.
During the course of a flight test program many parameters have to be changed and even more drastic
modifications are often required. When making these changes it would also be necessary to modify the

ATE. This increases the time required for making changes and tends to defeat the purpose of the ATE.
ATE is, therefore, seldom used in flight testing.

A valuable aid for monitoring the performance of the instrumentation equipment is BITE (Built-
In-Test-Equipment), which is often incorporated by the manufacturers of major component parts. BITE,
however, only tests the functioning of that specific component. Efficient overall monitoring of tape
systems can be achieved by the "read after write" method, i.e. the data is read from the tape
immediately after recording. This data can then be displayed directly or can be used to check parity,
code, timing, level, etc. A simpler method, which provides only slightly less coverage, is monitoring
the data stream to the recorder write heads. Another effective technique is the use of calibration
signals. Couparison of the measured values with the known calibration input values provides a fairly
comprehensive check of the date acquisition process.

A N i b TS
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In~-flight performance monitoring should be seriously considered. Both from s standpoint of
instrumentation checking and in-flight data interpretation it is desirable to be able to monitor in
flight at least some of the measurements being recorded. In most cases, some level of monitoring
soon becomes cost effective, because valuable flight time can be saved in case of a failure in the

e, L A .

instrumentation equipment. The complexity of monitoring and the method of presentation depend on the

i attention which can be provided by the flight test crew. In a one-pilot aircraft a single go/no-go

: light is about the maximum that can be allowed. This light can, however, be the output of a comprehensive
self-check system. In an aircraft carrying flight test observers the necessity for such a fully asutomated
system is less, as there is much more opportunity for improvisation. Even on-board repairs may then be
feasible.

8.3.4 System Integration

8.3.4.1 Integration of main components into & complete system

For the part which is common to all channels the main components (commutators, analog-to-digital

IEPTTTIES-PISRs " YT AT T

converters, modulators, recorders, telemetry transmitters etc.) are usually bought as complete units.
They are available in a relatively large variety from special’zed manufacturers. If special requirements
exist vhich canuot be satisfied by commercially available units, these manufacturers can usually modify
standard equipment to provide acceptable performance. If the different modules have not been especially
designed to be used together, interface problems may occur even though the specifications seem to
indicate that the output characteristics of one upit are mat..ied to the input of the other unit. Tais

is mainly because specifications are never complete in all respects. Sometimes characteristies not

mentioned in the specifications can be the cause of interface problems. Usually these problems have
samething to do with radiated or conducted noise, grounding and shielding.

1
i
1
!
i
:
!3
1

Ample time should be allowed for matching the different modules, transducers, etc, followed by

adequate testing. This is especially the case with components obtsined from different manufacturers,
! or if special equipment has been built in-house.

Early in the design stage, a decision must be made regarding the packaging of electronics
: constructed in-house. There is no need to dweil upon the advantages of standardization im this
) respect. In small aircraft, however, it may be difficult to adhere to existing standards for equipment
boxes and racks. Often ad-hoc solutions will have to be found to mount boxes in small corners.
In systems involving more than cne recorder time synchronization between the different recording
systems is very important. It is desirable to utilize the same time base and forma: if at all possible,
to simplify data correlation. If this is not possible, as in some non-autcmatic systems, it becomes

R e e o e e
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necessary to provide additionn_l event marks on all systems, which can be used for time correlations
betveen the individual time bases of the recorders. When airborne and ground based systems are used
simultanecusly time correlation may require the use of a radio link, unless the required accuracies
are low. The problems of time correlation are discussed in more detail in Chapter 11.

8.3.4.2 Integration into the aircraft

Some factors influencing system design relating to the integration into the aircraft are:
-~ accessibility
- weight and size of boxes and wiring
- unwanted interaction between instrumentation systems and the aircraft.

Accessibility of the instrumentation equipment is an obvious requirement for maintenance. It
is sametimes unavoidable that gensors and cabling are mounted in places which will not be accessible
later. They are for instance mounted during assembly of the (prototype) aircraft or during a major
overhaul. This must be avoided as much as possible because congiderable time and effort will have to
be spent, should they become unserviceable.

Weight and size of boxes and wiring can constitute a problem in many aircraft especially in
small fighter aircraft. Sometimes it is possible to install instrumentation equipment in loecations

normally occupied by standard aircraft equipment if this is not essential for the specific flight
test. For instance, if armament and ammunition boxes can be removed, much space can become available.
Another solution can be to split up the system into several smaller units, for which space can he
more easily found. If no space is available inside the aircraft, or if the equipment must be easily
exchangeable between aircraft of the same type, the instrumentation system can be installed in an
externally mounted pod. In large aircraft a considerable amount of cabling is required to connect
all transducers to the instrumentation equipment. Apart from the weight of the cabling, which can
become excessive, long signal wires tend to decrease system accuracy. Remote multiplexing, which has

been treated in Section 8.3.2, can provide an improvement in both respects.

Unwanted interaction between instrumentation and aircraft systems and vice versa can be caused

by faults in the electrical circuits or by electrical noise.

The system must be designed so that faults originating in the instrumentation equipment cannot
degrade aircraft systems performance. A fault analysis of the instrumentation equipment should reveal
whaet currents could flow to or from aircraft systems. Meassures must be taken to limit these currents
to acceptable values.

Electrical noigse can be defined as the unintentional and unwanted influence which one electrical
ecircuit can have on another by means of radiation or conduction. The instrumentation system should
be designed so that it will not cause interference by radiation or conduction. On the other hand,
it should not be susceptible to such interference emanating from the aircraft end its systems.
Several civil and military documents give guidance and state requirements regarding this matter
(Refs. 5, 6, T, 8, 9, 10, 13).

Radiation can have a predominantly magnetic or electrical character. A conductor carrying & large
current vill mainly produce a magnetic field, a conductor with a high voltage wiil mainly produce an
electrical field. In general, it can be said that the higher the frequency, the more problems can be
expected from radiation. The effect of radiation can be minimized by:

- ghielding

- proper grounding and bonding techniques

- increasing the distance between conflicting circuits

- twisting wire pairs or using coax cables

- avoiding the use of unnecessarily high frequencies and very sharp pulses
- avoiding leaks in radio-frequency transmission lines

- limiting the bandwidth of the instrumentation system as much as possible
- using differential amplifiers to minimize common mode noise.
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The rout'ng of wires through an aircraft should be carefully planned to separate as much as
possible the susceptible circuits from the circuits whicb cause interference. In principle three
N o categories of wiring can be distinguished: )
~ wiring that may cause interference, for instsnce: power wiring, antenna cables, wiring for
the operation of inductive devices, viring carrying pulsed energy
!1 -~ wiring that is susceptible to interference, for instance: amplifier inputs, low-level high-
impedance circuits
~ the category in between, which is neither causing serious interference mnor very susceptible
i to interference, for instance:low impedance wiring, low energy wiring, low voltage power and
lighting circuits (except fluorescent lighting).
Wires belonging to different categories should be kept apart as much as possible, unless it has been

’

established that no interference occurs.

Conduction of electrical noise mainly takes place through power leads. It can be minimized

using filters ., voltage stabilisers, DC-to-DC converters or rotating inverters. In extreme cases

it may be necessary to use separate batteries. Some more details are given in Chapter 5 and
Sections 8.3.5 and 8.3.6.

8.3.5 Grounding i

Ideally, "ground" in an electrical or electronmic system is a conductor with zero impedance

1 throughout, which is used for all return currents. In practice, however, small impeda.nées exist ia
all ground conductors. If several circuits, which are stherwise independent, share a common ground
conductor, the current of each circuit contributes to a voltage across that corductor. It is clear
»- that the current from each circuit will affect the currents in other circuits. It is therefore

) ) advisable to separate power currents from signal currents whenever possible.

Inside the instrumentation boxes this leads to the use of three distinet types of ground, i.e. )
pover ground, chassis ground and signal ground. |

; Power ground is used for all return currents from power supplies and loads such as relays, :
heaters, motors, etec. The power ground must be brought out of the box on a separate connector pin,
; which must be tied to the aircraft structure with a low impedance lead.

Chassis ground or case ground is a safety ground which connects the metal structure of the
3 equipment to the aireraft structure to protect personnel against electrical shock hazards in ike

event of a short circuit between a high voltage and the equipment structure. The chassis ground
mus® also be brought out of the equipment on a separate connector pin which must be tied to the
aircraft structure by a low impedance lead. If properly designed for that purpose, the cases can
also provide radio-frequency shielding. The chassis ground connection must then have a low RF-
impedance.

The signal ground is a high quality ground. No return currents from power supplies are allowed
through a signal ground, only small signal return currents. In more complex instrumentation systems
it is advisable to specify galvanic isolation between the signal ground and the power ground inside
the boxes. The power supply unit of the instrumentation equipment must then contein a transformer in
which the secondary winding is isolated from the primary. This is normally the case when the instru-
mentation equipment receives its power from the AC supply of the aircraft. If the instrumentation
system receives its power from the 28 Volt DC supply of the aircraft, a DC-to-DC converter which
contains such a transformer can provide galvanic isolation between power and signal grounds. The
signal ground is also brought out of the equipment on a separate connector pin.

ko Aok & il ban

All aircraft electrical power systems use the aircraft structure as a return. This implies
that each point of the atructure has a different potential, which is not only depeadent on currents
but also on the resistance of a large number of mechanical joints, which, in spite of electrical
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bonding straps, have unpredictable and varying electrical characteristics. The potential difference
between two points on the structure may consist of a DC component, a 400 Hz component, switchiug
transient spikes, radio-freguency noise, etc. up to a total RMS-value of several Volts., It is clear
that error voltages of this nature cannot bte allowed to enter a signal path. This can be avoided
by connecting all signal grounds of the instrumentation system with each other and connecting this
common signal ground to the aircraft structure at one point only.

In practice this cannot always be realized. In some transducers the signal ground is connected
to the case, and the instrumentation system may have to be connected to operational circuits
vhich are grounded elsewhere. Then ground loops occur, which can cause large errors in the signsl
voltages. This can be avoided by using differential amplifiers (see Chapter 5), where a voltage

difference between the input and output signal grounds is rejected as a common mcde voltage.

Even if all signal grounds are interconnected and grounded at one point, common mode voltages
can occur due to capacitive coupling with the aircraft systems. This can be reduced by shielded
and/or twisted wire pairs with properly grounded shields and by using differential smplifiers.

8.3.6 Electrical power

Whenever possible the 28 Volt DC power supply of the aircraft should not be used for instru-
mentation systems except for the least sensitive devices, such as heaters, motors, etc. This avoids
a lot of trouble as the 28 V DC supply is a notorious source of interference. Reference 9 gives a
characteristic of its properties. Electric equipment that must be powered from this source should
include very adequate voltage stabilization and filtering circultry. Most aircraft have a three-phase
115/200 V, 40O Hz AC supply which can be used for instrumentation equipment; 28 V DC instrumen-
tation equipment should be powered from the AC supply via a separate transformer-rectifier unit
‘M used for the instrumentation equipment.

If an airborne computer is incorporated in the instrumentation system, special precautions

"will be necessary to protect the memory during power interruptions or transients. Interruptions of

ebout 50 m.lliseconds in the AC power supply are quite common during bus transfer in electrical
systems. Bartery buffering will normally be provided for essential DC busses.

'Ia e2lzctrical AC power systems with more than one generator and one bus, two versions are
10 ible:
. tr gen .rators have been coupled electrically (voltage, frequency and phase) and are feeding all
bus: .3 in parallel
- each genmerator is feeding its own bus and is running independently of the others with its own
voltage, frequency and phase.
All these considerations will affect the instrumentation system design. In general, it is best to
feed the system from one bus. The system designer should be aware of the possibility of a best
frequency if the generators are not coupled. Furthermore, he should take care that in the case f
AC ratio signals the reference voltage is taken from the same phase from the same bus. This als)
applies to synchro and servo circuits.

It is almost needless to say thet the available power source must have adequate capacity to
carry all possible simultaneous loads.

8.3.7 Data analysis requirements of the instrumentation engineer

During the design, realization and operational stages, close co-operation between flight test
engineers, instrumentation engineers and data processing specialists is necessary. Primary topics
of discussion should include:

- project definition in terms of number and schedule of flighta
-~ amount of data and required turnaround time per flight
- definition of flight data formats

- data presentation requirements

data routines for instrumentation checking

routines for data processing.
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The data processing equipment must be compatible with the requirements of the instrumentation
engineers concerning quick lock and instrumentation checking (see also Chapter 12).
Typical requirements for a large instrumentaticn system are: I

~ quick-lock facilities for a postflight instrumentation check which can produce graphs or tables
~ facilities for the print-out of selected digital values in the code in which they were recorded
{binary, octal, binary-coded decimal or hexadecimal) as an aid in error detection

- capability to observe the signals coming from the read amplifiers of the flight tape playback
unit for “roubleshooting of the airborne recorders

- immediate access to the preprocessing facility in case of a feilure ip any part of the
instrumentation equipment ‘

~ software for instrumentation checking (comparison of in-flight calibration values with the known
reference values, counting incorrect parities and other irregularities in the recorded codes,
etc.) and for maintenance and development tests such as described in Sections 8.4.1 and 8.4.2.

~ access Lo computer stored calibration files.

8.4 THE TESTING OF INSTRUMENTATION SYSTEMS

8.4.1 Environmental testing

At various intermediate stages during the development and construction of en instrimentation
system it is necessary to check the hardware produced so far for proper functioning under the

" anticipated envirommental conditions. General information about the environmental conditions at
u

LRy,

different locations in eircraft is given in literature (e.g. Ref. 5). The actuml conditions must,
however, be checked for each specific aircraft. In case of unusual applications or locations of the
instruments, for instance, if they are mounted in a pylon tank of a military aircraft, the environ-
mental parameters will have to be measured at the earliest possible moment., Procedures and equipment
for eanvironmental tests are described in References 5, 6, 8, 9, 10 and 13. The errors which the

T T T ST

environmental conditions can be allowed to produce must be determined from the overall accuracy t
requirements (see Chapter T). The environmental conditions can alsc cause effects which are not

directly related to accuracy. Extreme temperatures or vibration can make the operation of certain -
components so marginal that failures will occur too often. In those cases the instrumentation

: engineer must decide what can be tolerated.

TR

The objective of environmental testing is to obtain a high degree of confidence in the

T

capability of the equipment to operate within its specified liwits in the actual aircraft environment
during its entire service life (MIL-STD-810, Ref. 6).

=T

Depending on the application and location of the equipment in the aircraft a choice of the

following tests or combination of tests should be considered (some relevant topics are mentioned
between parentheses):

TR

- altitude (maximum, rapid decompression)

- temperature (low, high, shock, cycling)

- vibration (rescnance search, resonance dwell, vibration cyeling, fatigue)
- acceleration (linear and angular, frequency range, amplitude) i 1
~ shock o
3 - humidity (condensation, corrosion, leakage paths) ]
4 - explosive atmosphere
- rain

power input (voltage variations, transients, frequency variations, harmonic distortion)
redio frequency susceptibility (radiated and conducted)

hydreulic fluids

sand and dust

- fungus resistance

salt spray

ko b ol

acoustic noise.

N e
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8.4.2 Functional testing

- The realization phase is characterized by & continucus flow of small functional tests and
resulting “debugging". The electronic engineers will test the detail circuits they designed. The
instrumentation engineers will test the modules and major components as they come in from the
manufacturers or from their own workshops.

Printed circuii boards are brought together in boxes. Boxes are connected together and to
transducers, recorders, transmitters, cameras etc. Each time a new part is added s functional test
should be executed, for, no matter how meticulous the prepesrations of the specification and fabri-
cations have been, problems are liable to occur. They may arisz from inadequate noise suppression,
uissing ground-wires, cepacitive or electromagnetic coupling, self-heating effects, mechanical or
electrical tolerances, spurious signals, transients induced in power lines, misinterpretation of
specifications, ylain mistakes, negligence or poor workmanship.

Integration of e number of measuring channels into a system implies that one channel is
rhysically brought into proximity with others, which may result in electrical interactions. Signals
fed to the same multiplexer may interact (cross talk) due to defects or a non-ideal insulation
resistance. Residual charges in semple and hold circuits or signel conditioning amplifiers may
affect the next measurements.

To check interchannel cross-talk the following procedure can be followed:
Each data channel is provided with a comstant input sigpal, the value of which can be varied. The
electrical properties of the signel sources should preferably be identical to the electrical pro-
perties of the traiisducers. The recorder is then swiiched on and the constant signals of all channels
are recorded. Then the iaput signals are varied, cne at a time. The resulting tape can be processed
using a specisl program. For each channel all values which are beyond a predetermined limit from the
intended value shculd be displayed. It is convenient to make histograms or probability distributions
for each parameter under specified conditions, which can be used in the determination of the accuracy
and can be a relerence for similar tests made later.

Another functional test is the determination of system accuracy. The static calibrations of
the data channels must be verified repeatedly over a longer pericd of time and under various
environmental conditions, especially tempersture aud vibration.

It has often beeu found that a system which performed well under all kinds of tests in the
laboratory failed when used under actual flight conditions. There cam be technical reasons for
this, which are often difficult to predict, but an important factor can be the human element. In
the laboratory the equipment is usually operated by éngineers closely associated with the develop-
ment. When it is installed in an aircraft it will be operated by the people involved in the flight
test operations. Experience has shown that it is necessary to test as great a part as possible of
the equipment in flight before the complate system is finally installed. These flight tests need
not be done in the aircraft in which the instrumentation system is to be used. Apart from the
technical checks on the equipment, such flight tests provide a very good opportunicy for training
the people who will have to operate it. It is desirable to make a flight test with the total
instrumentation system after its final installation. This may, however, not always be possible,
e.g. with prototype aircraft.

8.4.3 Total system check-out in the aircraft

When environmental and functional tests have given sufficient confidence in the system, the
complete system is installed and a total system check-out is made. That will provide the basis
for a final judgmwent of the functioning of the total system. It is the last phase before the
system is used in the flight test program.

The first step is to check the stability and accuracy of all outputs. Stability checks can be
done by recording the data under several conditions and to process them as described for the cross-
talk tests in Section 8.4.2. Any instability should be traced and remedied. Accuracy of the channels
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vhich have already been calibrated in the laboratory can be checked by overall calibration checks
at cne or more points of the messuring range of each input parameter. This is & very important check,

© and the input stimuli used should be as accurate as possible. Small, but significant, errors may

otherwise remain undetected. Such errors can be caused, for instance, by wrong grounding connections,
errors due to wrong matching of components or errors in the combination of component calibrations.
In this phase alsc those calibrations must be performed which can only be done in the aircraft, such
as control surface deflection measurements.

A second important step is the investigation of the interactions between the instrumentation
system and the sircraft systems. The effect of noise in the flight test equipment produced by the
airecraft systems can be detected by the method described in Section 8.4.2, but now all ipstrumenta-
tion input signals are kept constant and the aircraft gsystems are operated. Recordings can be made -
when the engines are running and when radio and other aircraft equipment are switched on. Influence
of the flight test instrumentation equipment on aircraft systems can be detected by monitoring
the standard aircraft instrumentation and communication/navigation equipment while operating the
flight test instrumentation equipment, as, for example, switching cameras, recorders, telemetry

transmitters, blovers, heaters, power supplies, and disconnecting and connecting the data
scquisition electronics.

All these tests are necessary to build up confidence that the equipment will weet the design
cbjectives under the expected circumstances. The absolute determination of accuracy in flight is
unfortunately not possible. Only estimates can be made taking into account all possible sorts of
errors. In some cases comparisons can be made with, for instance, photo panel indicators or cockpit

indicators. At some point of time, the judgement must be rendered that the equipment is ready for
use. '

Once the equipment has been pronounced ready, it is guaranteed that somebody will initiate a
request for a change to the measurements list. The danger here is that too little concern will be
given to the effect this might have on the system performance. Small last minute changes are
frequently made without proper checking for interactions and interference. The possibility exists
that the qualification tests will be invalidated and this will perhaps not be noticed until the
first flight. Actually, appropriate tests should follow each alteration.

8.4.4 Preflight and postflight checks

If the instrumentation equipmen’, successfully passes the final total system check-out, the
equipment enters its cperational stsge. From now on it will be in the hands of the engineers who
operate and maintain it. An important part of their work is to prepare the equipmeni for each flight.
An almost mandatory requirement is the use of a preflight checklist for all projects, whether big
or small. An aborted flight caused by the fact that some small preflight item was overlooked can
in no way be justified.

The preflight check shonli start with the following items: tie down of equipment, all connectors
in place, mechanical condition of transducers, boxes, cameras , recorders, cabling, tubing and other
equipment, check of BITE output, etc. Then the cameras and recorders must be reloaded. Each channel
cutput should be checked for proper indication with all inputs in a known condition. This can either
be done manually using the on-board displays or by making a test recording (possibly by means of
telemetry) which can be analyzed in the data processing station. The preflight check should then be
continued with a short functional test of the whole system., Finally, all switches and other controls
must be put in the correct position.

A postflight check will be performed to ensure that the system is still functioning properly.
If the results of the flight test buvcome available well before the next flight & postflight
check may not be necessary.

After a flight, both the flight test engineer and the instrumentation engineer want to know, as
soon as possible, the results of the flisht test. For the instrumentation engineer no test can

replace the output from the preprocessing phase as this will contain the ultimate evidence of proper
fanctioning or failure.
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CHAPTER 9
ON-BOARD RECORDING
| C. Roguefeuil - : R

9.1 INTRODUCTION ;

Or-board recording is the most generally used method of date storage in flight testing. Even E

vhen telemetry is usad, the same data are often also recorded on board the aircraft to ensure that

f they will not be lost if the telemetry link should fail. 3
I . . . . 1

The earliest and simplest method of on-board recording was the use of a knee pad and pencil

by the pilot or a humsn observer, who wrote down his readings of the instruments available in the
cockpit. In the last few decades there has been a rapid development of first photographic methods ;
and later tape-recording methods. This development has shown a double trend: 3
| - & specialization betveen direct-indicating instrumeats (for the flight crew) and measuring devi-
ces specially mounted for flight test purposes 3

- & continuous increase in performance: number of recorded chaannels, bandwidth of each channel,
accuracy, ease of processing, etec.

In the course of this development the following recording methods have come into general use
! for flight testing:

- photo~panel recorders (from ebout 1930)

- continuous-trace recorders (from about 1940)

- analog magnetic-tape recorders (from about 1950)
~ digital magnetic-tape recorders (from about 1960)}. ’

)

Rl

Despite their different age, none of these methods are yet obsolete. Although the more modern methods 4
are generally preferred for large-scale test programmes, the older methods can often be used very
cost-effectively for tests vhere high performance is not & prime requirement, especially if there
is no direct access to e complex data processing station. In this chapter the advantages and dis-

{ edvantuges of each of the methods will be discussed, in order to show the best fields of application

: used for making pictures of wool-tuft or ice-accretion patterns on wings, for measuring dynamic move-
\ ments of the wing or the tail with respect to the central fuselage and for many other purposes.

! In some cases simple electro-mechanical counters are used to count the number of events (exceeding

; of a certain g-load, the occurence of errors in a digital instrumentation system, etec.); these

; counters are then read manually after each flight or even during flight. New recording methods, which
| are nov still under development, may in the near future be used for flight testing also. These in-

oy clude electrostatic recording methods and the use of large-scale integrated semi-conductor memories. 1
; These will not be described bere in detail, because they are not yet in general use for flight test
purposes.,

for each method.
Other recording methods are used under special circumstances. Normal photo or cine cameras are
i
3

9.2 _PHOTO-PANEL RECORDING

.2.1 General aspects

Rk

In its simplest form, photo-panel recording makes use of & camera which makes pictures of the
pilot's instrument panel at regular intervals. Generally, however, the lighting of the instrument
L panel is insufficient for this purpose and the application of extra lighting will be unpleasant for
‘ the pilot. Also, it is generally difficult to find a suitable place to mount the camera where it

does not restrict the pilot's movements. Therefore, a separate instrument panel is generally used,
vhich can be suitably lighted.

9.2.2 Advantages

- The basic structure of the recorder is simple and cheap. It can be constructed in any workshop.

- Installation and cperation of the instrumentation system can be done by normal aircraft ground
personnel without any special training.
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9.2

-~ For most parameters the same types of instruments can be used as in the cockpit.

= The instruments can be easily interchanged to fit the requirements of the flight test programme.

- It the dials are engraved in engineering units, the readings can be directly used without apply-
ing calibrations if the accuracy requirements are not too high. 7 .

~ Direct visual monitoring by a flight test engineer in the aircraft is possible if the rucorder has
been suitably designed. The flight test engincer sees exactly what the pilot sees.

9.2.3 Dicadvantages

- In most ceses the accuracy of the pointer instruments is rather low. There are, however, a fev
very accurate multi-pointer instruments, such as altimeters.

— The response characteristics of the pointer ingtruments limit the useful bandwidth to about 1 Hz.

- The most serious disadvantage for many applications is that the Jata processing must be done manu-
ally and is very time consuming. Automatic data processing is impossible.

9.2.4 Range of applications

As for most flight test programmes the disadvantages far outweigh the advantages, photo-panel
recorders are only seldom used as the main recording system. Exceptions are, for instance, tests with
sailplanes (where the availability of the instruments and simple installation are important) snd for
some types of training (where it is important that the students observe the same instruments as the
pilots, either in flight or during repley on the ground).

In many flight test programmes photo-panel recorders n.ré, hovever, still used for recording one
or a few parameters for which recording with the more sophisticated main data system would be too
costly. There are a féw types of aircraft systems to vhich a normal instrumentation system cannot
be directly connected. This may be because the signal deteriorates due to the extra load, or because
the electrical signal is not meaningful as an additional mechsnical correction is applied in the
pointer instrument. In such cases the cheapest and quickest solution often is to mount the co-

_pilot's indicator in a photo-panel recorusr and to accept the extra work involved in data processing.
" In ad-hoc tests of short Jduration such & solution is often the only feasible one, but even in large-
scale prototype tests of civil and military aircraft a photo-panel recorder is often available for

a few, special measurements.

In the recent past, photo-panel recorders vere often used as & back-up in case the more sophis-
ticated instrumentation system failed. As the reliability of electronic systems has increased very
much lately, this is hardly ever done now.

9.2.5 Typical instailations

Transducers: All direct-indicating instruments can be used, such as pointer-and-dial instruments,
digital indicators, etc.

Number of parameters: Usually below 10, though recorders with up to 100 parameters haven been used
in the past.

Sampling rate: Up to 5 pictures per second. Higher rates can be used if pointer instrument response
Justifies it.

Recording duration: Up to several hours.

Size and weight: Size roughly & cube with face equal to the surface of the instrument panel, weight
from 20 kg upward.

Synchronization: The camera can ususlly be actuated by an external time base.

+3 CONTINUQUS-TRACE RECORDING

9.3.1 Genersl aspects
In these recorders lines are produced vwhich depict the variations of the input parameters with

time. The continuous-trace recorders can be divided into two groups: pen recorders and photographic
recorders.

In pen recorders the line is inscribed directly on & strip of paper or other material which
moves past the pen at an approximately constant spesd. Many types of pen recarders are availible on
the market, but for flight testing only a few types are used, and even those not very often. Some
details of these recorders are given in Section 9.3.5.
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9.3

In photographic reccrders a light beam produces & line on photographic paper or film which
moves past a slot at a constant speed. In the mpjority of these recorders normal photo-sensitive
paper is used, which must be developed on the ground after the flight. Recently, recorders with an

; ultra-violet (UV) light source have come into use, in combination with special UV-gensitive paper.

The lines on this paper become vigible a few seconds after they have been inscribed. Details are
given in Section 9.3.6.

JT T TP T SERPR

: 9.3.2 Advantages of continuous-trace recording

« The results of the measurements are presented in a way which can often directly be used for inter-
' pretation.

'
s
i
P
5
'
i
i

M l - Parameters related to each other can be recorded so that their variations can be easily compared.
- With pen recorders and UV-recorders it is possible to present real-time information to observers

on board the aircraft(for some applications even the delay involved in UV-recording can be too
large for real~time application).

- In some photographic recorders recording elements can be used which combine the sencing device

with a device for deflecting the mirror. This provides a simple and cheap instrumentation system.

9.3.3 Disadvantages of continuous-trace recording

- The number of channels that can be accommodated in a recorder is limited by the space available
for mounting sensors and by the requirement that the traces must be distinguishable on the paper.
Typically 5 to 20 channels are used, including time bage and event markers.

Accuracy is limited by the optical resolution (trace width divided by maximum deflection) and by
paper shrinkage, as well as by errors of the seusors. Typical accuracy is 0.5 to 2 percent of full
range.

- Linearity is often poor because of the “tangent effect" of the pen arm in pen recorders and the
variable lepgth of the optical path in photographic recorders.

- Bandwidth is not only limited by the dynemic characteristics of the sensors and their associated
electric circuits and mechanical linkages, but also by the paper speed. A trace will only be well
defined if the paper is moved more than four times the line width during ome period of the highe-
est frequency in the signal. Special problems occur, especially in photographic recorders, when i

3 : the signal frequency veries much during one reccording. The exposure at & certain point of the

£ : paper is proportional to the speed at which the spot pasces it. In extreme cases the trace can be

very thick and ill-defined when the input signal is constant, and so underexposed at high signal
frequencies that it does not produce a visible trace. If only & certain part of the frequency
range is of interest, the exposure can be optimized by adjusting the lamp voltage.

The useful frequency range for most types of pen recorders is below 50 Hz. Photographic recorders
can have frequency ranges up to several thousands of Hz.

Although much effort has been put into the development of automatic processing equipment for con-
3 tinuous-trace recorders in the period before magnetic-tape recording had come into general use

; for flight testing, it must be said that in practice automatic data processing is not possible.
There are, hovever, semi-automatic reading devices, which are very useful vwhen continuous-trace
recordings have to be converted into digital data (see Chapter 12).

9.3.4 Range of applications
For many types of flight tests, especially ad~-hoc tests for trouble shooting, the conmtinuous-
truce recorder gives exactly the information that is wanted: a general indication of the variaticns
of a few parameters with time and the possibility to determine reasonably accurate values at criti-
" e¢al points. When pen recorders or UV-recordera are used, the traces are immediately available and
can even be obgerved dwring flight. The recordings of normal photographic recorders must be process-
ed after the flight, but this can be done in any darkroom. This can be s great advantage if tests

are done from airfields without a data processing station. Because of this possibility continuous-
trace recorders are sometimes used as quick-look devices for a few parameters in parallel with a
larger and more complex tape-recording system.
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2.3,2 Iypical date, peg recorders '

Fev pen recorders have been specifically designed for the airborne environment. They are,
nevertheless, used vhen direct visibility of the trace is & requirement. This will only be the case
in relatively large aircraft, vhere teat engineers can directly cbserve the traces. In such aircraft
the envirocomental conditions ususlly are not extreme. It will, hovever, alwvays be necessary to es-
tablish by tests whether the recorder can stand the enviromment to which it will be exposed, and
to provide snti-shock mountings if required. The main advantage of pen recorders over photographic
recorders, besides the possibility of reading the trace immediately, is their general availsbility.
A disadvantage is, howvever, that the pen deflections are usually limited because adjacent pen
mechanisms cannot overlsp. Typical data on pen recorders are:

Sensors: mostly moving-coil type galvanometers with a moving srm carrying the stylus.

Writing system: scratching stylus (wax paper, aluminium foil), heated stylus with thermo-sensitive
paper, low-voltage stylus with electro-chemically sensitive paper. Ink writing and high-
voltage siyli are unsuitable for airborne use.

Accuracy: 0.25 to 3%.

Max. bandwidth: generally less than 100 Hz. For & few types up to 1000 Hz.

Input: current from a source with specified internal resistance (for optimal damping).

Sensitivity: current sensitivity from 10 microsmp/ cm,

Maximum deflection: 10 to 120 zmm.

Paper width: 50 to L00 mm.

Number of channels: 1 to 20.

Paper speed: 0.05 mm/sec to 500 um/sec. Most recorders can be used at several gpeeds (2 to 8), select-
ed by an electrical switch or by changing gears.

. Paper length: 5 to 100 m.

Recording duration: from a few seconds to several hours, depending on paper speed and length of paper
Size and weight: 2 to 20 dm3 » 3 to 30 kg, depending on the number of channels and the paper length.

-

NOTE: Special mention should be made of electrostatic recorders, which are now increasingly used in
ground applications. In these recorders, the data are first quantified in N levels (typically N is
100). The electro-sensitive paper moves under a "comb" with X teeth. A (high) voltage supplied to
the tooth which corresponds to the instantaneous value of the input signal produces a dark trace on

the paper. If sampling is used, several parameters can be recorded simultaneously. As there are no
moving parts, bandwidths of 3000 Hz and higher are possible. Although these recorders are not gener-
ally used in airborne applications as yet, it seems likely that this will occur in the near future.
A problem still is the high voltage employed, which can cause sparks.

9.3.6 Typicel data, photographic recorders

Many photographic recorders have been designed for airborne use and can withstand extreme
environments. There are no internationally accepted standards for these types of recorders. Several
groups of recorders exist now, vhere sensors are exchangeable between recorders of the same group

- but not outside the group. In UV-recorders of a certain group the same sensors can be used as in
1 the normal recorders of that group.

The main features of the photographic recorders are:

Sensors: in some types of recorders only moving-coil galvanometers can be used, with different sensi-
tivities, impedance and dynamic characteristics. In other types of recorders a large variety
of sensors can be used. These can be divided into two groups: electrical sensors of many
types such as novina-coi]: and moving-msgnet galvanometers, ratiometers, frequency meters,
on-off markers for the tiwe base and for event marking, etc., and "direct" sensors in which

pressures, accelerations and pendulum deflections directly move the mirror vhose deflections
are recorded, without the intermediary or electrical signals.

Writing system: & mirror in the sensor which deflects the light of a lamp. Focal length of the mirror
(or the associated lens): 700 to 40O mm. Spot diameter: 0.2 to 0.4 mm.

Accuracy: generally 0.5 to 3% of full scale. With special mnlti-mirror coarse/fine transducers s

much higher accuracy is possible. This system is especially used for pressure sensors.
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9.5

Maximum bandwidth: For electrical sensors bandwidths of up to 10,000 Bz are possible, though for most

types the bandwidth does not go beyond a few hundred Hz. For direct transducers the band-
vidth is usually lower.

Input: For electrical sensors: current. For some types of sensors a specific source resistance is

required for optimum damping.

Sensitivity: For electrical sensors: current sensitivity from 1 :\icroalp/-.

Maximum deflection: Generally up to 100 mm (limited by linearity ¢rror for a given focal length).
Paper or film width: 50 to 300 mm.

Number of channels: Generally less than 20. In & few types of recdrders up to 50 channels are possi-
ble. y ,

Paper speed: 0.5 mm/sec to 2.5 m/sec. Usually several spceds car/ be selected by means of a aswitch

| on a control box. Sometimes additional speeds are posiible by changing gears. N
| Paper lenmgth: 5 to 200 m. o

Recording duration: from a few seconds to many hours, depending u paper speed u%cper length.
Size and weight: 2 to 20 dm3. 1.5 to 20 kg, depending on the number-=f cgug',/;ijnd the paper length.

In a few cases the volume can be up to 90 dn3 with weight up to T0 kg.

NOTE.

In a few cases the recorder, or the film cassette, are crash and fire proof. The recordings made by
these recorders can generally be salvaged even when the aircraft has crashed.

9.4 ANALOG MAGNETIC TAPE RECORDING

1 9.4.1 General aspects -

T
The essential elements of a tape recorder are the tape drive mechani = and the head %nhly
! with the associated signal electronics. The tape drive mechanigm must cnsure that the é‘pe noves
f past the head at constant speed, that the alignment of the sane with | thehudj%ry good and that
1

the tape is pressed againsgt the head % “sufficient pressure. In general a nuaber of tape speeds
can be chosen by an electrical s%h or by changing gears. The ratic between successive tape speeds,
generally, is exactly 2 and t.k;/:j range for most types from U5 mm/sec (1 7/8 inch/sec) to 1525 me/sec
(60 inch/sec). rhe head asggubly consists of s record head stack and (in most cases) a reproduce
head stack. The record and /’reg_x;oduce amplifiers are oftea housed in the tape deck, oiien together
vith the required signal t/odullt.orl and demodulators. If the electronics arc housed outside the

tape recorder, there is o}rten a reproduce preamplifier in the recorder. If that is absent, the qua-
lity of the reproduce ai;}',nl.l can be poor. The reproduce heads are then only used for signal monitor-
ing and usually are called monitoring heads. Signal reproduction is then done on the ground in a
special tape reproducey.v Most flight tesi tape recorders are made to the IRIG specifications given

in Reference 1. Delcri/j:tions of the different types of tape recorder used in flight testing are
given in References / angd 6.

i s 5 o iag, e Aot e rant il e At

The great ujc%ity of magnetic recordings is made on magnetic tape with a plastic backing. This
backing is coatedl/a/l.i.th a dispersion containing magnetic particles with relatively high coercivity.
Caly in exceptioniil cases (e.g. high temperatures) metsl tape or vire are uged. These are made of
s0lid magnetic lt'\dnlcu steel. Normal magnetic tape is available in standard widths of i inch
(6.35 mm), } inch \( 12.7 mm) and 1 inch (25.4 mm), Nany types of instrumentation tape are on the
market, with diffetent overall thickness, thickness of the magnetic coating, characteristics of the
magnetic layer And\\\\uck:uu material.

[P PR % A T R

As the magneti( tape moves past the recaording head, the magnetic state of the particles on the
tape is changed by 1ih. magnstic field in the gap of the recard hesd. When the magnetized tape passes
‘ the reproduce hesd, magnetic fluxes are induced in that head. These fluxes ave, in first approxi-

mation, proportionl/.l to the currents vhich flowed in the record head. The voltages induced in the
' coil of the reprodice head are proportional to the time-derivative of the flux. The output voltage
i of the reproduce tead is, therefore, zero vhen the magnetization on the tape is constant (i.e. the

e m e S A P et SR

current in the rechrd head has been constant). If the current in the record head vas a sine wave
with constant smplitude, then the output of the reproduce head will be a sine wave with an ampli-
tude that incressss )roportional to freguency up to the point where the wavelength of the signal on
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9.6 -
the tape becomes of the same order as
the gap length of the reproduce head.
. The geaeral shape of these amplitude wr REPAODUCE HEAD OUTPUT YOL TAGE/RECORD CUMRENT
characteristics is shown in Figure 9.1. 4
It is also showvn in that figure that a
resasonably constant amplitude charac-
teristic of the output voltage of the \ D TPOT V0L TACE | RECORD CLARSIT
reproduce amplifier can be obtained
: ' _, if the amplification decreases with fre-
s ‘ Quency (equalization). A more detailed =T
discussion of the magnetic recording
i process is given in Reference 6. Figure 9.1 Record-reproduce characteristics for
R magnetic recording
3 In the direct recording method
:;-2 : 1 the input current to the record head is proportional to the input signal. It will be clear fram g
: Figure 9.1 that this method cannot be used for analog low-frequency signals and that even in the jg
useful frequency range for direct recording the result will not be very accurate. ;j%
" There is also another form of amplitude non-~linearity, that is caused by the shape of the hysteresis {a
% curves of the msgnetic coating of the tape. This can be corrected by mixing the data signal with a }
\ ' 3 high-frequency bias signal. Direct recording is, therefore, only used for audio and high-frequency i
: 8ignals, where DC camponents are not of interest and where high accuracy is not required. It can be ) §
used to signal frequencies which are higher than those which can be recorded by a modulation method. j
' In analog modulation methods time intervals or frequency are used to convey the information, §
80 that the poor amplitude charac.eristics do not affect the accuracy of the data transmission. ‘,;
Methods used in flight testing are pulse~duration modulation and frequency modulation, which will be :
° briefly discussed below. Pulse code xodulation or digital recording will be the subject of Section %
: o> |
, In pulse-duration modulation (PDM) 3
: the data are sampled and the individual
i ZERQ CALIBRATION PULSE . FULL — SCALE CALIBRATION PULSE
4 values of the sampleg are recorded as -
pulse lengths on the tape. The principle SYNC PULSE INFORMATION PULSES 4
L\ of this modulation method is described ' 1 ;
: in Chapter 10. A typical recording for- r-
mat, with calibration pulses for the
3 zero and full-scale values, is shown in I 1
1 ‘ Figure 9.2. It has been used for flight ;
. testing in the past, but has now for the 3
z ] greater part been superseded by digital Figure 9.2 FIM signal format ;
recording methods. J
In the large majority of analog flight test tape recordings frequency modulation (FM) is used. i
The principles of FM are degcribed in Chapter 10. As in telemetry, frequency-division multiplexing %
é; ‘ and time-division multiplexing are also used. In the case of frequency~divigsion multiplexing the E
i multiplexed signals are not modulated on another carrier frequency as in telemetry, but are directly
recorded on the tape.
In PDN and FM recording the tape speed has an important influence on the accuracy. Variations
of the tape speed from its nominal value and fluctuations in the tape speed produce errors in the

recorded information. Errors in the average speed, wov (low-frequency fluctuations) and flutter
(high frequency fluctuations in the tape speed) can be reduced by servo control of the speed of the
reproducer and/or by electronic means during reproduction. Both methods make use of & sine wvave re-
corded simultaneously vith the other parsmeters.

9.4.2 Adventeges of analog tape recording
= Possibility of autcmatic dsta processing.

T TI UR C SRT DRIV LY P

= Large number of data channels on one tape by use of time and frequency-division multiplexing.
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9.7
« Large bandwidth.

- Analog form sllowing easy display on instruments or continuous-trace recorders for quick look.
- Possibility to read the tape at a higher speed than the speed at which it wvas recorded.

'2.1&.3 Disadvantages of analog tape recording
~ Limited accuracy, typically 0.5 to 2%.
- Need for digitizing on the ground if processing vith digital computers is required.

9.4.4 Range of applications

Analog tape recording is the best method for recording high-frequency data (bandwidths in excess
of several hundreds of Hz) and is unique for very-high-frequency data (bandwidths higher than 10,000
Hz up to several MHz). It can also be used with advantage when the output is directly used in analog
computers and other analog processes, such as the reproduction of vibration patterns on electrodynam—
ie vibrators. Another interesting application is simultanecus on-board recording of data transmitted
to the ground by telemetry, for use in case the radio link failed. In applications where large quanti-
ties of data have to be recorded for sutomatic processing it is quickly being superseded by digital
recording. A typical analog magnetic recording system is shown in Figure 9.3.

SINGLE — CHANNEL FM R |

SIGNAL pe VOLTAGE- - RECORD
TRANSDUCER  jemmeipel | _DC ol CONTROLLED
. CONDITIONER ¥ OSCILLATOR AMPLIFIER
——— o e e e e e . e e e ]
SINGLE — CHANNEL DIRECT RECORDING ——
HiGH FREQUENCY INFUT ﬂ DIRECT ~ RECORD AMPLIFIER |
‘ TAPE DECK
_._._.___._._..__.____._...._._.__.__.__1
MULTI — CHANNEL P DM RECORDING -
—= MULTIPLEXER |l PoM ] ECE®
b——— MODULATOR AMPLIFIER
DC INPUTS

Figure 9.3 Typical configuration of an airborne analog magnetic recording system.

9.h.5 Typicel data on analog tape recording systems
Most flight test tape recording systems are designed according to the IRIG Telemetry Standards
(Ref. 1), These give standards both for the tape recorder itself (head configurations, tape reels,
requirements for test procedures for tape speeds) and for the associated electronics (record and
reproduce amplifier characteristics, carrier frequencies for .everal FM systems, etc.). The follow-
ing is mainly extracted from these standards.
Tape widths: 3 inch and 1 inch wide tapes are most generally used.
Head configurations: Usually 2 record head stacks and 2 reproduce head stacks. Number of tra.cks:
7 on 3 inch tepe, 14 on 1 inch tape; in the near future 14 and 28, respectively.
Tape speeds: Increasing by factors of 2 from 15/16 inch/sec (23.8 mm/sec) to 120 inch/sec (3050 mm/
sec). Typically 6 out of these speeds can be selected on one transport.
Record/reproduce bandwidths: For the purpose of standardization, IRIG has defined ir Reference 1
four quality standards for tape recording systems:
Low band - direct record response to 100 kHz at 60 inch/sec.
Intermediate band - direct record response to 500 kHz at 120 inch/sec.
1.5 Wideband - direct record response to 1.5 MHz at 120 inch/sec.
2.0 Wideband - direct record response to 2 MHz at 120 inch/sec.
With these response characteristics the quality and characteristics of the tape transgport
mechanigm, the heads and the associated electronics are defined. Systems of each quality
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9.8

can 8ls0 be used for FM and PCM recording. Nost present-day recording systems are of the

' intermediate band type, but wideband systems are presently being used for on-board record-
' ing. Wideband recording has been used for many years for predetection recording of tele-

: '~ metry signals on the ground. Rapid progress is teing made in this field and the standards
- ; may change again in the near future.

Direct recording: The pass bands for direct recording (+ 3 dB) given in Reference 1 are shown in

Gl i uu*u oY

: 1 Table 9.1.
F i Table 9.1 Direct record bandwidths
; Tape speed Pass band + 3 4B (Hz)
’ inch/sec Low band Intermediate band 1.5 Wideband 2.0 Wideband
| 11/8 100 - 3,000 | 100- 7,500 - -
: 3 3/4 100 = 6,000 | 100 - 15,000 koo - 46,000 Loo - 62,500
a . T 1/2 100 - 12,000 100 - 30,000 4oo ~ 93,000 400 - 125,000
15 100 - 25,000 100 - 60,000 koo - 187,000 koo - 250,000 ;
30 100 - 50,000 200 - 125,000 koo - 375,000 koo - 500,000
60 100 - 100,000 300 - 250,000 ‘ 400 - 750,000 Loo - 1,000,000 3
120 — 300 - 500,000 400 - 1,500,000 400 - 2,000,000 ]
3
Single-carrier FM recording: In Table 9.2 the standard carrier frequencies and the signal frequencies E

are given for single-carrier FM recording for the low band, intermediate band and wideband

group I systems. The frequency deviation for all these types is + L0%. Wideband group II
hag different carrier frequencies and a + 30% deviation; it is at present only used for

predetection recording of telemetry signals on the ground. 3
Table 9.2 Single-carrier FM center frequencies and bandwidths j
Tape speed (inch/sec) Carrier center Signal frequency :
Low band | Intermediate| Wideband frequency range + 1 dB
_band group I (kHz) (kiiz) 1
17/8 - - 1.688 0~ 0.313 !
33 | 11/8 - 3.375 0 - 0.625 3
7 1/2 33/b - 6.750 0- 1.25 3
15 7 1/2 33/h 13.50 0- 2.50
30 15 T 1/2 27.00 0~ 5.00
60 30 15 54.00 0 - 10.0
- 60 30 108.0 0 - 20.0
- 120 60 216.0 0 - k0.0
- - 120 432.0 0 - 80.0

Frequency-multiplexed FM recording: IRIG gives no siandards for this type of recording. In practice,
telemetry modulation systems are used for tape recording. Both the proportional-bandwidth
and the constant-bandwidth systems are used. They are described in Chapter 10. The sub-~
carriers are, however, not modulated on an r.f. carrier but are added directly and recorded
by the direct recording technique.

Dimensions, weight and tape length: A typical amall flight test recorder meagures 190 x 165 x 100 mm,
weighs 3,2 kg and has a tape length of 200 m. A typical large flight test recorder measures
620 x 450 x 230 mm, weighs 36 kg and has a tape length of 3000 m.

TR TS PO e ol i
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9.5 DIGITAL MAGNETIC TAPE RECORDING

9.2.1 General aspects
For digital recording the input signals are sampled and digitized by the methods described in

I Chapter 5, and the digital "words" (each giving one instantaneous value of one parameter) are record-

o ) " 'ed sequentially on the tape. The digital codes are of the binary type, i.e. in the recording process
only two magnetic stntes are used: ssturation in one magnetic direct.on or the other. The method is,
therefore, practically insensitive to the variations in amplitude response of the magnetic recording
process. Because of the differentiating nature of the reproduce process, the information is actually
contained in the rapid changes of state. The function of the detection process in digital recording
is to determine whether at a certain moment there is a change of state or not. The reliability with
which this can be done is one of the primary reasons for the increasing use of digital recording.

Ny

For a given tape recording system the important parameter determining the reliability is the
bit packing density, usually expressed in bit/inch or bit/mm along a track. A high bit packing
dengity will allow the recording of many data points on & given length of tape, but an extreme
density will also increase the number of errors more than proportionally. It must be kept in mind
: that the errors occurring in digital recording are of a different nature than those in analog record-
[ l ing: in analog recording an error ususlly produces & small change from the correct value, but an

|
]

error in one of the most significant bits of & digital word can produce a totally different value.

If ope bit is missed, a large part of a recording can become unintelligeable if no proper measures
have been taken. The main factors determining the achievable bit packing density are:

- the quality of the tape transport used ' ‘

- whether parallel or serial recording is used

3 : - the code and the redundancy methods used

- the tape quality.

These aspects will be discussed separately below. But before that is done, a few words must be said as
to what error rates can be accepted. O;I.’ course, it is quite unacceptable that one error should make
it impossible to read a complete tape. The tape formet can be chosen so that this can be made prac-
tically impossible. An error in one bit will, then, make one word or at most one frame unintelli-
geable. As the errors are usually big and only occur occasionally and independently, the errors can
in most cases be detected by a computer programme comparing the consecutive values of each para-
meter. The aberrant or unintelligeable values can then be eliminated by \. computer. The accept-
able probability of an error will depend on the type of measurement made, but need in most cases not
be extremely low. In most cases probabilities of 1 in ‘lO5

P e

or even 1 ia 10)‘ vords will be acceptable,

The guality of the tape transport systems is very important for digital recording systems.
The values of the average tape speed in the record and reproduce systems are not as important as in
FM systems, because they do not directly affect the signal values. If the tape speed differs too
much from its nominal value, the reading errors will increase or it may even be impossible to read
the tape. Fluctuation in the tape speed (wow and flutter, see Section 9.4.1) can cause uncertsinty
vhether a change of flux belongs to & certain bit or to the previous or next bit. The effect of
these speed fluctustions can be reduced by the use of "self clocking" codes,
A very important aspect is skew, which causes flux variations recorded simultaneously on different
tracks to pass the gaps of the reproduce heads with (small) time differences. Static skew is caused
by misalignment of the head stacks in the record and/or reproduce deck or by misalignment of the
gaps in a head stack. For fixed ccmbinations of record and reproduce decks & correction for static
skew can be installed in the reproduce systems ("deskewing"). Dynemic skew is caused by angular
fluctuations of the tape.

Skew has an important effect on the achievable bit packing density if parallel recording is
used, i.e. if the bits of each word are simultaneously recorded on different tracks of the tape.
Bit densities between 200 and 600 bits/inch (8 to 24 bits/mm) are generally used in airborne recor-
ders. In gerial recording all bits are recorded sequentially on cne track. If suitable codes are
used, bit packing densities of 1200 - 305G bits/inch (48 - 120 bits/mm) and even higher are used for
airborne recorders. A disadvantage of serial recording is that only one track is used at & time.
In practice this often is not serious because:
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9.10

~ some recorders are designed so that at the end of a track the tape direction is reversed and

s Lo - recording is continued on another track ("shuttle" or "reeciprocating"). -
e - the other tracks can be used for recording other information. If analog and digital information

S - have to be recorded simultaneocusly, the other tracks can be used for the analog information. If

very much digital information must be recorded, a separate commutator-digitizer system can be used
for each track. a N ' o

The most generally used fbing_rx codes
are shown in Figure 9.4. The NRZ codes DATABIT {
have the disadvantage that, if a large ¢

1
3 " [ : |
number of consecutive "'zeros" occur, their RZ ! . —L_‘
exact number will be uncertain if tape
speed variastions have occurred during that HRZ LEVEL _'

time. In the biphase codes there is one |

|
flux reversal for a "zero" and two flux NRZ MARK ' 1 L___
2 reversals for a "one". Here the speed : !

. s . . BIPHASE LEVEL, ‘ [—l [ '
variations can be detected immediately, h—h——l—“-—r_,_-l— I 1
1 ‘ |

" therefore called "self-clock- '

hey are therefore calle elf-cloc. BIPHASE J—-LJ——IJ-—

ing" codes. Although the number of flux "

reversals per bit of the biphase codes
is twice that of the NRZ codes, higher

Figure 9.4 Digital modulation methods

bit densities can be achieved with them. They are nearly always used for high-density serial record-
ing.

o R

In order to simplify the reading process and to detect or even correct errors, more informaticu

than only the measured values is recorded on the tape. The tape format ususlly includes the follow-
ing items: '

e b

- A tape identification, including the flight number, date, test number, time and any other informa-
tion which may be required for making easier the processing of the tape. In some flight test sys~

tems all calibrations are recorded on the tape before or after the flight, sometimes with an iden-

tification of the types of manceuvres recorded, so that the data processing of each tape is almost
self-contained.

oYY YT

k0 A 2 W o

- Special synchronization characters which mark the beginning of & new frame of a commutation cycle
(frame sync) or a nev word (word sync). These consist of unique patterns of bits which can be de-

tected as such by the computer. If the recording beccmes unintelligeable because the bit synchroni-

{
zation has been lost, the computer can restore this synchronization at the next synchronization ]
character. ‘

~ Redundant bits which can be used to detect errors. The simplest form is the parity bit: for each
word one additional bit is recorded, which indicates whether the number of "zeros" in the word is ;
odd or even. The parity bit allows the detection of single errors in a word. More redundant bits ‘
can be added to each word, even to the extent that a certain number of errors can be corrected by

the computer (erro:—correcting codes). Other kinds of redundancy are alsc used. One form is record- ;
ing identical serial information on two tracks of the tape, so that mosv errors can be detected
by comparing the two tracks.

b

The guélitx of the tape can have an effect on the number of errors. On instrumentation tapes
the number of “"aropcuts" (places where unregularities in the magnetic layer occur where recorded in-
formation can be lost) is very emall. It will increase if the tape has been used several times.

In meny flight test centres flight tapes are only used once (sometimes after an initial run on a
ground recorder).

Flight tapes can be read on standard digital computer tape decks on the ground only if they meet
a large number of requirements: they must be i inch wide, the bit density must have certain values,
there must be inter-record gaps, etc. In general, computer-compatible tapes are not made in the air~
craft. The reasons for this are discussed in Chapter 8. Normally flight tapes are replayed on the

ground and transferred in the computer-compatidle format to another tape. This latter tape can then
be the input to the computer.

£ o Srtciaedd Ko W ki
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9.5.2 Advantages of digital tape recording
- High accuracy. If a sufficient number of bits are used, the accuracy only depends on the accuracy
of the signal presented to the digitizer. '
- —— =-Eagy input of all kinds of data, especially of data which is already in digital form (for instance
 from digital systems already available in the aircraft).
- Possibility to record a large number of channels. In existing systems up to 2 thousand parameters
" are recorded.

- Easy automatic dats processing on the ground, especially by digital computers.

9.5.3 Disadvantages of digital tape recording

- Limited bandwidth of the individusl channels. The sampling rates of the individual parameters are
seldom above 150/sec. Scme improvement can be obtained for individual channels by supercommutation
(see Chapter 10).

- Information density on the tape is usually lower than in analog magnetic recording.

- Due to the sampling required, anliasing errors can occur if the sampling rate is not adapted to the
‘meximum signal frequerncy. Time correlation by interpolation will be necessary if channels have to

. be compared at exactly the same times.

- Quick lock after the flight requires more complex equipment than the other recording methods.

9.5.4 Range of applications

Digital magnetic recording is the best choice for the storage of a large quantity of relatively

low-frequency data, intended for extensive automatic data processing on the ground. Typically average
signal frequency ranges up to 50 Hz can be handled (with higher frequency ranges for individual
channels by supercommutation); there is a trend to use digital recording for higher frequencies. A
typical digital recording system is shown in Figure 9.5. ‘

3 SIGNAL

: TRANSDUCER
g ANSDUCER et onpiTioner [ l
v
ANALOG {
ANALOG - TO = DIGI TAL :
e —— MUL T pmr—r—————— ]
‘ CONVERTER
"™  PLExer
ettt Y
DISCRETE
INPUTS ] A -
—————e Y T—
CONDITIONING o] DIGTAL L ] RECORD
MUL TIPLEXER AMPLIFIERS .t
—ﬂ e
— TAPE DECK
DIGITAL INPUTS -—

~

Figure 9.5 Typical configuration of a digital magnetic recording system

9.5.5 Typical dates on digital tape recording systems
The IRIG standards only give complete standards for NRZ-Mark type recording (both parallel and

serial) at packing densities of up to 1000 bits/inch (40 bits/mm). In an appendix serial biphase

recording with packing densities of up to 20,000 bits/inch is briefly mentioned, but no detailed

standards are given. Though this method is increasingly used for airborne recording, it is still so

rapidly developing that standardization is not yet opportune.

Tape width: 4 inch or 1 inch. For computer-compatible recording i inch tape is required.
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Number of tracks: IRIG standards specify 16 or 31 tracks for PCM recording. For high-density: biphage
recording analog-type recorders are often used with 7 or 14 trn.cka For computer-!ccmpa.t:.ble

P '7 ] ) recording T or 9 tracks on 3 inch tape are required.

Bit packing densities: The IRIG standards mention packing densities of up to 1000 b;ts/:.nch for NRZ
recording. Biphase recording is used at 6000 bits/inch or even hlgher. For ‘computer-compat-

'ri\v i ible tapes the requirements are 200 of 356 bits/inch track on 7 tracks or, 800 bitg/inch
5 track on 9 tracks. ¥

9.6 CONCLUSION ‘

Unless telemetry is used as the main data transmission ¢hannel, airborne magnetic tape record-
ing is the most generally used method for data storasge in flight testing. Even in large sophisticated
systems, continuous-trace recorders are used fay quick instrumenting for ad-hoc problems, for tests
where immediate visibility of the data is essential and for quick-look purposes. For small ad~hoc ;
tests in operational aircraft, continuous-trace recorders are still extensively used. Photo-panel ! 3
recorders are still used occasionclly in cases where it is difficult to obtain any other meaningful !
output from an instrument than that of the indicator delivered with it. E

Digital recording is the most generally used method for recording large quantities of data with
relatively low bandwidths. It is still advancing in areas where other recording methods were more
popular recently. Hevertheless, analog magnetic recording is still extensively used for recording
high-frequency data. The existing IRIG standards, to which most of the equipment on the market is
designed, call for different recorders for digital and analog recording. The development of high- E
density serial recording techniques makes it possible to record both on the same recorder. At the 3
present time this still requires the use of custom-made electronic equipment.

TR TR T ST TN AN e T A e
™

e

The production of computer-compatible tapes in airborne recorders is not general practice
(see Chapter 8). It is generally preferable to have special equipment in the ground station for con-
verting the flight tapes into computer-canpatiblc tapes (see also Chapter 12).

sl il .
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‘CHAPTER 10

TELRCMTRY
A, Beokar

10,1 INTRODICTION

A measuring system with telemetry in general conuists of transducers, signal conditioning circuita,

an airborne multiplexer and a radio frequenocy tranmmii’er in the airoraft, and on the ground an rf
receiver, a demultiplcxer and a data storage systea (usually & tape recordsr); in most cases a data

{pre)processing system with displays is added for an~iine data analysis, The telemetry part of the systea

will be disoussed in this chapter,

It oonsists of the multiplexer with the associated data modulators, the rf link, the demultiplexsr,

the data d..usdnlston and the ground recording equipment. The methods of on~-line diuta processing will
also be briefly considersd. In oonneotion with on-line data processing, telemetry has become a powerful
moans of increasing the capability and efficiency of flight testing.

Telemetry ¢f flight test data has a number of advantages over ths use of on-board recording:
a telemetry systoem has less weight and volume, it is less sensitive to extreme envirommental ocondilions
than the on~board recorder and it has better quick-look and on-line data processing capsbilities,
In some types of flight test it would be almost impossible to collect a sufficient quantity of data
without telemetry. The use of a second telemetry link from the ground-station to the aircrart (tele-
command link} can provide further improvement of the flight test efficiency,

On the other hand there are a few drawbacks: the range is limited by the physical characteristics
of wave propagation, and there are problems with the mounting of on-board antennas and with dropouts
of data reception due to fading in the radio frequency channel by multiple propagation, Detailed
comparigons are given in Ref, 7 and 8} see also Chapter 8., The telemeiry chain is shown in Figure 10.1.

PREDETECTION
TRANS-  RE- TAPE RECORDER
MITTING  CEIVING [
ENANNEL ANTENNAS ‘ RECORDS AND
A & A R.F. CHANNEL | o] HANNEL Lo QUICK - LOOK
INSTRUMENTS
: i A 4/“
NORMALIZEDr
. DEMOD-
NPUT L o) o ULATORS
sioNaLs - R.F. CHANNEL 11 ON - LINE DATA
. R.F.MOD. R.F.POWER n PROCESSING
2 ULATOR  AMPLIFIER ‘ N DGITAL
CHANNEL | | pu ol CHANNEL
— EAM-  R.F. RE- N ANALOG
PLIFIERS CEIVERS
DIVERSITY DIVERSITY pepuy. DATA -
MODU- :E:;I-R COUPLER COMBINER TIPLELXER DISTRIBUTOR
LATORS E
R.F. DEMOD-
ULATOR

MULTIPLEX SYSTEM [R.F. TRANSMITTER] FREE SPACE | R.F. RECEIVER o DEMULYIPLEXER DATA PROCESSING |
,’—_—'+_"_—q’-L!NK o i 1

AIRBORNE TELEMETRY SYSTEM l L GROUND TELEMETRY SYSTEM PERIPHE
I bl EQUIPMENT

Figure 10,1 3lock diagrem of a telemetzy aystem

The airborne system consists of the multiplexer, the rf tranmitier and the an-board antenna. The
radiated elactromagnetic wave induces an ri voltage in the ruceiving antennn, This woltage is ampli-
fied and filtersd by the receiver in order to eliminate unwanted signale and noise, The demultiplexer
decomposes the receiver output signal wund recovers the original data. Finally the data processing
equipment converts the received data into the proper form for the usmer,
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10.2

10,2 MODULATION AND NULTIPLEXING

10,2,1 Desoription of the basic methods

In general, ithe purpose of modulation is to match a signal to a specific tranmmission channel,
The purpose of multiplexing is to transmit iwo or more signals over the same data channel without
crosstalk. In practice the signal is often subjected to both processes. Therefore, modulation and
mltiplexing ~:e treated in the same chapter. The general definitions are explained in more detail

by Figures 10.2 to 10.5.

SPECTRAL
DENSITY
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E.G., A TAPE RECORDER

Figure 10,2 Objectives of modulation

Four different objectives of modulation are

illustrated by Figure 10,2, These are

a) shifting the signal spectrum to the
frequency band of the transmission channel;
e.g. shifting the voice lpiotrum by ampli-
tude modulation to the assigned radjo-
frequency voice communication channel,

b) widening the shifted signal spectrum in
order to get better protection against
channel noise; e.g. by using frequency
modulation”

¢) grouping & set of mignals by means of
modulated subcarriers or pulses and modu-
lating the rf-carrier by this composite
signal (frequency-division multiplexing or
time-division multiplexing, respectively),

d) matching a signal to a speoific channel,
¢.g. to a tape recorder direct channel
(overcoming the lack of DC~response and the
inconstancy in amplitude transmission of
this channel, see Section 9.4).

x) Some modulation methods make use of the well-known trads-off between Bignal-io-noise
ratio and bandwidth, They obtain better signal-to-noise ratios at the output of the
demodulator by sanipulating bandwidth and shape of the spectrum, As & rule it will
be advantageous io use a modulation method which ccoupies all the available channsl

bandwidth,
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Figure 10,3 Continuous modulation methods

The time function of the modulated carrier for amplitude modulation (AM

“(t)n( -U, . {1 + n.s(t)} o cos( w . 1)

The usual modulation methods are shown in
Figures 10.3 and 10.4. We have to distin-
guish between ths comtipuous modulation
methods and the pulse wodulation metiods,

In the first case the paremeters of a sinue-
oidsl carrier (amplitude, frequency and phase)
are controlled by the signal voltage. The
modulated carrier can be desoribed best in
the frequency domain by its spectrum (see
Fig, 10.3). For the pulse modulation asthods,
the paramsters of a pulse carrier (amplitude,
duration) are controlled by the mignal
voltage (see Fig, 10.4). In this case the
modulated carrier can be displayed more

clearly in the time domain by its time
function,

im:

(10.1)

with the carrier wave U . cos( wo.t). The LI

normalized signal time function a(t) is TUDE .

bounded by # 1. The range of the modulation  puc ’%"%«-N\ ——

factor m usually is n<=1, The spectrum of RANGE MIN. "‘m.tﬁl_ R

the modulated wave consists of one line at TIME —

the carrier frequency wcand an upper and . PULSE AMPL| TUDE MODULATION (PAM)

lower sideband., The upper sideband is ob- ANPLI- m:AX.

tained by shifting the signal spectrum by TUdE

Wy along the w-axis, The lower asideband is ) '% % z_

the image of the upper mideband, symmetri- m’" TIME —

cal to Wge Therefore, the bandwidth of the b. PULSE DURATION MODULAT!

AX spectrunm is twice the bandwidth of the AMPLI- '

original signal spectrum (see Ref, 1, 2, 4 TubE 1""‘- MAX. {]i’ .

and 5)0 ‘! ;
DYRAMIC wof THE —o

The main drawback of AN is that most RAN . PULSE PHASE MODULATION (PPM

of the power of the modulated wave is re-

quired for the carrier, In the demodulator ‘1:':;" I o1010110 000111

the carrier is used only for switching the m i"ﬂmﬁ

AN wave in order to recover the demodulated E —

signal, It contains no signal information, 4. PUL SE CODE MODULATION

Since it is possible to obtain the switche
ing signal for the demodulation process in
other ways, — e.g, by manipulating the

Figure 10,4 Pulee modulation methods

pidebands -, it is more efficient to suppress the carrier before transmission (double-sideband suppress-
ed-carrier modulation (DSB)). However, the hardwars of DSB is more complex than that of the simple AN,
In the case of AM and DSB all the signal information is contained in each of the two sidebands, Therefore,

one sideband may be suppressed by filters and the single-side

ressed -carrier modulation (SSB) is

obtained, The bandwidth of SSB is equal to that of the signal,and half the bandwidth of AN and DSB, The
signal-to-noise ratio is equal to that of D3B but, because of the smsller bandwidth, one can handle twice

as many data channels in a given frequency range as with AN and DSB. The main drawbacks of SSB are the
high degrees of hardware conplexity and the lack of IC response, The spectra of DSB and SSB may easily be

derived from the AM spectrum displayed in Figure 10.3,
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10.4

For a deepsr wnderstanding of modulation it may be worth mentioning that a close oommection sxists
with the sampling theorem, whioh is discusssd in Chapter 6. We assume a signal spectrum uwith an upper
frequency limit f Mthnthoux-ﬂortmt islmthan.thmwiub-tmmnduat
\hiohthowduluodudtho modulated signals overlap, This will cause alizsing errors (or errors of
deuthmlduMuG)MmdMiodﬁmtmmumuuwbow
as the sampling of a signal s(t) by the sine wave,

: Frequency modulation (M) (Pigure 10.3b) is a wideband modulation method which makes use of an ex~

: tended bandwidth in order to improve the signal-to-noise ratio. Becsuse of the relatively simple hardware

i FM is of great importance for flight testing., In FN the frequency of the carrier wave is modulated in
the following way P '

. LR A Ar.-(t) : (10.2)

g where f is the frequency of the modulated carrier, AF is the frequency deviation and s(t) is the normal-
ized .ipal (wee above), It can be shoun (wee Ref. 1, 2, 3, 4 and 5) that the inorease of the signal-to-
noise ratio is proportional to the ratio

Ne é“'— : (10.3)
"
M is the so called modulation index and f_ the highest frequency ocomponent of the signal spectrum (see
Fig. 10,3b), Unfortunately, the bandwidth of the Fl~apectrus also inoreases as a linear funotion of AF,

thus limiting the obtainable gain becauss of the general restriotions on available bandwidth, For Flt
subcarriers modulation indices of 5 are used in practice for flight testing.

A special case of FM is the phase modulation (FX). This is accomplizhed by letting the signal s(t)
control the carrier phase instead of the carrier frequency. Its special feature is a p‘!‘-ﬂlllil which
increases the amplitude of the sigmal lpoctm
linearly with £requency.

In pulse ggutudo nodulation {Pg) (Pig.

' 10,4a) the signal s(t) is sampled ‘at discrete
points in time, This process is described in

detail in Chapter 6, All oon.idontim of tlut .

chapter apply directly to PAM,

Pulse duration modulation (pon) (Fig. 1o.4h)

is obtainsd by converting the amplitude of the
PAN sasples irto a pulse duration, Thus a train
of pulses with variable width is genersted, and
the dynamic range of the signal is transformed
from the amplitude domain to the time domain,
The minimua value of the signal s(t) corresponds
& PRINCIPLE OF FREQUENCY - DIVISION PLEXING to the shoriest pulse duration} the maximum
value corresponds to the longest pulse duration,
The amplitude of the FDN pulse train remains

COMML TATOR DECOMMUTATOR
SIGHAL 1 SIGNAL 1

~ ~ constant. FDN, as Fi, is a wideband modulation
N, ~,
sYnC. l‘ ) \’ RS L‘)\: mathod, It is only used for simple systems
¢ | [Traesirssion] e (section 10.5).
H /
/

ceen. )

.(\’\T ) Te T‘\" For the sake of completeness, pulse posi-

- RN PPt tion modulation, or pulse phase modulation (PPM),
is 4lso displayed in Fig, 10.40, though it is
not a standard modulation method in telemetry,
In this case the relative position of a pulse
is controlled by the signal. A time reference
is required for demodulation.

A

s

Due to the great technological progress in
integrated circuits, the ume of pulse code modu-

lation ‘PGIQ has becoas important during the last
Figure 10,5 Methods of multiplexing few years, In this method the PAM samples are

AT ST SALT SR
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10.5

ocoded in & "word™ of ¥ pulses, using only the levels O and 1, Being a digital metliod, any required
aooureqy oan be obtained by proper choice of the word length N, Beaides, FCM mal:s axoellent use of the
law of exchangeability betwesn signal-to-ncise ratio and bandwidth, FCH is widaly used in time domain
mltiplexing systeams, Serial formst FCN oan be derived from a FAN signal by an analog-to-digital oon~
verter uith a sarial output. The olock frequency for the A/D occuverter must be N-times the PAN sempling
frequency. This obviously shows ths inorease in bandwidth, N, the nmber of bits for each sample, is
determined by the required amplitude resolution. On the othar hand it is clear, that FCM is less sensi-
tive t0 errors due to noise, because only tw levels of the signal are poszible, There are various
formats for encoding the two levels O and 1, In Pig, 10.4d the “non return to sero~change (MRZ-C)* for-
=t has been used, For further dstails ses Sections 5.3.5 and 9.5 and Ref, 6.

Mgure 10,5 illustrates the two multiplexing methods used in prectice: frequency-division multi-
Plexing and time-diviaion multiplexing,

The method of frequency-division multiplexing (Pig. 10.58) is generally used with oontinuous modu-
lation methods, such as AN, D8B, SSB or Fi. Each data signal modulates a subocarrier with a different
'frequency, Ry proper selection of the suboarrier frequencies, overlapping of the modulation spectra can
be avoided. At a receiver end of the transmission link the individual suboarriers are separated by band-
paas filters, The data signals are recoversd by desodulation of the subcarriers.

On the other hand, time-division multiplexing is generally used with pulse modulation metbods, such
as PAM, FD), PPN and PCM, Figure 10.5b is based on PAN. A commiator, e.g. & rotary switch, samples 2
different data signals with the same sampling frequency fo' but at consecutive points in time, Thus, a

.tuin of non-overlapping pulses is gensrated which may be decommutated by & synchronously ruming switch

at the receiver end of the transmission chan~
‘2el. In order to obtain the required syn- o 5 TO TRANHMISSION CHANNEL
chronism, & synchronisation signal must be
inserted in the pulse train, which can be

WITHOUT UPERCOMMU TATION :

“detected by the decomsutator and oan be used 24 CHANNCL: SAMPLED AT f,,
for synchronising the pomition of the switch. g bl %’m&;ﬁﬁ“
Therefore, the aynchronisation signal s | 4,
usually is given a value outside the dynamic 2,46 34,

Tange of data signals, o ’;:

Beaides making possible the efficient
use of the available transmission channel
bandwidth, time-division multiplexing allows & SUPERCOMMUTATION
a simple exchange between data channel
bandwidth and the mmber of channels by
supercommutation and subcommutation techni-
ques, Both methods are shown in Pig, 10,6. 13

P

Supercommutation inoreases the saapling

SECOND SUB -
frequancy of a channel by sampling the data COMMUTATOR e
signal more than once per frame. This can be u"\? n
done by paralleling some channels of the }g WITHOUT SUBCOMMUTATION :
commutator, Obviously, the musber of chan- 9 6 CHANNELS SAMPLED AT .
nels decreases, The example in Pig, 10.6a FIRST SUB- Wi TATION :
. . . COMMUTATOR _l_" CHANNELS{SAMPLED AT
shows the substitution of 24 channels with s ,‘ 145 fe
a sampling frequency of f o by 10 channels ,, 6+10 '} fe
with different sampling frequencies ranging f Welbp L4,
4
fron 1’0 to 4.f°. WAIN \'
TATOR TO TRANSMISSION CHANMNEL
Subcommutation means the decrease of oM A‘e
the channel sampling frequancy by substi- 3 r !
tuting one channel of the main frame sampl- N
b _UBCOMMUTATION
ing frequency fo by n chamnels of a sub~
frane using a saupling frequency £ c/n. The Fig, 10.6 Examples of supercommutation and
example in Fig. 10.6b shows the increase suboommutation principles

it i b e K
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of the number of channsls froa 6 Mlnmtmlmmfo t0 16 channels using sampling
frequencies ranging froa 1’° dom to f°/36 bty msans of two subcommtation processes in cascads,

-It should bs mentioned that mechanically rotating switohes as drawn in Pigures 10,5 and 10,6 are hardly

used any more in flight test systems. Subcommutation can, however, be used in a -m;u way in commu-
tators using relays or electronic switches (ees Section 5,3.4),

10,2,2 MWodulation and multiplexing used in telemetry systems

In telemetry lymi. at least two modulation processes are used in cascade, The first is required
for sach of the multiplexed signals a.ndAtho sscond for matching the output signal of the multiplexer
to the ausigned radio frequency channel. The latter modulation method generally is ™ with only a few
exceptions, Telemetry sysiems are standardised by the Inter Range Instrumentation Group (IRIQ), see
Reference 6.

The mﬂ telemetry systom uses frequency division multiplexing. The data signals modulate suboar-
riers with N (standardised frequency deviation + 7,5% or 15% with optional wideband channels).
The maximum number of channsls is 21 (for the P=band rf channels limited to 19). The subcarrier fre-
quencies ars located between 400 Hr and 165 kHs, This is true for the proportional bandwidth system,
in which the bandwidths of the subcarrier channels inoresase proportionally to the suboarrier freauency.
The constant bandwidih system alsc provides 21 data channels (15 channels for the P-band frequencies),
The subcarrier frequencies are located here between 16 kHs and 176 kHs, The data bandwidth of all chan-
nels is equal, Consequantly, the signal delay in all channels is equal and the time correlation between
the channsls is preserved (see also Chapter 3). The available hardware is proven and reliable. This is
especially true for airborne subcarrier oscillators and for ground subosrrier discriminators, Two fur-
ther systems using frequency multiplexing have been developed: the DSB(E system and the ssnm sysiem,
Both systems make better use of the available transmitter power than the standardized FH/T™ aystenm.
Because of the lack of DC response of the data channel, however, SSB/FM is not suited for general appli-
cations, DSB/H haz excellent properties, especially for high frequency data. But, because of historical
Teasons and the perfect technology of the FM/FM technique, TSB/FH is not in widespread use,

Besides using the rf channel efficiently, the szg system has some further advantages whioch may
recommend its use. Being a time multiplex system it can accommodate a large number of data channels with
highly different bandwidths by using supercommutation and subcommutation techniques. The technology of
PAN multiplexers has made great progress in the last few years. At present a 16 channel multiplexer on
one chip is already available and further progress in medium scale integration of PAM circuitry can be
expected.

In modern flight testing, PCHZE systemy are more und more used, PCM provides the same flexibility
as PAM, with the possibility of attaining higher accuracies. Very accurate analog-to-digital converters
sre available in integrated circuitry. Thus, the drawbacks of complexity and price will be reduced.
Hitherto special decommutators were used in most ground stations. Because computers are mors and more
used, decommtation is ofian done by a computer along with certain on-line data processing. The bit
synchronizer, however, which has to detect the bit sequence in the noisy background, should preferably
not be integrated into “ha computer,

All three telemetry syateas mentioned above make use of FM in the »f channel, This is the only
method standardised by IRICG, The other continuous modulation methods as AM, DSB, SSB, which may also be
used for rf modulation, are of little importance,

Mixed systems are often used in practice, because only few flight test signals have & wide bandwidth,
while the majority has a narrow bandwidth, Because of past technological difficulties in producing comsm~
tators and decommutators with sufficiently high sampling rates, these high frequoncy data aignals were
transmitied by frequency mmltiplexed channels, On the other hand economical reasons and the moderate mum~
ber of available fregquency-muliiplexsd channels rsquire the use of time multiplexing for the low frequen-
cy data Yy, for instance, the PAM stem, Due to the recent progress in high speed integrated cir-
cuits, wideband PAM and PCN channels are currently available, Therefore, straishtforward time multiplex-
ing is preferable because of the hizh flexibility (supercomemtation and subcommutation) together with
the efficient use of tha available bandwidth,

Finally, the inaccurscies introduced by the processes of modulation and multiplexing must be con-
sidered, Errors, originating from hardware imperfections (e.g. mero and geain drift of amplifiers, non-
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L 1limeer &iatertion) \y/uu e distinguished from errors originating from peculiarities of the methods
~ weed in the wﬁ'ii\_u. semsitivity to moise in the trensmission channel). The first class of errors is

- subject $a the Yschmslegionl progress, whersas ibe latter class must bs regarded as inherent to the

' As montioned alove; widehand modulation methods incorporate & gain in signal-to-noise retio in so
g fn as tm-im chn\bl noise is concerned., Becsuse of the twofold modulation in telemsiry, the
C. aysten Mm is du/«noturud by the overall bandwidth requirement and the signal-to-noise rstio
) d tho out}:t of the d'mlﬁiylmx'. Thexefore, the question for the optimal system is: which ocombination

| dmdmmuut‘tiwnuuusmuuﬁm.Rhubomtm(mw.”tm_ﬂ
o :

is the optimum aystem in the cass of low %o medium socurscy requiremsnts (1 to 3 %), while PCN/ is best
with high acouracy requirements (accurscy better than + 0,5 %).

i mmnwwmw&tnﬂmw-iomuﬁmmo{m1on¢yor.lodot
usage and the high level of Jmowhow in production, Therefore, the first-msntioned group of errors is

: relatively lov iz FN/PN, As PAM technology progresses, Pll/ﬂ will bs used inoreasingly in the near future,
10,3 THE RADIO PREQUENCY LINX ‘

The »f link is the connection between the airborns terminal and the ground station, Because of the
following reasons; relatively high transmission frequencies must be used:

ot et S st L

{a) The slectrioal length of an antenna must be a significant freotion of the wavelength for reascnable

radiation effiociency. The small sise required in airbornms appliocations indicates wavelengths smaller
than 3 m (frequencies greater than 100 Mis).

s
t (b) The high bandwidth required for data transmission is only available at high frequencies. Acocording to
[ IRIO standards (ses Bef, 6) thres frequancy bands are available for telemetry: In the range of 216 -
W 260 Mis (P band) are 62 channels with 500 kHs bandwidth sach, in the range of 1435 = 1540 Mis (L band) 1
‘ are 100 channels with 1 MHs bandwidth each and in the range of 2200 - 2300 Mis (3 band) are 89 channels 3
; : with 1 Mis bandwidth each ™),
: f&(m *%
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Figure 10,7 Himplified propagation design chart

2) 754 use of the P band was only allowed until Jamary ist, 1970, Unfortunstely, however, the tranamitters
and receivers for the L band and S band are at present atill much more expsusive then those for the

P band, Besides, the sise and the weight of the airborme L band and 8 band trensmitters are higher com-
pared to the P beud equipment. Mainly beosuse of these reasons the sudicheover to the L band and B8 band
channels has not yet bemm completed,
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The highur the frequency of an slectromagnetio wave, the more its propagation resembles that of

_ light. The usuable range between the airborne and the ground terwinals is limited by the iine of sight :lf..

in a first approximation, the diff-ection is neglected., For L and S band frequencies this ocan be done
with good approximetion, Within the line of sight the formula for wave propagation in free space is a

good approximstion, provided the heights above ground of the tranmmitting and the recsiving antennas are
at least seversl unlancth-.

mnmotd.drtn mbcollculﬁodby the formula
D, = 2,28 (| by +v b,) (10.4)

vhere D = the distance in km
h1 = the height of the trensmitting antenna (in the airaraft) in feet
h, = the height of the receiving anterna above the ground in feet,
For three different heights h,, this formula has been displayed in Fig. 10,7 by the dashea lines, Good
data reception can only be expecied for distances I beiwsen aircraft and ground station satisfying the
oondition
D=D, (10.5)

Within this range the required radiated transmitter power can be ssiimated by using the solid curves in
Pig, 10,7. Two auxiliary parameters 61 and 62 are used, In a logarithmic scale we have

" OpePye .
b, = 10,10g %El“- (10.6)
b, = 71 + 20.10g D (10.7)

G,r is tae gain of the transmitting antenna, L the product of losses (uable, mismatching, minima of
rediation pattemn), P‘ and P!: are the transmitied power and the required minimm receiver input power
respactively for a given telemetry system, ‘R the effective area of the receiving antenna in square
meters and D is the distance between the antennas in km, 62. measured in decibels, indicates the atten-
uation of the trensmitted wave as a function of the distance D. In order to obtain good reception,
this attenuation must be overcoms by 61. which ocontains thoss parsseters which are indepandent of the
distance D,

Thus a supplementary oondition to equation 10,5 is
8, =<0, (10.8)
Ths plot of eq, (10,6) in rig. 10.7 is based on the parameters G =13 L = 103 P = 4,10 14‘ (correct
tor!l/ﬂnylt-l)y AB-I n and transmitter powers P‘oro 1 U, l1Wandl0oW, 'X'hil is roughly
equivalent to the prectical conditions., Often instead of the effective area of the receiving antenna
its gain GB is specified. Then, Aa can be oalculated by using the formula

2
Ay = GR )\ (10.9)

A is the wavelength,

The use of Fig, 10.7 will be made olear by the following example: For a height of the aircraft of
1000 feet and a beight of the receiving autenns of 3.3 m (10 fest), the line of sight is 80 km, With
the above-aantioned assumptions we have at this distance a safety margin of 5 db even with a transmitter
power of only 0,1 W, This safety aargic may be sufficient when using & ground station with diversity
reception capabilities (see balow), Otherwise, a transaitier power of 1 W would be required in order to
overcoms faiing effects, which are not taken inty acoount in Pig, 10.7.

One of these fading effects is the mo called fading dus to multipath propagation. Sometimes the
antenna not only receives the wave ooming directly froz the tranmmitter but also a reflected wave
(reflected from the ground or from buildings), the phase of which is shifted with respect to the direct
wave, Depending on the heights and the distances of the antennas the phase shift may resch 180°. Thus
the received signal power may from time to time decrease oonsiderably.
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It should bs mentionsd also that the curve 62(10) at the limit of the line of sight is too optimistic,
Beyond this limit the wave-attenuation increases very rapidly, Therefore, little or no increase in range
_ —  can be obtained even if the transmitter power is substantially increased. On the other hand, .the example
shows that within the line of sight relisble commmunication with relatively low transmitter powsr is
possible,

An effective way to overcome the difficulties caused by fading is to use diversity recepiion tech-
niques. This technique uses two rf receivers (see Fig.10.1). Ezch receiver is cormected to a ssparate
antenna, which picks up waves of different polariszation (polarization diversity), of different frequen-
ciss (frequency diversity) or at different locations (space diversity). The drawback of the frequency
diversity method is that it requires the additional bandwidth for a complete second »f channei, A pre-
detection or postdetection combiner at the output of the receivers combines the weighted sum of both
input signals, The weighting coefficients are controlled by the signal-to-noise ratio of the two inputs,
in such a way that the coefficient approaches 1 for a good signal and O for a bad signal, Because of tbe
different conditions of wave reflection it is not very probable that a loss of aignal cccurs at both in-
puts simultaneously, The probgbility of good reception, therefore, is substantially increased.

The on~board transmitting aniennas are mounted in a fixed position with respect to the vshicle, The
axes of these antennas may, therefore, have different directions with respect to the ground during a fligat,
Therefore, an omidirectional radiation patiern is desirable but cannot be achieved exactly, The free-
space radiation patterns of the antenna systems that can be used on airoraft always show minima. In addi-

o Saan aP A

tion, the aircraft itself distorts the radiation pattern. Parts other than the antenna may reradiate

i signals (parasitic radiation) which will interferse with the original signal. Purthermore, at some atti-
i tudes of the aircraft, the wing or the fusslage may intercept the radiation to the ground station
(shadow effects). Therefore, the layout of the airborne antennas must be done very carefully, taking

into account the expecied attitudes of the aircraft during flight.

The airboims antennas are often »/4-stub or blade antennas, which have a linsar polarization, Most
of the ground receiving antennas are circularly polarized in order to obtain a reception independent of
the orientation of the airborne antenna. Turmstile or helical antennas are used for the P band frequen-
cies; circularly polarized feeds with a parabolic reflector are preferred for the L band and S band
frequencies, For the latter frequencies higher gaing GR mst be used than for the P band frequencies
| in order to get the same effective antenns area Ao, This is shown by eq. (10.9). The wavelength A of the
L band is about 1/6 and of the £ band about 1/9 of that of the P band, respectively, As a result of the
higher gain the directivity is higher, so that problems with manual tracking of the receiving antennas

ocour, especially with aircraft which fly at high speed near the ground sntenna (high angular velocity).
Therefore, automatic tracking (e.g. monopulse tracking) often is preferred, despite the higher complex-
ity of the ground station.

At ths receiving end of the telemetry link double superheterodyne receivers with plug-in techniques
are mostly used., Therefors, the receivers can easily be matched to different telemetry systems by choosing
the proper tuning heads, intermediate frequency filters, and rf demodulators. In order to obtain good
receiver input sensitivity (low value of P in equation (10.6)) the noise figure of the receiver must be
kept low. A low-noiss preamplifier situated at the antenna is recommendable, if it is not possible to
locate the antenna near the receiver, The low nuise figure of the preamplifier then determines the noise
figure of the receiving system. Reception of L band and S band fregquencies can be done with specisl
tuning heads, which are available for standardised telemeiry receivers. Altsrmatively, a frequency down~
canverier may be mounted at the antenna which converts the L band or S band frequenocies to the P band,
Then the existing P band equipment can still be used.

Most telemsiry receivers can be equipped with an acosssory wnit for postdeteotion or predetection
diversity combining, Both methods are treated in ths next section in some more dstail.

10,4 GROUND RECORDING AND DISPLAY
The recovered data signals must be displayed for quick look in the ground station and stored for
subsequent data processing. Quick-look display usually is done with pointer instruments as well as with

strip-chart recorders and X-Y recorders. Data signals containing frequency components higher than 100 Hs
must be recorded by oscillographic recorders. Thess paper recorders have the advantage of being both a
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display and a siorsge equipmant. On the other hand, the storage capacity does not meet the high require-
ments of modern flight tests. Morsover, the stored information can only be converted back into an elsctri-

oal signal with great &ifficuliy. Thus, subssquent data processing is restricted. S e

In this connsction msgnetic tape recorders have excellant properties (see Chapter 9.4, Ret, 8),
and they are therefore standard equipment in telemetry ground staticns. A few years ago postdetection
recording was mainly used, in which the frequency-multiplexed signal (FN/M aystem) or the time-mmlti-
plexed signal (FDI/FM, PAN/PN and PCH/FN system) at the output of the demodulator is recorded on one
track of the tape recordsr in the direot mode or in the FM mode. The demmltiplexing is done during
playback. This method allows the recording of a great many data channels, It is also possible to do
the demultiplexing on-line, so that the individual data signels are immediately recordsd on different
tracks of the taps recorder, This method is limited by the maximum number of tracks that can be
recorded sisultansously in the ground reosiving station,

Recently, predstection recording has bscomes more important. The cvailabiiity of recorders with
continuous recording capabilities up to frequencies of 2 Mis allows the direct recording of the re-
ceiver intermediate frequency (third I.F,j meximum 900 kils§ see Ref. 6) prior to demodulation. The
main advantage is that the operation and maintenance of ground stations is simplified, especially for
those using several telemetry methcds (FN/FN; PDN/FM; PAN/FN; PCM/FM). This is the case, bscause the
recording method is the same regerdless of the type of multiplexing used. In postdetection rerording,
on the other hand, the recording method (direct recording or FX recording) must be matched to the type
of multiplexing. In addition, it is advantageous to record the signal as early in the transmission
chain as possible. The optimization of the playback channel with respect to the signal-to-noise ratio
(e.g. varying the I.P, bandwidth and consequently the demodulator threshold) need not be done prior to
reception but can bte sttempted later by repetitive trial and error. In other words, in postdetection
recording the I.F, bandwidth must be chosen before the test on the basis of an expected rf signal
‘bandwidth. Hormally a higher standardised I.F. bandwidth is used. Under bad receiving conditions,
however, the signal-to-noise ratio S/N may become ioo low and consequently a loss of data can occur.
In predetection recording the I.F. bandwidth can be decreased before playback in such a way, that the
S/N ratio is raised to a certain extent.

10,5 CONPARISON OF IRIG-STANDARDIZED TELENETRY SYSTEMS

A comparison of the IRIG standardised telemetry syatems is made in Table 10,1 on the basis of 5
different principles. IRIG standardized telemetry systems are well-established, proven and available on
the market at reasonable prices., They are suiiable for almost all measuring problems,

Accuracy: The eccuracy of modern analog systems, when carefully adjusted, approaches + 1 % (see Ref, 8).
The accuracy of the twofold multiplexing in the case of the PAN/FN/FN system can be + 2%, PCM/FM is
capable of almost any required accuracy, The only limitation ia the accuracy of the transducers and

the A/D converters used in the aystem.

Maxisum nurber of data channels: As discussed in Section 10,2 the systems using time division multiplex-
ing have the highest capacity in number of channels.

Maxioum information rate (I.R,): In Table 10.1 the I.R, is given in 'bit/ sec. In the case of the analog
systems the I,R. is calculated from the significant amplitude resolution and the saupling theorem (aee

Ref, 8). The PAW/FPN aystem and the PCH/FK system can handle the highest I.R., followed by the FIY/FM
system, Comparatively, PAI(/F)VPH and PD!/FH can handle only very poor information rates.

Flexibilitys Flexibility is very good for systems using time-division multiplexing (see Section 10.2).
Subcommtation and supercommutation can be used to adapt the system to requirements for the number of
channels and for frequsncy response. In the case of Pcu/m( it is algso possible to use different word
lengths for the individual parametersj the individual channels can thereby be adapted to the accuracy
of esach paramster.

Utilisation of radio frequenoy power and bandwidth: These aspects are covered in detail in Ref. 9, It
has been found, that in the case of high accuracy requirements PCM/FM is the best method for tranamit-
ting dats with & certain information rate through a band-limited rf channel with minisum rf power., In
the case of moderats accuracy requirements PAN/FN requires minimum bandwidth, The widespread /M
nethod is not as good and the PAN/WPI( method has only poor features in this respect, In the latter
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.case, however, the poor features oan be tolerated, as the system carries only a low information rate.

Normally it is used in addition to a FW/FN system, 'l'hon, the features of the oonbi.nod lylton are dotor-
mined by that of the FI/PX nethod, -

10,6 QN-LINE _DATA PROCESSING

As the dats measured in the aircraft are immediately available in the ground station, telemetry
makes it possible to observe the measured parameters while the flight is in progress. Until recently
this on-line processing and display was mainly used in oritical phases of the flights only., In the
latest flight tests with military and civil prototypes telemetry and associated on-line processing is
being used in all flight teat phases and for the majority of the parameters. Although on-board record- .
ing is still used as a atandby in case telemetry data are lost, thers is a tendency %o do most of the
analysis from the on-line displays fed by telemeiry. Thus, modifications to the flight test programme
can be made during flight. Experience has shown th.t this can reduce thc mmbor of flights, nquirtd
in a test prograzmwe by 30% or more.

The general considerations about data processing are diacussed in Chapter 12, Here & few remarks
will be made about on-line computing.

Analog computing methods are very usseful means of on-line data processing, especially if the number of
channels is not very large. They combine high speed of computstion with govod adaptability of the hard-
ware to individual problems. The accuracy is usually not very high, But in many cases a sufficient .
accuracy can be obtained, especially for quick-look display. An example for a relatively simple applica-
tion is the computation of indicated airspeed, trus airspeed and Mach nucber from the messured data,
total pressure, static pressure and temperature. About seven operational amplifiers, two muliipliers
and two square-root function generators are required. ‘ ‘

Digital computing has a number of advaniages over analog computing, for instanoss

~ the computation acouracy can be as high as is justified by the acouraoy of the input data

- integration can be done without drift (analog integration shows a drift which increases with time)

- storage specifications are better (quick access, arbitrarily long duration)

~ the digital computer can be more readily used for making logical decisions, such as detecting that
a signal or a combination of signals has exceeded a certain limit value

- in a more sophisticated application several measured parameters can be used a8 an input to a modelj ‘
the output of the model is compared to other measursd parameters and if the difference is too large
a special programme is initiated ‘

- the computer can also be used for several tasks in the ground station (such as decommutation of PCN
signals) and for automatic control tasks in the ground station (automatic control of the receiving

antenna, automatic search patterns with high-~directivity antennas, switch-over to autotracking when
acquisition is obtained etc,).

A problem with digital on-line computing is that the time required for all computations azust be
less than the time between two successive datia samples, Even very fast computers reach this limit very
quickly when handling complex problems,

Hybrid computing may be, to some extent a solution to this problem. By combining an analog computer and
a digital computer, the computing programme can be divided into two parts, making optimal use of the
advantages of both methods., The interface between the two computers consists essentially of analog-to~
digital and digital-to-anslog converters. The programming of a hybrid computer is, however, very

diffiocult.
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CHAPTER 11
QGROUND-BASFED BQUI PMENT

O. Weber .

[
t

11,1 INTRODUCTION

In modern flight testing most measuring equipment is carried on board the aircraft. For some
X‘*ma »c>fe {est, however, ground-based equipment is used, often in combination with airborne measurs-
zents, Besides telemsiry receivers, which are discussed in chapter 10, the most important type of
maasursment made from the ground is trajectory measurement, Although there is a tendency towards
T -"ma.mzr‘lng airoraft trajectories in the airoraft itself (for instance by using inertial platforms),
trajectory measurementis from the ground are still commonly used. Typical applications are: take-off
and landing performance measurementis, analysis of the effect of improvements in radio navigation
systems and guto pilots for the reduction ‘of landing minima during bad weather conditions, anslysis
of flight performance during oritical phases of the flight such as superwstall, measurement of hover—

ing and transition performance of VIOL aircraft, analysis of the performence of parachutes and
- @jection seats, eto, ‘

There are a few test ranges which have extensive, permanent equipment for measuring aircraft
trajectories., Most irajectory measurementis are, howsver, made with mobile equipment., This requires
. careful planniny and often improvisation. This chapter will primarily describe such mobile operations.
Nore detailed discussions of trajectery measuréments are given in References 1, 2, 8 ani 9, whick
also give lists of other references. .

An important aspect in the use ‘of ground-based ecuipment is time wynchrorisation with recordings
made on board the airoraft. Thie will also be discusased in this chapter. Although time synchroniza-
tion is diacussed here in the context of ground-bssed measuring equipment, the principies given here
also apply to synchronigation between two or more recording systems in the airoraft.

11,2 CAPABILITIES OF A TRAJECTORY MEASURING SYSTEM

The usual trajectory measuring systems like kinetheodolites, radars and interferometers (Ref, 1,

6, 8, 9 and 11) primarily determine ihe direction frou the instrument to the target mo‘/or the slant
raizge, The co-ordinates and the velocity of the target in an earth-fixed reference system can be de-
rived as & function of time from the measured data, Because three co-ordinntes for the position of the
target are necessary, at least three independently measured values have to be deierminesd az a function
of time,

11,2.1 C«=-ordinate systemn

The setting up of a mobile trajectory measuring station requires a number of special preparations:
1. The position of the trajectory measuring system has to be surveyad.
2, Computer programs for the transforigiion of the measured data to the reference sysiem have to be
written and tested,.

3. In special zases, the proving ground has to be surveyed additionally, for instance for the calitra-
tion of radic altiraters.

The technical and sciertific offort, and therefore also the duration and cost of the preparations,
depend on the requirements of tha referonce system. For the determination of the trajectory of a
parachute, only the direction of gravity and a rough statement of the north direction (for taking the
wind into account) are necessary. If, however, o navigetion system like VOR or LORAN with a far dis-
tant reference ctation or base-line is used together with the ground-based equirment, a relation

between the rositions of the trajectory measuring systems and the navigation system has tv be esta-
blished, ‘

For facilitating the analysis, the co-ordinate systen in which the results of the trajectory
measurement are presented should be chosen so that the mosi important parameters of the flight tra-
jectory are measured along the coordinate exes, Thersfore, in the case of tske-off and landing measure-

ments,one axis of the go-ordinate system should coincide with the ocentre line of the runway and another
should be vertical.
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11,2

11,2,2 Determination of the veloocity vectox

The components of the velooity vector are usually derived from the time sequences of the co-ordi-
nates of the targets by means of a differentiation process. In its simpleat formm this differentia-
tion can be done by dividing the diffarences betwean successive points of the trajectory by the time
interval between them, This process produces a large scatter in the velocity resulis, becsuse of
random errors in the measured values. It is therefore beiter to amooth ithe data first. ‘

Smoothing can be done by the computer, using the methods desoribed in Chapter 12, It is also
possible to have a skilled operator approximate the points by a smeoth curve. He oan take into account
the physically possible trajectory. The importance of this graphical method should not be underesti-
mated., Tt is vary difficult to match the akill of an operator even by sophisticated computer algorithms.
This method has, however, the disadvantage that the trajectory data have to be digitized again before
they can be used in the digital computer. A combination of the automatic and manual smoothing is often
preferable, Then the operator takes out the blunder errors and presents these as corrections to the
computer, The random errors are ithen smoothed by the computer from the corrected input.

When smoothing is required the sampling rate should be higher than would be required o reduce
the aliasing errors to an acceptable levol?‘ (see Chapter 6). The smoothing becomes more acourate as
more redundant data are available althougis the increase in accuracy diminishes with increasing re-
dundancy. The sampling rate should, therefore, be carefully chosen.

The differentiation can then be done from the asmoothed data points, In many cases the veloocity

data will be amoothed again before being presented.
11,3 SELECTION OF THE TRAJECTORY MFASURING SYSTEM

Usual trajectory measuring systems are: kinetheodolites, phototheodolites, laser ranging equip-
ment, IR trackers, tracking radars, elecironic interferomeiers (AME, angle measuring equipment) and
continuous wave ranging instrumentation (DAE, distance measuring equipment) (Ref. 1, 6, 8, 9 and 11).
The two last systems generally are only suitable for permanent ranges, because of their complicated
antenna systems. Phototheodolites, laser ranging equipment and IR irackers are used as trajectory
measuring instruments for a few special tasks such as low level flights or take-off and landing tests.

The two most important mobile trajectory measuring systems with a broad spectrum of applications
are kinetbeodolites and tracking radars. The discussion of these two methods will show the considera-
tions for choosing a system which is optimal for the planned flight test.

11,3.1 Kinetheodolites

A kinetheodolite records the azimuth
and elevation of the optical axis of the
theodolite and shows the displacement of

the target from the optical axis on the

film picture (Ref. 1, 6 and 11), These

four values are separately read out and

combined into iwo values, the azimuib

and elevation of the target. Therefore,

at least two separate kinetheodolites are
necessary for the determination of the

three co~ordinates of the target (Fig.

11.1), However, three separate stations

are desirable for increaaing the relia-

bility. KINE=

THEODOLIT
Advantages: OOLITE 1

~ The systematic and random errors can be
kept below 0.0l degree; if the accelera-
tion of the kinetheodolite is within
reasonable limits (Ref. 3, 4 and 12).
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1.3

This equipment is, therefore, suitable for absolute measurements. The reference points on the air-
ocraft must be well defined.

« The initial cost and amortisation of this system are lower than for a tracking radar, if the
tracking device of the kinetheodolite is simple and only a film is used for data storage.

~ Tzrgets on the ground or in the vicinity of the horizon ocan be measured, as well as those at higher
elevations.

~ The kinetheodolites photograph the target at each measurement, and thus valuable additional infor-
mation is obtained which often renders the employment of anocther camers unnecessary, and which can
facilitate the synchronization problem discussed in detail in Sectiam 11.6 to 11,8. Examples of
additional information are external events such as the sesparation of a parachute,ora rou@ esti-
mate of the attitude of the target.

Disadvantages:

= The ground survey for the stations is expensive (two or three separate kinethsodolites).

- Several operators are necessary during the measurement,

- Targets near the zenith can lead to intolerably high angular velooitias.

= The target must be acquired and tracked visually by the operators.

- Tae slant visibility is an upper limit and 3he acquisition range, particularly for high speed
aircraft at large distances, will be somewhat amaller than the slant visibility. Slant vimibilities
below 10 km are common in Central Europe. Even if the slant viegibility is much higher, the acquisi-
tion range is often below 10 ku for an airoraft whose flight path in the sky is not well known.
Much better e.cquisitiqn ranges can be achieved in a desert, as at the tes! centers in New Mexico,
The recognition of an aircraft in twilight or at night can be significantly inoreased when continu-
ously radiating lamps or flash lights are mounted in the airoraft, Their installation, including
power supply, has to be planned in time,

= The processing of kinetheodol‘ite, measurenants using classical mcthods is expensive and tedious. 'The
reading of the azimuth, elevation and displacement stored on one frame of kinetheodolite fila will
take at least one minute, Appreciably higher rates of reading are poni'ble' when kinetheodo.ites
with digital presentation of elevation and azimuth are used together with special semi-automtic
reading equipment. For the reading it is recessary to choose a reference point on the aircraft,
which is recognizable on every frame, This may, for exaaple. be the rudder of the aircralt or a
wheel of the landing gear. Most well identifiable reference pointa have the disadvantage of not
coinciding with the center of gravity or ancther important point of the airoraft. The trausfor-
mation from the employed to the dssired referance point, however, depends on the attitude of the
aircraft. In some cases, transformation difficulties can be decreased by putting strikingly coloured
marks in the vicinity of the desired reference points. This is, however, only effective at relati-
vely short ranges. On~line storage and processing of azimuth and elevation of the vptioal axis is
an integral part of modern kinetheodolites, but this problem has not yet been solved Yor the dis—
placement of a target with a complex patiem.

~ In some modern kinetheodolite systems the azimuth and slevation angles of the optical axis are’
stored in electirically retrievable form, so that they can be proceased automativally. Even with
such systems, the displacement of the airoraft from the optical axis must be measured manually
from the film picture.

Range of applications:

~ Kinetheodolite systems are ideal for measuring the trajectory of targets near the horizon or on the
ground, Targets at amall or medium slant ranges can be measured with high absolute acouracy if the
slant viseibility is satisfactory,

11.3.2 Tracking radar

A tracking radar automatiocally tracks the torget during the measurement and msasures the asimuth,
elevation and slant range of the instantaneous center of reflection of the target (Ref. 1, 6, 8, 9 and

11). As three co-ordinates are measured, only one tracking Tadar is necessary for the determination
of three co-ordinates of the target,

Control, Inc. (http://spaceagecontrol.com/).
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Advantages:

~ The target can be aoquired and tracked even if it is masked by fog or many kinds of oclouds.
- Large slant ranges are possible,

« Orly one radar is necessary,

« The ground survey is simple and cheap.

- Two cperators are often sufficient during the msasurement.

- On-line data storage and proocessing is common proocedurs,.

- The error of the slant range can be kept low and nearly independent of the range (about + 10 m)
withoat high costs,

R T TIE

Disadvantages:

-~ Targets on the ground or in the vicinity of the horizon cannot be iracked.

- The reference point on the target is random for skin tracking, By the addition of a transponder to
the airoraft, not only the reference point can be better fixed, but also a considerably larger range
can be obtained; howsver, difficulties in installing the antennas have to be overcome. The range of 3
a typical redar is about 30 km (diameter of the aerial 1m, X-band, peak power 40 kiW, skin tracking :
of a medium or large aircraft), but ranges up to 250 km are obtained by some fixed tracking radars,

- The angular errors are amall only for high precision radars, but these are very expensive, The
calibration of the elevation angle of a radar is difficult.

-~ The systematic error ¢f a tracking radar, which has the above-mentioned characteristics, is of the
order of 0,1 degree, High precisioh radars sometimes have errors which are an order of magnitude
smaller, The random error depends on the distance and the size of the target and can be as low as
the systematic error, if the apparent size of the target is small.

.~ A target cannot be tracked in the neighbourhood of a secund target of comparable or larger sise,
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Range of application:

- Tracking radars are ideal for determining the trajeotory of targets at medium or large ranges under
nearly all weather conditions, The effect of angular errors has to be considered.

11,4 OPTIMAL POSITION OF THE TRAJECTORY

PR |

Rough estimates of the systematic and random errors of kinetheodolites and tracking radars have
been mentioned in Section 11.3, The flight test engineer is not only interested in the acocuracy of the ;
original measured values, but especially in the accuracy of the trajectory of the target derived from :
them, Here the geomeiry of the trajectory of the target relative to the messuring system is of decisive i
importance for the success or failure of an exadt determination of the position or the velocity vector
of the target, The starting point for these é
considerations is the concept of the error
field (Ref, 1, 3, 6, 7 and 10), This is
stricily valid only for measurements free of
bias errors. If only the velocity vector of
the target or the relative poaition of two
trajectory points to each other is of inter-
est, bias errors can be neglected in the
first approximation and the concept of the
error fielas yields useful results,

"

If the original measured values (angles
and/or slant range) only show normally dis-
tribtuted random errors, then for each point

of the trajectory an error pattern can be
indicated, In the three-dimensional spatial
cage it is an ellipsoid; in the two-dimen-
sional plane case it is an ellipse with the !
trajectory point in the centre, The probabi- KINE = KINE = ’

THEODOLITE 1 THEODOLITE 2 :
lity that the target lies -on the ellipsoid or

the ellipse is equal for all points of this Figure 11.2 The error field for measurements with

two kinetheodolites at relatively low
error pattern, Figure 11,2 and 11,3 show elevations

PP -3
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1.5

the error ellipses for several points of the msasuring range of a kinetheodoliie system consisting
of two stations and for a tracking rsdar,

The error field for measuremsnts with two kinetheodolites (Fig, 11.2) showr that thers is only
one point Pl where the errors in all directions are the same, At the point F,, alsc on the line of
sympetry but farther away, the accuracy in the East~West direction is much greater than that in the
North-South direction. At point P3 the ratio btetween the axes of the error ellipme is even more ex-
treme, It will be clear that if the main interest in the test is in the alang-track positions and
velocities, than a flight path parallel to the connecting line between the theodolites will give
optimun resultsi the distance from this connecting line should be such that the maximum rate of
change of the azimuth angle does not becoms too large. If the main interest is in the lateral devia-
] tions from the nominal flight path and in the lateral velocities, then the flight should be conducted
along the line of symmeiry between the two theodolites,

- -y T
. e o e =
e e et

L g aat et

The error field of a tracking radar
(Fig. 11.3) is different from that of the
kinetheodolite, As the error in the range

oeasurement is, in a first approximation,

independent of the range, the errors in
the radial direction at points P, and P2
are about equal. The errors in the tangen-

tial direction increase proportionally to
the rangeé, The error field is rotationally
symmetric, 8o that the accuracy of the
measurenarit is independent of the asimuth
of theé ‘target.
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r"’“
|

i
-

e TR

‘ If optimal accuracy musi be obtained Figure 11,3 The error fielid for measurements with
over a large range, it can be useful to :1::::'::‘;5 radar st relatively low
combine optical and electiionic trajectory

1 measuring systeus,

ke ia A e it I S SRR T A

42

| 11,5 TAKE-OFF AND LANDING MPASUREMENTS

‘ There are many methode for measuring take-off and landing performance, In some of these methods
. : only ground-based measuring equipment is used, in others only airborne equipment, and in a few a com-
4 bination of airborne and ground-based measuring equipment. It is not the purpose of this chapter to ¥
describe all these methods. A volume on this subject will appear later in the AGARD Flight Test

Instrumentation Series, Here we will only discuss a few applications of the principles discussed in

the previous sections to one of these methods: that using ground-based kinetheodolites or special
take-off cameras,

The trajectory to be measured is nearly
always two-dimensional: the aircraft will follow
the runway centre line and only ueasurements in vaAL ALTITUDE
the vertical plane through that centre line are
of interest (see Fig. 11.4), These can be mads
by a single kinetheodolite, placed beside the
runway at about the middle of the trajectory to
be measured. As the range of elevations gener-
ally is small, it is often possible to keep
the aircraft in sight without moving the opti-
@l axis of the camera in a vertical direction,
Many special take-off cameras, therefore, can
only wove about a vertical axis, It will be
clear that for such a system the data proces-

ol

"

KINETHEODOLITE

ging time will be much less than would be re- OR CAMERA
quired by a systen using two kineiheodolites
with free movement about two axes. Figure 11,4 Taks-off and landing measurements

with one kinstheodolite or camera
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If the aircraft should deviate from the vertical plane ihrough the runway omire line, the
sethod described above will produce an error in the measured longitudinal position of the aircraft,
This error will be large when the asimuth angle ¢ (Pig. 11.4; cpproaches 90 degrees. The camers
should, therefore, be as Zar from the runway oentre line as is possible for obtaining the required
accuracy, This required acouracy is generally not very high. Ths msasured resulis will have to be
reduced to standard meteorological conditions (direction and ‘w:locity of wind, pressure, ‘emperature,
bumidity) and these corrections are not very acourate. Alsc it must be realized that the pilot cannot
alwys take off and land in the sams mpnner. The method described above will, therefors, often pro-
duoe satisfaotory results at a relatively low price.

21,6 TIME AND TIME STANDARDS

‘fhe purpose of combingd ground-based and anboard measurepants is to determine the paramsters of
the aircraft and of the enviroument as a function of time, for axample position and static pressure.
Then the tixe beses of the airborne and ground recorders must ‘2 co-ordinated. The principal aspects
of such a time co-ordination system are:

1, frequency standard

2, refarence point of the time scale

3. time format

4. synchronisation

5. reliability and intcrference.

The time scale is, in gensral, derived from a frequency sitandard such as a quarts oscillator
or an atomic oscillator (Rubidium or Cesium) (Ref. 1, 5 and 6). If a single frequency standard is
used for the total neasuring system, the accuracy of the frequency staudard need not be very high.
Only the time interval between two consecutive measurements is determined bty the frequency standard.
A frequency error, therefore, only affects the accuracy of ths firot derivative of the measurement,
for example the velooity of the target or the rate of clib, 4n sacuracy of one part in 105 is easily
maintained by a simple quarts orystal oscillator. This is higher than the acouracy usually needed for
parameters such as velocity, Testa of inertial components may be an exception.

The reference point of the time scale is in general not important. Any loocal time scale can be
used. Exceptions ars, for example, co-ordinated measursivnts witk a LORAN C-system or a calibration
with the stars as a reference system. The position 0f the siars and the pulses of LORAN C are refer-
red to Greenwich Mean Time, Therefore, the referencs point and sometimes also the frequency of the
timing system must be co-ordinated with Greenwich Mean Time.

1f more than one frequency standard is used for a long flight test, the acouracy of the frequen-
oy standards must be much higher. A difference of one part in 10'j between two standards leads to a
difference between the reference points of 0.1 sec afier sbout three hours. The state of the art is
such that high quality (1 part in 108) frequency and time standards of small size and low weight are
compsercially available., The standards can be ad .sted so that they differ at most by 1 millisecond
after a time interval of several hours. If one time standard is used on the ground and another on
board, these two standards can be compared directly with each othsr btefore and after the flight test.
If the direct comparison betwsen airborne and ground-based standards is difficult, both standards can
be synchronised by radio before and after the flight, In soms cases no spscisl radio link is necessa-
ry. In scme areas with a good time signal trosdcast (Ref. 5 and 6), it is sufficient to receive the
tite signals with inexpensive receivers and to use them for adjusting the time standards, provided
that the receivers have the same time constants, The time constants of commercially available VLF
receivers can be greater than 1 msec and can differ considerably even in receivers of the same typs.

The chosen time format affects to a high degree the cost and the reliability of the timing
system, Nodern types use pulse trains which contain the complete time informetion in a coded format,
for instance the IRIU code B system (Ref, 1 and 6). If the transmission or recording of the pulse
trains is disturbed for a short time, this does not lead to a loss of time scale because the next
undisturbed pulse train contains the complete time information. These fully coded systems are rather
expansive, both in initia) cost and in bandwidth (they usually require a separate track in each re-
corder). Their application in continuous trace recorders presents apecial problema, These are some-
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1.7

times solved by equipping the recorder with a device whioch can print nusbers on the paper or film,

Tor many flight tesis u simpler time format can bs used. In the simplest type xarks are recor-
ded periodically, for instanuu esry second, Then the time co-ordination of the marks in the differ-
ent recorders must be obtained by other means, as described in Section 11.8.2. This method has the
disadvantage that the time oco-ordination must be established anew if a few pulses have been lost,
When using these simpler aysiems, but also in the case of time-coded systems, one should be sure
t0 note rough time information such as flight number, date and the indication of a regular clock

on all records. In the cese of quasi-sisady processes, these notes alone may be satisfactory for an
evaluation of the data.

11,7 SYNCHRONIZATION OF TRAJECTORY MEASURING SYSTEMS

Large trajectory measuring systems like kinstheodolites and tracking radars usually have comple-
te timing and synchronisation equipment. As this squipment often is not very flexible because of
optical or mechanical reasons, its features are imporiant for the co-operation with other ground-
btased or on-board instrumentation,

If more than one measuring station is employed, for instance two kinetheodolites, the bast
solution is 10 have the measuremsnts at both stations completely symchronised by triggering thea at
regular intervals from the same tive bese. This greatly simplifies the data processing. The tolerable
synchronisation error should bs considered befors the flight test, in ordsr to save unnecessary tech-
nical effort and cost, For example, high speed aircrafi (Nach number 221) fly & distance of about
1 min 3 milliseconds, If the interssction of the rays from the kinethsodolites to the target is rect-
angular and one kinetheodolite is deslayed by 3 milliseconds with respect to the other, the error in
the computed position is 1 m. The position error can be larger dus to an unfavourabls geomeiry of
the trajectory relative to the ground-btased measuring system,

i el il et AR P

oy -'nf:h Nl £

The propagation time of the signals may affect the synchronigation. The range of the trajectory
measuring systems used in flight tests seldom exceeds 60 im. The electromagneiic waves propagate in
the atmosphere at about 3. 105 kz/ssc. The propagation times of light from the airoraft to the opti- ;
cal trajectory measuring systems and of the radio signals from the transmitting antenna of the timing ;
cantre to the receiving antennas of the trajectory measuring stations usually are less than 0.2 mssc,

and can therefore often be neglected. The effect of propagation delays in tranesmitters and receivers
must be determined separately for each system.

ol i

The method used in meny of the simpler kinetheodolite sysiems (Ref. 1, 6 and 11) is that the
pulaes from the synchronisation unit trigger both kinstheodolites and at the same time actuate a
counter in each kinetheodolite, On the film, the frame number given by this counter is recorded to- ,
gether with the asimuth and elevation angles and the picturs of the target. The frame number is then ’
regarded as the measure of time. This synchronisation will be wrong if one or more kinetheodolites E
md/ or counters miss pulses or are actusted by spurious pulses. If theae evenis are few in nuzber, ]
it is often possible to reconstruct the esychronisation and the time scale becauss the trajectory
must not show discontinuities and some redundancy is present (four angles for three co-ordinates),
This is in general difficult and tedious, Equipment for the synchronisation of trajectory measuring
systems should, therefore, be very reliable and should not be influsnced by external interference.
Nodarn types of trajectory measuwring systems already satisfy these requirements, Here the use of
single pulses for synchronisation is avoided, but use is made of e.g, the IRIG code B,

The pulse trains are also recorded, The resclution of the pulse trains for the measuring time can be

less than the synchronisation accuracy, because they are only necessary to distinguish consecutive
measurenents.,

ok o L

11,8 SYNCHRONIZATION OF OROUND-BASED AND AIRBORNE MEASURING FQUIPMENT

The purpose of using ground based and sirborne measuring systems similtanously is to derive
correlations between the measured quantities. Therefore, it is neocessary to have all paranmeters in
a common time scale., Two main methods can be distinguished:

1, Exact synchronisation by technical means, with

a. separate time bases
b, one common time base
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2. Synchronisatiom by interpolation, with
&, randon sampling
Y. correlated msesuring times

1% largely depends on the purposs of the flight test, the typs of the available msasuring and
recording devices and the data prooessing methods, which method will be used for the aynchronisation.
Imphasis can eithar be placed on the engineering aspects of the syndhronisation equipment or on the
data processing. In general, it is not neocsssary to synchronise the trajectory msssuring systeam with
the airborne msasuring dystes or with other ground btased measuring systems as acourately aa two
kinetheodolites ap two airborne measuring deviocss must be synchronised. It is essential for the
solution of this problem to determine whether the huumwum-mmmwufm arror.
When photographing an ingtrument panel in an aircraft or recording the stagnation pressure on magnet-
ic taps, it is not useful to aim at the millisecond accursdy which is required for the synochromi-
sation of a trajectory measuring system, Low cost equipment is then sufficient,

In all cases, reliability and protection against external interfurence is important for the
synchronisation of complicated msasuring systems. Dropouts or interference during trensmission, or
& short hreakdown of the equipment, can hamper or even prevent a correlation of the recordings, sven
if one takes into consideration that most measured quantities cannot have discontinuities. 41l parts
of the equipment must be sufficiently reliable. Not only such trivial things as adsquate stabili-
sation of the power supply of the instruments aboard, btut also the optimal installation of the air-
craft antenns allowing the antenna pattern to bte as favourable as possible for all sections of the
trajectory and all attitudes during the tests.

11,8,1 ct synchronisation technical means

In the case of technical synchronisation one tries to make all measurements simultaneocusly.
Employing messuring and recording devices which can record ounly at discrete times, such as cameras
and inocremental recorders, one tries to trigger the devices so that, taking the delays into acoount,
sioultaneous data are recorded. In the case of analog data whivh are continuously recorded bty a
strip-chart recordsr or a magnetic tape recordsr, the aynchronisation signals can be timing marks.
If a high reliability is needed, redundant time formsis or redundant recording must bte used as de-
scribed in Section 1l.5.

Advantages:

- Processing of dats is relatively simple and computer ruming cost is low if the synchronisation
equipment is reliable.

Disadvantagest

- If high acouracy is needed in technical synclironisation, the main problem is that the different
measuring and recording instruments, ss well as the transfer davioces for the synochronisstion sig-

nals, have diffarent delays. The satisfactory control of ihese delays can be costly, especially
when environmental factors are involved.

Exact synchronisation by technical means can be accomplished Ly two alternativs msthods: the use
of several separate time bases and the use of & common time base,
Several separate time bases

A separate time standard is used for triggering each group of instruments, for instance the
ingtrupentation on board the aircraft and the ground-based kinethsodolite system,

Advantages:

- High reliability of the synchronisstion is possible, It is independent of the distance of the target
to ground stations because no redio link is used during the flight.

- No difficulties with antennas on btoard the aircraft.

- Extremely high accuracy of the synchronisation is possible.

Disadvantages:

- Comparison of tize standards before and after the flight test (see Ssotion 11,5).

- High ocosts, if high acouracy and a complex time format are necessary during a long flight test,
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Froa a timing osntre, timing sigaals, for instance singls vulses or pulss trains are tranmmitted
Yy vire cr radio to the trajectory msasuring and tslemeiry stations on the ground and to ihe measur-
ing systems aboard the airoraft, It is unizportant where the centre is located. For reasons of sise
and weight it can be useful to install the timing omtre on the ground and to combine it with a tra-
Joctory msasuring or a telemetiry station,

Advantagess

- Only ons time standard is necessary, resulting in reduced costs and no tims comparison before or
after the flight test,

- Low coata of the receiving equipment for shert rangs flight teats and for medium accuracy of the
aynchronisation (1 millisecond),

Disadvantages:

« A radio frequency must be available,

«~ A large tandwidth is nscessary for high acouracy of the mynchronisation, -

- Difficulties with the installation of antemnas aboard the aircraft.

- Unreliability casused bty interference with other tranamitters, unfavourable attitude of the aircraft
or long distance.

- Propagation times in transmitters and receivers sometimes have io be taken into consideration,

11,8,2 Synchronisption by interjolation

The second main method, synchronisation Yy interpolation, dispenses with the aoquisition of
similtanecusly measured data. On the contrary, the times at which the measured quantities are sapled
during the flight test may be random., Therefore they have to be recorded to a common time scale. A
kinetheodolite and several airborne cameras, for instance, run independently of each other and record
the shutter retwn pulses of the kinethsodolite by radio and of the cameras by wire on an airborne
stripchart recorder or on magnetic tape; a timing signal is recordsd in the same recorder. After the
test, the timing events of the different measurements are taken from the recording, Then the data
are co-ordinated to a comxon time scale by numerical or graphic interpolation, The interpolation of
data is discussed in Chapters € and 12 of this book, The methods of several ssparate time bases or a
common tims base as described in Section 11,8.1 can all be used.

Advantages:

- In many cases relatively cheap recorders can be used,

- No delay circuits are necessary.

- Low-cost timing equipment.

Disadvantages:

- The co-ordination of the timing events can be rather difficult and tedious, if high accuracy is re-
quired and many data must be processed. Automatic methods are possible btut expensive,

- Apart from graphic methods of interpolation, the reduction to a common time scale in extended tests
with several seasured quantities can lead to a significant increase in the complexity of the data
processing and analysis,

- When numerical interpolation methods are used, special care should be taken to eliminate first the
blunder type errors, Such errors can easily occur during the reading cf kinetheodolite films,

In numerical interpolation a blunder error will not only affect the data in the immsdiate vicinity
of the error, btut their affect can extend over a long time interval.

This method is rather easy to apply when the time intervals between successive msasuremsnts of
all parameters are equal, but the measurement times are staggered. This is, for instance, the case in
time-multiplexed recordings. The interpolation becomee more complicated when ths tims intervals are
different for different paramsters and especially when the time intervals at which a single parameter
is measured are not constant,

When considering the different methods of synchronisation from the point of view of the instru-
mentation angineer, reliability seems to be the most important aspect. The synchronisation acocuracy
should not be made higher than is necessary for the particular measurement considered, The method

Document provid_ed_by SpaceAge Control, Inc. (http //spaceagecontrol com/)

PN SPREUNE- W W O

1



11,10
of synchronisation should be chosen in connection with the data processing methods to be used and
should be integrated in the system design at an early stage. :
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CHAPTER 12

.. ..DATA PROCESSING R
_— by ‘
J. Perrochon and J.T.M. van Doorn

12.1 INTRODUCTION

a4

The use of recording methods whick provide date in electrically retrievable form and of digital
computers for the processing of these data has had a large impact on flight testing. The number of
parameters which can be handled has increased tremendously; it would be impossible to process by
manual methods the 1000 or more parameters that are measured by some of the modern flight test data
collection systems. More complex operations can be applied to each parameter or group of parameters,
‘ ! The combination of more parameters and a more detailed analysis make it possible to provide much
i [ more information than was possible without tbe use of camputers and is the basis of many advaaced
: fligat test methods mentioned in Chapter 1.

The planning of the processing by computers requires much effort. During manual data processing

the engineer sees the results of each step and will more or less automatically detect errors that may
have crept in. Without a conscious effort he will locate blunder errors, smooth data, find out that
wrong equations have been applied because the results cannot be true, etc. When the data have been
procegsed by a ccmputer the engineer only sees the final results, from which it generally is much mdre
difficult to detect whether errors hé.ve been made on the way. Therefore, various kinds of tests and

¢ e R

rejection criteria have to be incorporated in the computer program. Because of the larger amount of .
information obtained from the data, the computer analysis must be extended further than is usually
done in a wAnual analysis in order to reduce the amount of (manual) work involved in interpretation.

g I e ST Y

Computer processing has developed into a specialized science and these specialists, unlike the engi-

neers who do the manual processing, often do not understand the specific objectives of the flight
tests. A very close co-operation with the flight test engineers is, therefore, esgsential both during
: the original setting-up of the program and when modifications or extensions are required.

r——

It is not even possible to divide the system into an airborne data collection system designed
by instrumentation engineers and a data processing system designed by data progessing specialists.
The tasks of each sub-system change as technology improves. For instance, digitizing formerly was
- a data processing operation done on the ground from analog recordings; now digitizing is usually
done in the aircraft as part of the data collection system. Airborme computers are used more and

more and they execute many of the operations which were previously done in the data processing ground
ﬁ, station.

In this book on flight test instrumentation it will not be possible to give a detailed treat~ 1
ment of all data processing methods. This last chapter will highlight those aspects of data proces- 2
sing which are of interest to the flight test and instrumentation engineers in their design work. :
i It is mainly a functional analysis of data processing. Software and hardware techniques will only 1

be discussed in so far as they are necessary for a clear understanding of the problems of the overall
design of a flight test imstrumentation system.

12.2 FUNCTIONAL ANALYSIS OF DATA PROCESSING

12.2.1 General aspects

The main functional divisions of data processing operations presented in Chapter 2 are:
- instrumentation checks and quick-look processing
- preprocessing

- computation

- data presentation.

These topics are discussed separately in the following sections. The discussion is preceded by a
review of the types of input, and followed by & section on validation and interpretation. In Section

12.3 some data processing techniques are analysed in more detail and in Section 12.4 a more detailed
discussion is given of some of the equipment used.
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12.2.2 Types of data input

- — - -A flight test data centre receives several types of information:

- data measured in the aircraft or ground-based installations

~ information fram the flight test engineer on the required amount and kind of data to be processed

- information from the instrumentation department on the configuration of the recording system and
on the calibrationa which have to be applied tp each parameter.

The recorded data can be of many types. The most meortant are:
= photo-panel data

- continuous-trace recordings

- analog magnetic tapes which may carry continuously recorded and/or sampled data, uslng one or
more modulation techniques such as AM, PDM, FM (se¢e Chapter 9)

- digital magnetic tapes with parallel or serial recordings in several .different codes
"bre-detection” recorded telemetry data (i.e. still moduluted on & carvier frequency or at
least before separation of the sub-carriers)

- data from ground-based installations such as kinetheodolites.

The recording format must be defined well before cthe start of the flight tests, so that the pre-

processing equipment can be prepared. The information required includes the code or modulation

method, the number of chaanels, possible subcommutation or supercommutation'lﬂy-outs. etc.

The information from the flight test engineer must indicate:

- which parameters have to be processed and what operations have to be done on these parameters

- which parts of the recorded data have to be processed.

The first is usually sent to the data processing centre some time before the flight, so that the
data processing personnel can make preparations to begin data processing as soon as the data
recordings arrive. As the decision on the type of flight test to be executed may depend on
considerations such as weather conditions and availability of equipment, this information cannot
be expected at a very early stage. The data processing software and the storage of other data such
as calibrations must, therefore, be designed in such a way that the programs and calibraticns
required for each type of test can be made available quickly. The decisions on which portions of
the recorded data are to be processed can only be made after the flight has been completed. It will
include conclusions drawn by the pilots and by observers who were on board during the flight or
followed the flight progress from on-line telemetered data, and often requires inputs from a quick-
look run on & preprocessing computer.

The information from the instrumentation department should include the following items:
~ the recording channel on which each psrameter can be found
~ the calibrations of each channel.
This information usually becomes available only after the aircraft has taken off, because of the
possibility of lest-minute changes during the instrumentation checkout just before the flight. In
some cases even in~-flight changes may be made in the instrumentation. The calibration data are
usually given in two stages:
~ & listing of the components used in measuring each parameter
- the calibration data for each camponent.
As a late delivery of the calibration data can have & strong influence on the turnaround time of
the data processing, a rather sophisticated administration system is required. Some aspects of this
are discussed in Section 12.2.4 and in Chapter 7.

A closely related problem is the long-term storage of data. For some types of flight tests,

such as investigations of ad-hoc problems in operational aircraft, the raw data can be destroyed

when the data processing and interpretation is finished. Only the essential processed test results

are retained in & test report. But most flight test data have to be stored for longer periods, especi-
ally those from prototype flight tests and tests with experimental aircraft. When unexpected charac-
teristics of the aireraft or its systems are found, it is usually less costly to loock for corrobo-
rative evidence in the data of previous flights than to make a series of new flights. When the non-
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12.3

steady flight test techniques mentioned in Chapter 1. are used, the availability of earlier flight

"test data is even an essential characteristic of the data analysis procedure. Many manufacturers keep
" their flight test data as long as aircraft of that type are flying, they can often be of great assis-

tance when & solution has to be found for problems that only become apparent after the aircraft are

" in operation. The data which are kept ave alvays the original flight dats.‘bacau;a they contain the

waxinum amount of inrormation.

‘ 12.g.3 Quick look and instrumentation checkzng

Theae two operat;cns must be done as qulckly as possible after the flight, berora the main
data processing is started. They have many requirements in common and are sometimes regarded as a
single operation even though they are needed by different people. The qu;ck-look data provides the
flight test engineer the information needed to determine whether the test objectives have been met
and vhet parts of the flight data are most suitable for final processing. He uses this information
to decide on the finel data processing instructions for the data from the flight which has just
ended and to plan the next flight. The instrumentation check data are used by the instrumentation
engineer to identify any failures or deterzoratlons in. the data collectlon system which muat be
repaired before the next’ flight can start.

The quick-look information can usually be obtained from the analysis of a few parameters. It can
‘be obtained on-line or off-line.

On-line quick-look information can be cbtained from:
- on-board observers who follow the time history of the essential parameters on an instrument panel

or on a continuous-trace recorder which shows the traces immediately
- telemetry of the essential parameters to the ground, where they can be displayed in real time.
If the essential parameters have to be calculated from the measured date, additional computation can
be done either by an on-board computer or on the ground before display. Essential real-time information
can also be obtained from radio reports by the pilot. ‘

Off-line quick-look information is cbtained from a preliminary postflight analysis of the

essential parameters recorded during the flight., This is relatively easy to do from continuous~-trace
recordings, which can be examined immediately or after photographic development. Quicke-louk analysis
from magnetic recordings requires more sophisticated equipment, especially for digital data (see
Seetion 12.4.2),

Quick-lock date can often also be used for checking the functioning of the instrumentation: a
failure or partial failure will become immediately apparent from the analysis. If all dats are. recorded
on continuous-trace recorders, the instrumentation check and the quick-look information can usually be
obtained simultaneously when the flight test engineer (who knows how the aircraft should have flown)
and the instrumentation engineer (who knows how the instruments should react) examine the recordings
together. For multi-parameter systems recording on magnetic tape the quick-lock analysis will usually
only provide evidence on a small number of data channels. Although this provides some very important

information (that the system has been switched on, that the tape recorder has functioned properly,

that the quick-look channels have performed properly, ete.), failures ia other chennels are still

possible. The instrumentation engineer also needs more detailed information. If & feilure has occurred,

he must know what part of the equipment has failed. This additional information is cotained from three

sources :

- preflight and postflight checks of the equipment

- gelf-test and self-calibration functions supplied by test equipment incorporated in the data
collection systenm

- an (computer) analysis of the data.

The first two sources are discussed in more detail in Chapter 8. If computer processing is necessary,

it is usually incorporated in the preprocessing phase.

12.2.4 Preprocessing

The divigion of date processing, or at least of autamatic data processing, into two parts, namely,
preprocessing and coumputation is generally sccepted. There is, however, less agreement on the
division of the different processes between these two parts. This is mainly because the diviaicn
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is usually made from the hardware point of view. The data collection subsystem of an automat. flight
test instrumentation system usually provides the dats dn magretic tipe in analog form or in a digital
format which cannot be fed dirietly into a general purpcse digital cawputer (see Chapter 8). ‘he data
processing equipment then usually consists of two parts: the preprocessing equipment which‘bps as its
main function the conversion from analog to digital and the conversion of digital data to the standard
computer format, and a general purpose digital computer. Thé division of the different data proces~
sing tasks between these two systems depends on many considerations such as speed and memory capacity
of each of the two systems and availability of the general purpose digital camputer. These can differ
considerably for different installations. In thir chdpter the division is made from a more functional
point_of view: "preprocessing" will include all processing operations which are applied to

each recorded channel individuslily in the same sequence as the informstion was recorded; “computation"
will be used for operations vhich invelve the combination of information from more than cme channel
and for operations on one chann=l which do not folluw the originhl time sequence (such as frequency
analysis and statistical operations). This division, which in general conforms with the functions of
the preprocessing and computation hardware systems (though, as said before, notable exceptions occur)
has one other convenient aspect. The preprocvessing functions either require direct inputs from the -
instrumentation engineers (as the application of calibrations) or are related to their work in the
design of the data collection system (as channel selection and filtering). The camputation functions
have no dire¢t relation to the data collection system; they are mathematical operations applied in
order to accelerate and simplify the interpretation of the test results.

In non-automatic data processing the processing functions are roughly similar to those in auto~
matic processing, though differences occur due tu the fact that the operations are performed by human
operators. The computation operations in non-automatic processes are usually small or even non-
existent. Sometimes transitions between non-automstic and automatic processing occur in the pre-
processing phase. For instance, continuous-trace recocdings can be manually converted to discrete
digital readings and then further processed in the automatic systems.

The discussion on prepirocessing and computation will be mainly concerned with automatic processing,
but occasional remarks will be made about aspects of non-automatic processing.

The main preprocessing functions are:
- copying of the original date recordings
- selection of the parts that must te processed
- selection of the channels that must be processed
- analog-to-digital conversion
- elimination of blunder errors
- filtering and smoothing
- reduction of the number of data points in each channel
- application of calibrations
~ time correlation between channels
- production of computer-compatible tapes.
These functions will be briefly charsctérized below, in Section 12.3 a few of these functions will be
discussed in some more detail., It must be siressed here that these functions are not always executed
in the sequence given above and that, &s stated before, they are not always executed by the pre-
processing equipment. Filtering and smoothing,and the application of celibrations, for instance,
are often part of the processing in a general purpose computer. But as they functionally belong to

the preprocessing a&s defined above, they will be mentioned here.

The first preprocessing operation usually is the copying of the original data recordings. It is

extremely importunt to easure that the valuable information can under no circumstances be destroyed
or lost. Magnetic tapes are often copied immediately after they enter the data processing centre and
the original tapes are stored in archives (see also Section 12.2.2). All further operstions are
then done with the copy. For continuous-trace recordings the parts which are to be further processed
are often copied; then the original recordings cannot be damaged and will be available later.

It is usually not necessary to process all the data that have been recorded. An important part
of the preprocessing is, therefore, the selection of the parts that must be processed. This selection
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12‘5

can te made during the quick-lock processing mentioned in Section 12.2.3. For both purposes it is

necessary to examine a few channels ca which the main parameters for the test have been recorded.
"As often more channels have been recorded than are of interest for a particular test, the next step

is to select the channels which must be processed. A careful execution of these two operaticns can

significantly reduce the quantity of data which must be processed and thercby reduce the time and
the cost involved in the data processing.

Analog recordings will either be processed by analog computation methods (see Section 12.2.5)
or will be converted to digital form. For the analog-to-digital conversion of analog recordings on
magnetic tape most camputers have standard peripheral equipment, which usually will require a special
interface unit for democdulation of the signal. Analog recordings from continuocus~trace recorders,
photo-panel recorders and kinetheodolites cannot be Jdigitized by automatic methods. Therc is, however,

semi-sutomatic equipment which can cousiderably speed up the digitizing of such recordings (see
Section i2.4.1). :

The operations which now follow must be applied to each channel individually. They are intended
to convert the data into such a torm tnat they can be more easily processed. The first step must be

to remove the tlunder errors. If these are left in, serious difficulties in the final interpretation
can occur, especially since the influence of these errors is obscured in the final results. Several
types of blunders can occur. Some can be due to bad cantacts in the data collection system, others
can be errors of one bit in a digital word due to s bad spot or the tepe. They can be detected by
putting limits on the jumps that can be allowed to occur between successive measurements of the same
parameter. This process is often combined with smoothing, i.e. the elimination of randam errors in the
individual measurements. Computer smoothing is often dome by determining the best polynomial through
& number of data points by least-square methods. It is very important that the blunder errors are
removed before the actual smoothing process is executed; a single outlying blunder error can cause
large errors in the final smoothed curve. Though moust filtering is done in the data collection system,
at least in sampled systems, it may be necessary to do some additional filtering in the ground station.
Filtering also plays an important part in the interpolation and reconstruction of sampled data (see
Chapter 6). In some cases channels have been sampled much more than is actually necessary for final
processing. For those channels & reduction of the sampling rate can be made to reduce the work to be
done. This reduction of the sampling rate should alvays‘be done after all smoothing and filtering

operations have been finished. A orief discussion of smoothing and filtering is given in Section
12.3.2.

The most important operation on each individusl channel is the application of the calibrations,
which converts the &sata to engineering units. A general discussion of calibration is given in Chapter

T, detuils of the methods of applying the calibrations during data processing are given in Section
12.3.1.

If the time difference between events in different parameters must be exactly known, time corre-
laticn may be necessary. The relative timing of the value in two channels may be shifted in the
recordings because:

- different lags or phase shifts occurred in the measuring channels of the two parameters

- the two parameters vere sampled at different times

- the two channels were recorded in different recorders, these may then have had different time bases.
The methods used for esteblishing time correlation are discussed in Section 12.3.3.

ihe final operation in preprocessing usually is the gonversion to & computer-compatible tape
vhich can be resd by a general purpose computer. As the data at this stage usually are already

digitized, a digital format conversion is usually required which can include one or more of the
following operations:

- conversion from serial to parallel
- change of the number of tracks of a parallel recording
~ digzital code conversion

- arranging the data in standard-length blocks, separated by inter-record gaps.
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As already stated, the preprocessing functions mentioned above do not always coincide with the
actual operetinons done in a preprocessing equipment: in many data processing stations some of the
preprocessing functions (such as digital filtering, application of calibrations) are done in the
general purpose coxrputer, but it is also possible that some of the simpler computation functions
(such as the calculation of Mach number from static and total pressure) are done in a preprocessing
camputer. The conversion to computer-compatible tape, though functionally the last step in pre-
processing, is sometimes done at the very beginuing to facilitate the other operations that have to
be performed by the preprocessing computer. The hardware considerations of the preprocessing station
are discussed in some more detail in Section 12.4.3.

12.2.5 Computation

The computation functions in data processing are aimed at transforming the corrected time histories
supplied by the preprocessing into quantities which are more readily adapted to interpretation. They
may involve very simple operations such as the determination of a minimum value of a certain parameter
or very complicated operalions such as the determination of stability derivatives from simultaneous
partial differential equations, or the statistical analysis or frequency analysis of a number of
parameters. Often computation is not necessary at all: if all required information can be read

directly from the time history, date processing does not go beyond the preprocessing stage.

Computation can be done by hand, by analog computing devices or digital computers. Computation
by hand is still the most universal method because the computation can be adapted to the interpret-
ation which goes on simultaneously. Such things as the determination of the maximum value of a noise
signal, or the analysis of a pulse waveform in an electronic device, are very easily done manually.
Automatic methods are used only if the quantity of data is very large, or if too much calculation is
involved. Automatic computation can be done by analog or digital computers. Analog computers are
very useful in on~line computation processing because they cften are faster than their digital
counterparts. They also have advantages in some computations involving models, and in some fields
of computution such as frequency analysis. Most of the automatic computing is, however, done on
digital computers. These are especially suited for performing large numbers of relatively simple
computations (which often occur in flight test snalysis), especially if high accuracy is required.
Digital computers are often easier to program and they can have large memories in which data or
edministrative information can be stored. As the speed of digital computers increases, they take

over many of the fields which were previously reserved for analug computation, especially in the
field of frequency analysis and camputations involving models. For some tasks hybrid computation

systems, involving both analog and digital computers connected by analog-to-digital and digital-
to-analog converters, are used.

The computation stage requires a very careful planning. A camputer can very easily produce a
large mass of numbers, which will require enormous manual labour when they have to be interpreted.
The planning should be done in three stages:

- the computations should be carefully prepared to ensure that indeed the objectives of the flight
tests can be derived from the results

~ the Qquantities which must be presented for interpretation and their form of presentation should
be selected. Too much information will hamper the interpretation; overlooking, however,& single
parameter may result in a costly rerun of the ccuputer

- the method by which the quantities will be calculated should then be chosen in accordance with the
characteristics and the capacity of the available computer. If this method and the corvesponding
computer programs have not been carefully planned, the required memory space and calculation time
can become too large.

The planning should be done at a very early stage, as it may cause additional requirements for the

parameters to be measured and for the preprocessing work to be done before the data are entered into

the processing computer. Ample time must be allowed for the actual programming and for the testing

of the programs. If possible the programs should be tested using suitable simulated inputs. During

the sctual programming & close contact between the programmer and the flight test engineer should be
maintained.
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12.7

12.2.6 Presentation

The presentation of the results of the computations can be in tables or on graphs. Tables are
the easiest format fur the computer engineer. They can be produced by standard peripheral units.
Autcmatic typewriters can be used if the output rate is low. With line printers much higher output
speeds can be obtained: for example 1000 lines per minute, each line consisting of 130 figures. An
additional advantage of tables is, that the full accuracy of the results can be retained. From the
P point of view of the engineer who has to do the interpretation, graphs are often easier to use.

The automatic ploti'.ers which are normally used with digital computers are much slower than the line
'F printers, and require careful planning of the scale values if sulficient accuracy is to be retained.
b

Electrostatic mosaic printer/plotters, which are coming into genersl use now, are much faster. They
require digital inputs and can be accurate to 0.1 % or better, and can also print characters. An
interesting method of presentation is provided by interactive computer graphic display systems.

The observer can operate the computer; the results of these operations are immediately displayed.
The computer results can thus be modified before the final graph or table is produced.

The lay-out of the tables and figures should be programmed in such a way that they can be
directly published in test reports.

12.2,7 Velidation and interpretation

The task of the data processing department is not completed when the computer has produced an
impressive amount of tables and/or graphs. Before delivering these to the flight test engineers, the
data processing department should check all output data for errors and should determine whether
the requested accuracy has been achieved. This process of validation of the applied computer operations
is, however, often neglected. If this occurs, then this work has to be done by the flight test engineers
who are often less well prepared for understanding what could have gone wrong in computer processing.

: The interpretation cen, in fact, be considered to be a continuation of the validation. The

: flight test engineer usually knows (from thecretical or simulation studies) what to expect from the
test. Ideally, the test results will validate the theoretical models which were used. If the results
differ from the predictions, either the physical phenomenon investigated was different from what it
was thought to be, or there has been some error in the measurements or in the data processing. Then
the theoretical background of the predictions should be reconsidered, and the test and data processing
) f procedures should be checked until the discrepancy has been found. The investigation of unexpected

' results is often more difficult if automatic data collection and processing systems have been used.
During manual processing the human operator consciously follows every step in the data processing and

will often find that something unpredicted has occured long before the final result has been calculated.
] In automatic systems the human interpreter often only sees the final results. It may b2 necegsary to

k¢

E

4 ‘ repeat the processing and to have outputs at intermediate stages before the reason for an unexpected j
r\ ' result can be found. k
- Even i1f after interpretation the operation has been Jjudged to be satisfactory, one final step g

should be taken vefore the results are published in & test report. This is what has been called

the "meditation about the true value" of the results in the analysis of the process of measurement

(Chapter 3, Section 3.2, phase 5). The flight test engineer should reconsider whether the test results
really provide a relevant answer to the problems for which the test was conducted. It is better to

point out in the conclusions of the test report any remaining uncertainties than to have them

discovered later by others. 3
3

12.3 SHORT DESCRIPTION OF A FEW PROCESSING TECHNIQUES «i
12.3.1 Application of calibrations j
The calibrations are used to convert the measured data from the units in which it was recorded i

(for instance, millimeters on a continuous~trace recording or numbers from 0 to 1023 in a ten bit )
M)

digital recording) into the engineering units in which they must be interpreted. The principles of %
calibration from the point of view of the instrumentation engineer have been described in Chapter 7. i
4

Here only the data processing aspects will be briefly summarized. .;

£
: &
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12.8

When setting up the sequence of preprocessing operations it should be kept in mind that, in gE

principle, it is necessary to apply the calibrations before smoothing operaticns are performed. If s
the calibration is very non-linear, smoothing before the application of the calibrations will not .'!.' i :
provide the best curve through the data points. This is especially true if the calibration shows
kinks, as for instance for airspeed indicators which have been linearized in airspeed by a number of y,' oo X

springs. In practice it is often more convenient to first reduce the number of points by smoothing, .'l‘ E
80 that the calibrations are applied only to the points which will be further processed. If this: oot
procedure is applied, it should first be checked whether the resulting errors can be nesle,lctegl.‘ , _ ! i

In Chapter 7 it has been mentioned that the overall calibration of a ‘nrteuuring channel is ' oo
usually determined from the individual calibrations of several camponents. The combination of these
component calibrations must be done with care and on the basis of a good understanding of the ‘ .
characteristics of each component. The number of calibration points must be carefully chosen by the . .".
calibration engineer, in relation to the required accuracy. '

When preparing the calibration data for application during data processing, individusl channels
may have special requirements due to the following reasons: 9 )
y : ) . : A
- the instrument has hysteresis : ‘ o !

- in~flight calibration points have to be taken into account

- the final calibration may depend on a variable which is measured in another chennel. Such vaviables i
may be the supply voltage, temperature or a parameter which causes crqsa—uis errors . :;

~ the parameter is measured by a coarse-fine method on two channele. o : S

These aspects will be separately discussed below. .

: In case of hysteresis the calibration will usually be made first by increasing ‘the input pura-
: meter slowly to the desired values and then decreasing it in the same way. The same values of the "‘Q
: input parameter will be used during the in- - Lo

creasing and the decreasing part of the cali- o

bration, though often not all values are taken
e during the decrsasing part (see Fig. 12.1). The {
83/’0 final calibration usually is determined by the

average of the "increasing" and "decreasing"
6 O INCREASING values of the input parameter.i'l'he points where
/g/ no decreasing values have been taken are )
o ,6 £3 DECREASING interpolated. Usually the average calibration .
,o 80 obtained is sufficiently accurate. Only ir

/6 cases where extreme accuracy has to be obtained,

MEASURING SYSTEM OUTPUT

2‘ ! ENGINEERING UNITS will it be necessary to use special calibration
: data which have been measured during &
Figure 12.1 Example of a calibration curve simulation of the expected flight conditions

showing hysteresis (see Section 7.k).

1 In some instrumentation systems in-flight calibration points are taken. Usually thesa are used

to verify whether the calibration has changed and do not affect the calibration values to be applied
during data processing. Sametires they are, however, used to adjust the zero points and/or the
sensitivity of the original calibration. If that is necessary, the coaputer program for the application
of the calibrations should be adapted to make these corrections.

rv—

or a cross~coupling parameter) the value of this other parameter must be determined before the
calibration is applied. This will usually mean that the calibration of this other parameter has to
be applied first. When the other parameter is the supply voltage or temperature, a constaut value
cen often be used for part of the flight or even for a complete flight. For effects such as cross-
coupling, the calibration must be adjusted at each point.

4
2

If the calibration depends on & value measured in another channel (supply voltage, temperature | !
1

1

i

1

!

Document provided by SpaceAge Control, Inc. (http://spaceagecontrol.com/).

. " - . TP T T T
e L Dot DS RPN = s, Vacad o i bk n il PO N S TE NS NUIUNE I SUTRF SRJPT R0 2 EUORTEC P CINTR RTSERU VR~ ik




g A

PN N IR [ T R TR 4

12.9

In some cases where the accuracy obtainable by a singie channel is not sufficient, a parameter
is recorded on two channels, a coarse and
a fine channel. (see Fig. 12.2). The coarse

channel, vhich 18 single-valued for the
1 complete range, is only used to determine
: — FINE QUTPUT vhich of the fine-channel calibration curves
{ ==*==COARSE OUPUT has to be used.
! A calibration can be stored in the

ENGINEERING UNITS computer by two methods:
- the "polynomial method"
Figure 12.2 Calibration curve of a coarse-fine - the "table method".

system

Using the polynomial method the calibration curve is approximated by a polynomial function. The
advantage of this method is, that only the coefficients of the polynomial have to be stored in the
computer memory, which requires very little memory space. The coefficients of the polynomial can
be determined in a separate computer program which calculates the polynomial of the lowest degree
which fits the calibration points within specified limits. The degree of the polynomial should not
be made too high, because there can then be anomalies between the calibration points. Usually most
calibrations can be approximated sufficiently by a third-degree polynomial, in exceptional cases up
to fifth-degree polynomials are used. If extreme non-linearities occur (as for instance in the lower
range of normal pointer-type airspeed indicators) it may be necessary to use two or more intersecting
polynomials., In any case it will be necessary to display the calibration curve, together with the
calibration points, to the calibration engineer before it is approved for datsa processing. It does

happen that the curve chosen by the computer program, though it fits the points within the required
limits, does not represent the calibration

sufficiently well in the regions between the ’/
points. In any case extrapolation should not - /
be allowed (see Fig. 12.3). g
When the table method is used, the complete g
table of calibration points is stored in the g
memory of the computer. Generally, linear inter- )
polation is used to determine the values between & = POLYNOMIAL
these points. This method requires more memory § wemes= TRUE CALIBRATION
space and the actual computation may also take
more time than with the polynomial method.
A careful check of the calibration must ENGINEERING UNITS
be made by the calibration engineer before it
is released for use in data processing. Figure 12.3 Examples of errors that can occur

by interpolation and extrapolation

Whenever possible this check should include using the polynomial method

the calibration data that are entered into

the computer as well as the form in which the application programs will use them, as discussed in
Chapter 7.

If a calibration has been made during the postflight check (which may be necessary if a
camponent has been replaced just prior to the flight), it may take too much time to have the
calibration carefully checked by a calibration engineer before it is used for data processing. If
the polynomial method is used, the time delay must simply be accepted. The advantage of the table
method is that it is very improbable that a wrong calibration will be applied if the calibration
data have been carefully checked during the actual execution of the calibration and if the trans-

cription has been checked for writing or punching errors. If at all possible, the normal check should,
however, also be made when the table method is being used.
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12,3.2 Smoothing and filtering

As already stated in Section 12.2.4,the word “smoothing" is used for reducing randam fluctuations-
in the measurements, while filtering denotes modification of the frequency spectrum. These two con-
cepts are, however, closely related and smoothing can be done by weans of a low-pass filter. The
cut-off frequency of the filter should be below the sampling rate of the signals to be smoothed,
but well above the frequencies of interest, because otherwise errors of omission (as defined in
Chapter 6) will occur in the result. Both analog and digital filters can be used. Smoothing and
filtering are especially important if the data processing involves differentiation.

The functioning of filters has been discussed in Chapters 3, 5 and 6 of this book. For sampled
data the discussiomsin Chapter 6 are of great importance. Frequencies higher than half the sampling
frequency introduce aliasing errors. These cause spuriocus signals at lover frequencies which cannot
be eliminated. The sampling frequency in the data collection system should, therefore, be chosen
with care and additional pre-sampling filters should be applied in the data collection system where
necessary. Aliasing errors can, however, also be introduced during dats processing if the data rate
from a channel is reduced before filtering is epplied.

Digital filters have, as snalog filters, an amplitude and a phase characteristic and the
filters should be chosen so that the errors of omission and the errors of commigsion defined in
Chapter 6 do not became significant. Digital filters are based on convolution, either by means of
time domain algorithmg or by means of the Fast Fourier Transform. Implementation can be done with
special-purpose hardvare or in software for general-purpose computers. The advantages of digital
processing are the flexibility and the very sccurate and drift-free operation, although quantization
effects in both signal and coefficients must be taken into account. There are also adaptive filtering
methods, in which the filter characteristics are automatically adapted to the frequency of the low-
frequency part of the signal (see References 1, 2 and 3).

12.3.3 Time correlation

Time correlation is required when the values of two parameters must be determined at the same
time or vhen relative phases of two parameters must be determined. As in each individual measuring
channel a lag or phase shift can occur, it is necessary to reconstruct the original curveform from
available data on the dynamic characteristics (see Chspter 3) before time correlation can be
established. In practice two types of time correlation can be distinguisghed:

- the gignals have been recorded by the same recorder or by different recorders with the game time
base. If the signals have been recorded copntinuously the meagurements in both channels can simply
be read at the same time. If the signals have been sampled, one of the signals has to be interpo-
lated at the time at which the otbher was sampled as described in Chapter 6.

- the signals have been recorded by different recorders which do not have the same time base. This
often occurs vhen one recorder has been used on the ground (for instance with a kinetheodolite
system) and the other hes been used for making measurements in the aircraft at the same time. In
that case a third time base will gometimes be used, which can be recorded simultaneously in both
recorders, for instance by means of a radio link or by having two sufficiently accurate clocks
recording on both recorders. This latter case is discussed in detail in Chapter 11.

Linear or higher-order interpolation can be used as described in Chapter 6. In general the
frequency of the common time base can be less if higher-order interpolation are used for obtaining
the same accuracy. The computations are, however, more time consuming.

When data from different recorders have to be synchronized, it is often difficult to find out
vwhich time base pulses on the one recording can be correlated with those on the other recording.
In the past, this has often led to severe problems. One solution is to use coded time base signals,
so that the correlation can be established by reading the code. There are, however, several other
methods for establishing the initial time correlation, such as starting the recorders at the same
time and counting the number of pulges generated by the common time base. If the normal correlation
has failed, it is often possible to restore it by finding particular events, such as conspicuocus
manotuvres of the aircraft, on both recordings and to start counting pulses from there (see Chapter 11).
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12.4 SHORT DISCUSSION OF DATA PROCESSING EQUIPNENT

12.4.1 Equipment for aralyzing photo-panel pecordings and continuous-trace recordings

!

i

' The reading of photo-panel recordings is & purely manual process. The film frames are projected
P ‘ ‘ one by one and the relevant instrument dials have to be read in a predetermined sequence. Channel

; gelection is possible, i.e., the operator only reads the instruments which are necessary for a

! pariicular analysis. The data read from the film can be collected in tables or can be punched in

|

1

¥

|

paper tape for further analysis in a computer. It is possible to read about 500 dats points per
hour.

D . it SRS o)

Many attempts have been made to automate the reading of continuous-trace recordings, but without
; much success. Semi-sutomatic equipment is now generally used which provides a desk with a film
3 [ transport mechanism, on which the film can be laid or projected. The operator can move cross hairs
: ; to the point to be measured. When the cross hairs coincide with the point, the operator pushes a
; button and the co-ordinates of the point are automatically recorded on paper or magnetic tape. These
devices make it possible to read 1000 to 2000 points per hour.

Similar devices are also used for reading photo-theodolite films (see Chapter 11).

12.4,2 Equipment for quick look and instrumentation checking

F g e

The task of this type of equipment is discussed in Section 12.2.3 and can be briefly summarized
: by saying that gemerally for quick loock & rough trace of a few channels is necessary; for
instrumentation checking it is necessary to verify whether all channels have produced outputs which
vary vithin predetermined limits and whether the calibrations have not changed. As described in
Chapter 8, a number of these instrumentation check requirements can be fulfilled by countera and
warning lights in the aircraft and by preflight and postflight checks which can be recorded on the
aame tape as the data. In same cases in-flight calibration data have also been recorded on the tape.

P T U A At et el

L 5 In general the equipment for quick look and instrumentation checking is used to extract & small
/ part of the information recorded on the tape and display it to specialists.For this purpose the raw data
are often considered to be sufficient and no calibrations, filtering or computation have to be applied.

For quick look a graphical presentation is often preferable, for iustrumentation checking tables are
usually easier to handle.

In most cases the preprocessing equipment is used for obtaining quick look and instrumentation ,
check dats. It is usually done in & preliminary run of the tape through the equipment and is often
] combined with the selection of parts of the tape that must be further processed.

Special problems occur when the flight testing and the datas processing are performed at
different locations. Then, sametimes, special traasportable equipment is used for quick look and
, instrumentation checking, often mounted in a van. The equipment will generally be built along the
9 same lines as the preprocessing equipment and will often use the same camwponents. As this is & costly
" procedure, continuous-trace recorders which only record the quick lock parameters are scmetimes

mounted in the aircraft. The cheking of the normal instrumentation must then be done by other means.

12.4.3 Preprocessing equipment for magnetic tape inputs

The equipment of a preprocessing ground station must be able to handle wagnetic tapes which may
vary in the following aspects:
Tape width and track srrangement. Tape widths from 1/8 in. and 1/4 in. (in comvercially available
cassettes) to 2 in. are in use in both airborne and ground equipment. Flight test standards have
been made by IRIG (Ref. 4) for 1/2 in. tape with 7 or 9 tracks and for 1 in. tape with 14, 16 or

31 trecks. Most tape recorders specially manufactured for airborme applications are constructed
according to these standards.

Modulation methods for analog recording. The signals are recorded on tape by direct recording,

PDM or PM. Several types of FM recording are in use (see also Chapter 9). IRIG has only tape recor-
ding standards for single-carrier FM for several combinations of carrier frequency and tape speed.
The multi-subcarrier systems standardized for telemetry are alsc used for tape recording. These
include both proportional-bandwidth and constant-bandwidth systems.

Document provided by SpaceAge Control, Inc. (http://spaceageqontrol.com/).
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Modulation methoda for digital recording. Digital tapes can be recorded in pu-a;l.}el or in series

by several modulaticn methods (e.g. MRZ or bi-phase). Parallel recordings can hasve different numbers
of bits per character. Serial recordings can have different word and frame synchronization methods. '
Tne detection of words and frames can be done either by rardware or by software. The hardware
methods are normally faster, software methods are more flexible.

Different types of telemetry tapes. These may be recorded in the telemetry ground station with a
carrier (predetection recording) or after detection (postdetection recording). In analog and digital
telemetry most of the modulation methods menticned for analog and digitel flight tapes may orcur,
though sometimes in other variations than are used for flight tapes by the same flight test centre.

Important design characteristics of the preprocessing station are:

- the degree of versatility. Will the centre have specialized preprocessing equipment for each of
the variants mentioned above, or should all types be handled by one versatile piece of equipment?
Although there is a general tendeucy tovards less speciali ;gtion in this respect, it has in some
cases been found that significant delays can occur because the preprocessing equipment is engaged
in time-consuming processing of other inputs.

- the degree of automation. In early qQuick-look and preprocessing computer systems it has been found
that the manual preparation of these systems and manual test procedures and fault detection
require considerable time. In modern systems a high degree of automation of these functions is
normally specified.

In most modern flight test data processing stations separate "preprocessing" and “computation"
computers are used. The main reason for this is, that many of the preprocessing functions (such as
copying of flight tapes, channel selection, data reduction within each channel, digital format

conversion and the production of computer compstible tapes) require relatively long computer input/
output (I/0) time but only very little computation time. As small computers with the same I/0 speed
as the large computers have become relatively inexpensive, the best cost effectiveness is obtained if
these functions are done by such small computers. The large computers, which are often used for many
purposes other than flight test data processing, are then more efficiently utilized. The division

of the preprocessing functions between the two computers depends on many considerations, such as

the availability of the large computer, the turnaround time required, etc. In some cases all pre-
processing functions mentioned in Section 12.2.4 are executed in a preprocessing computer, if
necessary in several consecutive runs. In other cases the more complex preprocessing functions,

such as filtering and the application of calibrations, are done in the large camputer.

As the flight tapes usually do not have inter-record gaps, the input tape unit to the pre-
processing computer has to run continuously. This means that the preprocessing computer functions
in an “on-line" mode even if further processing is not on line. The problems mentioned for on-line
operation in Section 12.4.4, therefore, always apply to preprocessing computers. This on-line
cperation need not, however, be done at the same speed as the data were recorded, it is possible
to read the tapes at a higher or lower speed than they were recorded.

12. 4.4 Computers

When selecting a computer system, the first choice is between an analog aud s Aigital computer.
Few, if any, data processing stations are without a digital computer at the present time. But often
there are, besides this digital computer, some analog computing devices which may be eitler standard
analog computers or spacial-purpose devices such as frequency analysers, etc. The main advantagze of
analog computers is their inherent speed. For this reason they can sametimes be used in or-line
operations for which the available digital computers are not suitable. Examples are frequency analysis
and computations with models which have non-linc:arities. As the speed and capacity of digital computers

increase, these advaentages become less and less apparent. The present trend is towards the replacement
of analog devices by digital computers.

The choice of the digital computer depends heuvily on the amount and the kind of work which must
be done and on the required turnaround time. For camputations involving a small amount of data a desk

computer or a terminal to a large general purpose computer system may be sufficient. For more demanding

agecontrol.com/).
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12.5

flight test programs a general purpose computer may be shared with others or even one or mure

computers may have to be reserved for this purpose. The main aspects to be considered in the choice

of & computer are: '

- The hardvare system. Even if a preprocessing computer is used for data reduction, the nunber'of
I/0 cperations of the computer usually is larger for data processing than for many other computer
applications. Modern computers can have separate processors for peripherals such as tape-units,
discs, drums, card readers, printers, etc., which can operate simultaneously with the central
processing wnit.

- The memory cycle time. This gives a general indication of the speed of the computer.

- Multi-programming. Because of the large number of relatively slow I/0 operations required in flight
test data processing, the central processor of the computer is rather inefficiently utilized. This
can be improved if the computer has multiprogremming capability. In such camputers several prograus
are stored in the memory and the computer will start working on the program with the highest
priority until an input or output has to be donme for that program. Then the computer will switch
to the program with second priority while a separate controller takes care of the imput or output
for the first program. When this has finished, the computer will switch back to the first prograa
vhile an I/0 contioller takes care of the input and output for the second program, etc. If the
number of simultaneous programs is small, this can considerably improve the efficiency of the
computer. If the number of simultaneous programs becomes too large, excessive memory capacity and
too long a turnaround time for the low-priority programs will defeat the purpose.

- On-line processing. Until recently, this technique was mainly used for a small number of chaanels
which were watched continucusly during flight on oscilloscope displays, often only during daugerous
flight tests, such as flutter tests. In the most recent flight test systems (Ref. 4 and 5 of Chapter
1) on-line processing is used to a larger extent. The main problem from the point of view of
computer technique is, that the processing must on the average be as fast as the input data come
in. This gives additional requirements on the programming of the data processing, and in some
cases it may be necessary to do the programming in computer langusge because this will decrease
the program execution time.

~ The operating system. This is the total of all software programs which executes and monitors the
computer operations. It includ.s programs for management and arrangement of data streams, the
drivers for the various peripherals, programs for protection, testing and intervention. It performs
8ll functions that a programmer will use in his application program.

- Compilers. Different programming languages can be used for programs such as an-line programs,
programs with much I/0, programs for certain complicated numerical calculations, etc. The compilers
for these languages are not available for all types of computers.

- Compatibility. There are several compatibility problems which can influence the choice of a com-
puter system. In the first place it has been noted that a "eomputer compatible" tape produced
by one computer (for instance a preprocessing computer) often cannot be read by other camputers
because of “he extremely narrow tolerances in tape readers. Also, there may be differences in
compilers, even if they have been made nominally for the same computer language. This may require
extensive and often difficult rewriting of already existing aud proven programs.

- Access to the computer system. If the same computer is also used for other applications, the
priority assigned to the flight test processing programs may heavily influence the turnaround time.

- Possibility of human intervention. Though masny imperfections in the test data can be foreseen and
programs to solve them can be made, it still happens that human decisions have to be taken during
the execution of the program. For this purpose the computer should be equipped with displeys so
that these decisions can be made without too much delay.

CONCLUDING REMARKS

[P S ST A Y PR S DRI NS

Only the basic principles of the cperation and design of a data processing station for flight
testing could be reviewed. The main emphasis has been on medium-sized and large stations with s
relatively large amount of autocmation, though many of the principles also apply to small-scale tests.
A successful operation can only be realized when the planning of the data processing is started at
a very early stage and when there is a very good co-operation between the flight test engineer, the
instrumentation engineer and the computer specialist.
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accessibility of the inatrumentation
equipment 2.8 - 8.12
accuracy 1.3 - 2.7 = 3.5 - 3.7 - 8.16
active bridge element 5.9
active filter 5.8
active transducer 4.6
adaptive filtering method 12.10

aliasing (error) 5.3 - 5.6 - 6.1 = 6.2 = 10.4

alignment of gaps 9.9

AM demodulator 5.11

amplification 5.2 - 5.3

amplifier noise 5.2

amplitude characteristics 3.8 - 9.6

amplitude error 6.5

amplitude modulation 5.9 - 10.3

amplitude response 3.8 - 6.4

analog camputer 12.6 - 12.12

analog data~collection system 8.5

analog-to-digital conversion 5.3 - 5.13 -
5.14 - 12,5

analog filter interpoclation 6.6

analog (magnetic) tape recorder 8.5 - 9.1

anguler acceleration U.3

engular vibration 4.3
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anti-vibration mount 4.3
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asynchronous sampling process 6.1
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automatic tracking 10.9

sutomatic test equipment (ATE) 8.11
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binomisl filter 6.3 - 6.4
bit (packing) demsity 8.5 - 9.9
biphase code 9.10
blunder error 12.5
bonded-foil thermocouple 4.6
bonded-wire strain gage 4.7
break frequency 6.4
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critical damping 3.8 ‘ ‘electro-sensitive paper 9.4
‘cross-axis sensitivity by , o electrostatic mossic printer 12.7
‘cross talk 8.8 ~ 8.16 L ‘ 2 electrostatic recorder 9.4
current amplifier 5.3 ) , environmental calibration T.2 - 7.7
cut-off frequency 5.7 ~ 6.k ) } environmental conditions 3.6 - 8.15
‘ . enviroumental parameters 3.4 - .1
D eavironmental qualification 2.7
damping (-coefficient) 3.7 - 3.8 error of commission 6.1 - 6.2
data analysis 1.3 V error distribution 3.3
data bank 1.8 error of omission 6.1 -« 6.3
. data break point 6.7 event marker 9.4
data collection (sub) system 2.3 - 12.4 events per unit time (EPUT) 5.13
data.‘\cénpression 6.1 - 8.6 . experimental aircraft 1.7
data input 12.2
data processing centre 12.2 F
date processing (sub) system 2.4 - 2.5 fading 10.1 = 10.8
DC amplifier 5.3 feedback transducer u.13
dead band error 3.6 : filter 5.7
decommutation 5.12 filtering 5.2 - 5.6 = 12.10
demodulation 5.2 - 5.9 ~ 5.11 finesse 3.5 - 3.10 =~ 4.1 « 7.4
demultiplexer 10.1 first-order data 6.10
deskewing 9.9 first-order filter 6.5
Desynn 4.7 first-order instrument 3.7
development trial 1.5 flight testing 1.1
differential amplifier 5.4 ‘ flight test instrumentation 1.1
differential synchro L.11 flip-flop circuit 5,12
digital code 9.9 . A flexibility 2.8
digital computer 12.6 - 12.12 floating single-ended amplifier 5.4
digital interpolation 6.6 flutter 9.6
digital (magnetic) tape recorder 9.1 FM/FM telemetry system 10.6
digital-to-analog conversion 5.12 FM recording 9.8
digital traspsducer 4.12 foil strain gage 4.7
direct recording 8.4 - 9.6 foldover error 6.7
direct sensor 9.4 foldover frequeacy 6.2
discrimipation 5.12 force-balance transducer L.13
distance measuring equipment 11.2 Fourier analysis 3.9
diversity reception 10.9 fourth-order data 6.11
double-sideband 10.3 . frame synchronization 9.10
drift 5.6 frequency 5.2
darift error 3.6 frequency band 10.7
dropout 9.10 - 10.1 frequency diversity 10.9
DSB/FM telemetry system 10.6 frequency division multiplexing 8.7 - 9.6 = 10.5
dynamic accuracy 3.5 - 3.7 frequency generating transducer 4.11 - L,12
dynamic calibration 7.2 - 7.6 frequency meter 9.4
dynamic linearity 3.7 - 7.6 frequency modulation 5.2 = 5.9 = 5.12 = §.6 =
dynamic skew 9.9 10.4
frequency response 4.3
E frequency standard 11.6
electrical filter 4.3 fuel-level transducer 4.9
electrical noige 8.12 functionai testing 8.16
electrical power 8.1k fuselage-mounted camera 8.3

electrochemically sensitive paper 9.4
electronic commutator 8.8 G

electronic interferometer 11.2 gain of transmitting anteans 10.8
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Gaugs filter 5.7 - 6.3 - 6.4
glagufibre cables 5.11
“grounding 8.13

ground loop 5.4 - 5.6
ground recording 10.9

group delay 3.10 - 7.6

H
head assembly 9.5
head contfiguration 9.7
head stack 9.5
heater blapket 4.2
heat-sink 4.2
helical antenna 10.9
higher-order digital interpolation 6.6
higher-order filter 6.5
high-pass filter 5.7
hybrid computer 12.6
hysteresis 7.5 - 12.8
hysteresis error 3.2 - 3.6

I
impedance 5.2
indicated value 3.1
inductive transducer 5.9
infra red tracker 11.2
in-flight calibration 12.8
input characteristic UL.1
instrumentation checking 12.3 - 12.11
instrumentation design phase 2.1
instrumentation development phase 2.1
instrumentation test phase 2.1
integral heater L.2
interection 8.17
interference 8.13
intermediate band 9.8
International Standards System 7.3
interpolation error 3.6 - 6.2 « 6.5 - 6.6 - 6.9
interpolation filter 6.7 - 6.8
interpolation of data 6.5
interpretation of test results 12.7
inter-record gap 8.5 - 12.12
inverting amplifier 5.6
IRIG specifications 9.5 = 9.7 - 10.7 ~ 10.11
iron-constantan thermocouple 4.6

K
kinetheodolite 2.4 - 11.2

L
laser ranging equipment 11.2
Light Emitting Diode (LED) 5.11
limited calibration 7.2
linearity 3.4
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linearly polarized antenna 10.9
linear interpolation 6.6

linear operation 5.2

linear phase filter 5.7

linear scale sncoder U4.12
linear varisble differential transformer 4.10
line of sight 8.4 - 10.8

line printer 12.7 ,

long terts stability 3.6

low bvand 9.8

low-pass filter 4.3 - 5.7 - 6.6
lumped-parameter filter 6.3

M
megnetic tape 9.5
magnetoelectric transducer 4.6 - 4,11
'maintenance of flight test instrumentation

2.8 - 8.10 '

measured value 3.1
measurement T.1
measurements list 2.3 - 8.1
weasuring range 3.4 - b.1
mechanical filter L.3
nemory cycle time 12,13
metal tape 9.5
modulation 5.9 = 10.2 = 10.6
modulation factor 10.3
modulation index 10.4
modulation method 12.12
monopulse tracking 10.9
moving-coil galvanometer 9.l
moving-magnet galvanometer 9.4
multi-mirror transducer 9.4
multipath propagation 10.8
multiplexer 10.1
multiplexing 8.7 - 10.2 - 10.4
multi programming 12,13

N
natural frequency 3.7
negative feedback 4,13
non-return to zero chaage 10.5
non-gteady test 1.6
normal mode 5.4
notch filter 6,12
Nyquist diagram 3.8
Nyquist frequency 1.3
Nyquist sampling theorem 6.1
NRZ code 9.10

0
off-line quick look 12.3
on~board recording 8.3
on-line data processing 8.2 - 10.12 - 12,13
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on~-line quick lock 12.3 primary standard 7.1
on-off marker 9.k probability distrivution 3.2
operational amplifier 5.5 ' pulse amplitude modulation 10.4
opto-electronic technology 5.11 ‘pulse code modulation 5.9 - 5.11 = 10.4
| output charccteristic 4.3 pulse duration moduiation 5.9 - 5.10 - 9.6 - 10.k
i overall calibration 7.8 pulse excitation T.6
pulse gemerating transducer &4.(1
) P pulse modulation 10.3
PAM/FM telemetry system 10.6 pulse phase modulation 10.k4
parallax error 3.6 pulse position modulation 10.4
i parallel digital signel 5.13 pulse repetition rate signal 5.13
; parallel recording 9.9 ' pulse stretching 6,6 - 6.9
parameter list 1.7 .
‘ parity bit 9.10 Q
passband 6.2 quantizatior e:ror 3.3
passive vridge element 5.9 quarz oscillate. 11.6
E:" passive filter 5.8 quasi-gtatic measurement 3.5
2 passive transducer 4.7 quick look 2.6 -~ 8.5 - 10.9 - 12.3 - 12.11
E PCM/FM telemetry system 10.6 quick-look analysis 1.2 - 6.5
) pen recorder 9.2 - 9.4
f perfurmance monitoring 8.10 R
‘ period 5.1k : radiation 8.12
;{ periodic sampling process 6.1 radio frequency link 10.7
¥ peripheral units 12.7 ramp generator method 5.14%
E phase angle 5.2 ramp input response 3.8
o phase characteristic 3.8 ratiometer 9.l |
A phase distortion 3.10 "read after write" method 8.11 3
phase modulation 10.4 . reading error 3.6 1
E phase response 6.4 . . receiving antenna 10.8 ﬁ
phase sensitive demodulater 5.11 reciprocating tape transport 9.10 !
! phase shift 3.8 -~ 5.2 recovery time 3.4
f thoto detector 5.11 redundancy reduction 6.1
- l photoelectric sensor 4.6 - %.12 reed relay 5.13 1
; photograph.c recorder 9.3 - 9.4 relay switch 5.13 ;
‘? '. photo panel recorder 8.5 -~ 9.1 - 12.11 reliability 2.7 1
‘ I photoresistive sensor .12 remcte multiplexing 8.10 i
,_: E phototheodolite 11.2 ' resistance thermometer 4.8 3
i piezoelectric transducer 4.6 - 5.¢ resolver bL.11 i
[ ; piezoelectric effect 4.8 resclution 3.5 - 3.6 1
g polarization diversity 10.9 response 3.7 3
1 polynomiel method of calibrotion 12.9 roll-off 6.4 .
: postdetection recording 10.10 - 12.12 rosette-type strain gage U.8
postflight check 7.8 - 8.17 - 12.3 ~ 12.9 - 12.11 rough reading 3.1 1
potentiometer 4.7 3
power amplifier 5.3 s ]
power ground 8.13 . sampling duration 6.2 3
precondicioning 8.9 sempling frequency 6.2 - 6.5 ]
predetection recording 9.8 - 10.10 - 12.12 second-order dats 6.10 ‘
preflight check 7.8 - 8.11 - 8.17 - 12.3 - 12.11 second-orier filter 6.5 z‘
preprocessing 12.3 second-order system 3.7 1
preprocessing mputer 12.12 self calibration 12.3 i
preprocessing phase 2.5 self-clocking code 9.10 i
presampling filter 6.1 - 6.3 = 6.5 - 6.12 self-generating transducer 4.6 i
presentation of computer results 12.7 self-heating effect 4.8
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self test 12.3

semiconductor strain gage 4.8
semi-digital transducer L.11
sensitivity 3.4

serial digita) signal 5.13
serial recording 9.9

servo compensating bridge 5.9
servoe transducer k.13

shaft (-position) encoder 4.12 - 5.15
shear type piezoelectric transducer 4.6
shielding 8.12 - 8.1%

shock 4.2

short term stability 3.6

shuttle tape tramsport 9.10

side band 10.3

signal conditioning 5.1 - 8.8
signal conversion 5.2 - 5.9
signal ground 8.13

signal tra.sformation 5.2

sing e-carrier FM recording 9.8
single-ended amplifier 5.4
single-sideband 10.3

sinusoidal excitation 7.6
sinusoidal response 3.8

skew 9.9

smoothing 12.5 - 12.10

source encoding 6.1

space diversity 10.9

SSB/FM telemetry system 10.6
stability check 8.16

stagnation temperature probe L.8
standard T.1 - 7.3

standard deviation 3.3

static accuracy 3.6

static calibration 3.1 ~ 7.2 - 7.3
static linearity 3.5

static skew 9.9

step input response 3.7

step interpolation 6.6

storage of data 12.2

strain gage 4.7

subcarrier 9.8 - 10.2
subcommutation 8.8 - 10.5
subordinate standard 7.1
successive approximations method 5.14
supercommutation 8.4 - 8.8 - 10.5
synchro L4.10 - 5.2 - 5.11

synchro control transformer 4.11
synchro control transmitter 4.11
synchronizaetion character 9.10
synchronization of measuring systems 11.7
synchrotel b.11

synchro-to-phase converter 5.11

synchro torque receiver 4,10
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synchro torque transmitter U4.10
synchro with fixed coils 4.11
- system integration 8.11 - 8.16

T
take-off camera 11.5
take-off and landing measurements 11.5
tape drive mechanism 9.5
tape format 9.9 = 9.10
tape identification 9.10
tape recorder 9.5
tape speed 9.6
tape width 9.7 - 12.11
Tchebycheff filter 5.7
telecommand link 10.1
temperature compensation 4.2
temperature-controlled compartment L.2
temperature gradient UL.2
temperature transient 4.2
test 1.1
thermistor 4.8
thermoelectric transducer 4.6
third-order data 6.11
time base 11.8 - 12,5 - 12.10
time comstant 3.7
time correlation 8.6 - 12.5 - 12,10
time~division multiplexing 8.7 - 9.6 - 10.5
time format 11.6
time standard 11.6
traceability 7.3
track arrangement 12.11
tracking 10.9
tracking radar 11.3
trajectory measuring system 11.1
transducer alignment error 4.2
transducer location error L.2
transducer with digital output k.4
transducer with pulse output L.4
transfer characteristic U.2
transfer function 3.9
trensmission channel 10.2
transmission antenna 1.8
true differential amplit.er 5.4
turnstile antenna 0.9
tuisting 8.12 - 8,14

u
ultra-violet recorder 9.3
unbonded wire strain gage 4.8
uncertificated aireraft 1.1 -« 1.5

unique pattern 9.10

v

validation of computer operations 12.7
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Index 6

s

variable capacitance transducer 4.9
variable differential transformer 4.10
variable impedance transducer 5.10
variable inductance transducer 4.9
variable resistance transducer 4.7
vibrating-wire transducer 4.12
vibration 4.2

vibration isolation mount 4.3
visual curve fitting 6.5

voltage amplifier 5.3
voltage-controlled oscillator 5.10

W
vavelength 10.8

wave propagation 10.8
Wheatstone bridge 5.8
wideband 9.8

Wiener optimum slope 6.10
wool tuft pattern 8.3
word 9.9

word synchronization 9.10
wow 9.6

Z
zero error 3.6
zero offset 5.6
zero shifting 5.2 - 5.8
zero suppression 5.8
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