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Abstract

An instrumentetion packege that makes use of
an inertisl navigation platform to obtain sero-
dynamic and performance flight test data has been
developed. This package is being used quite sue-
cesefully to obtain timely and aceurate data
during the General Dynamics YF-16 flight test
program, This paper discusses the theoretical
basis and practical espects of using thiz instru-
mentation inertial reference set (IIRS) along
with selected resulte obtained to date, Specific
toples addressed include use of the IIRS to ob-
tain flight path scceleration, «, 8, normal load
fector, rate of climb, airspeed, teke-off and
landing velocities and distances, position error
ealibration through the Mach jump region, and
wind information. This system has proved to be
invaluable on the YP-16 program and has demonstra-
ted many benefits over previously used perform-
ance instrumentation.

I, Introduction

In aircraft performance flight testing, the
engineer is always constrained in his selection
of the onboard instrumentation systems by the
need to get the mmddmum informetion in & mindmm
of £flight time while insuring that the data de-.
rived is accurate enough for his needs, All of
this must be done within the framework of allow-
sble instrumentation, maintenance, and data re-
duction costs. In most cases, these constraints
result in an instrumentation system teilored %o
the particular asircraft or type of testing being
done. The system usually does not quite do the
desired tesk, yet costs more than wha! mansgement
or the custorer would like,

The adaption of an inertial navigation plat-
form to the task of gathering flight test inform-
ation has been discussed for meny years but has
not, with limited exceptions, been implemented
due to & combination of factors, These include:
high initial cost, marginal long-term acoutacy
in unaided modes of cperation, questionable day-
to~day reliability in & flight test enviroment,
and the fact that other instrumentation, such as
the flight path accelerometer, could yield most of
the desired information with acceptable accuracy
for most aireraft for a much lower total cost.

A combinalion of recent developments has ‘made
the inertial platform more attractive for flight
test use, First, the cost/accuracy ratio of these
systems has begun to decrease dramatically with
the introduction of new high accuracy platforms.
Secondly, over the same period of time, the pean
time between failures of some of these systems has
possed the thousand hour mark, Finally, flight
testing of the new generation of high performance
air-to-air conbot airerafi is making demands that
the instrumentation system yield more information
than was required in the past, In addition, it
must be able to accurately determine performance
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data over & large Mach, altitude, and load factor
envelope under highly dynamic conditions, These
dete will be vitally important in determining the
performance of the aireraft in the air<to-air role,

This paper mekes some comments on the theoreti-
cal and practical aspects of using inertial navi-
gation platforms as instrumentation inertial ref-
erence sets (ITRS) for performance flight testing,
with emphasis on their use in the General Dymamics
YF-16 Lightweight Fighter Prototype flight test
program,

IT, IIRS Advantages

The IIRS has several basic advantages over
other types of flight test instrumentation used
for performence work, Most of these advantages are
of particular interest when it is necessary to ob~
tain accurate dats during highly dynaole maneuvers
or when the aircraft is following an arbitrary
flight path. {

The IIRS is a self-contained system which sup-
plies all data needed to define the motion of an
aircraft in three-dimensioral space. Therefore, it
serves as & unified data source:for the majority
of information nceded to define the performance

“capabilities of an sircraft, This feature of the

JIRS can greatly reduce time correlation problems
that develop when four or five separate instru-
ments are Yequired to determine aircraft orienta-~
tion, angular rates, accelerations, and velocities.
In addition, the IIRS is not subject to inertial,
aercdynamic, or pneumatic lags and is insensitive
to moderate and high frequency vibration, Since the
unit is mounted internally in the aircraft and is
in a temperature~controlled enviromment, it is not
subjected to weather, rough hardling, temperature
variations, ete,

A modified Delco Carousel V inertial platform
was chosen for use as the YF-16 IIRS. This unit
has a demonstrated mean time between failures of
over & thousand hours, an average navigation accur-
acy of less than one nautical mile per hour, and an
extensive self-test/fanlt isclation capability, A1l
these features have contributed greatly to the
over-all success of the YF-16 test program and the
demonstrated ability to run two or three data
flights per day on each of two aircraft on & rou-
tine basis, -

IIT, IIRS Mechanization

The following discussion gives an outline of how
the Delco platform is mechanized, Other navigation
units will differ in specific characteristics but
the genersl methed of operation of all gixmbaled
navigation platforms is the same,

The IIRS accurately measures accelerations, vel-
ocities, and orientation angles repardless of amir-
frame orientation or anpgular rates. These accelera-
tions and velocities are measured along three



orthogonnl axes and are output in a serial-digital
format to the instrumentation recorder five times
per second throughout the flight.

The IIRS establishes and mainteins its platform
orthogonal reference axes elong true North, East,
ard down, This 1s the reference system in which it
measures accelerations. The platform is supported
by a four-gimbal, all-attitude structure which
keeps 1t oriented in the North, East, and down
frame regerdless of alrcraft orientetlion, Pick-
off's on the gimbals glve the engular position of
the aircraft with respect to the reference axes,
Gyroscopes (gyros) ere mounted on the platform and
instantaneously sense anguolar motion of the aire
frame., The gyro sensing signals are used to drive
motors in the gimbal structure to keep the plat-
forn level.

As the sircraft travels over the Earth, the
ITRS computer must meke corrections to the plat-
form to keep it level with the local plumb-bob
vertical end to correct cut sensed accelerations
due to the centrifugal forces developed as the
aircraft follows the curve of the Bsxrth. The cor-
rected accelerations along each axis are integrate
ed to obtain inertial velocitlies in the iforth,
East, and down directions, These velocities are
then integrated to obtain distances traveled along
each reference axis, The basic navigetion parame-
ters of latitude and longitude are computed by
taking the starting location of the aircraft and
adding the distances traveled over the Farth to
it. A schematic representation of the IIRS is
shown in Figure 1.
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Flgure 1. Schematic of IIRS Platform

It is evident that the accelerometers used in
an acceptoble platform must be very accurate to
maintain good velocity and position inforrmation
over several hours of flight time without recourse
to outside references or updates, This requirement
for accuracy Insures that good acceleration data
will be cbtained for performance work.

The YF-~16 IIRS accepts true airspeed and pres-
sure altitude inputs from the aircraft Central Alr
Data Computer (CADC). The CADC data are derived
from nose probe static and total pressure sources,
The IIRS North and East Barth-referenced velocit-
ies are vectorially added and the result is sub-
tracted from the true airspeed vector to compute
horizontal wind speed and direction with respect
to true North. These parameters, as well as true
airspeed, are output from the IIRS along with the

inertial accelerations, veloeltles, angles, ete,

The CADC pressure altitude is used in the IIRS
to demp the IIRS Earth-referenced vertical velo-
city and altitude on a long-term basis. This demp-
ing is necessery due to local variations in the
Esrth's gravitational field but it has essentially
no effect on sensed vertical acceleration nor does
it affect the validity of sensed short term rates
of climb during most types of testing.

The YF-16 IIRS has an extensive self-check sys-
tem which monitors the platform instruments and
the performance of the computer. These checks are
performed many times a second and the results are
formed into a status word which is output along
with the other IIRS computed parameters., This word
can be monitored on the ground real-time via tele-
metry to insure that the IIRS is functioning prop-
erly, A partial list of the YF-16 IIRS outputs is
shown in Figure 2,

PARAMETER RANGE ACCURACY
Baro-Trertial Altitude 1050 To BUI3S Feat ¥
True Ainpead 425 10 2500 Feat fwcond »
Ground Spead 2 4074 Taet/satond t 2.8 feat/incond
Lotihade + 90 dugrens R a“
Longitude 4180 degren 0055 ¢
Wind Dirsciion +180 dagren .
Wind Spead 0 to 500 fen) /rucond .
Trock Angle #1580 degresc sy e
Drift Angle +|80 dagrees 0055 **
Nerth Velocity + 2500 feet/acond 2.0 feat/iecond
Eont Velocity 4 2504 feat/racond 2.0 tiethecand
Down Velocity 4 2500 feetHacond 2.0 feet/incond
MNorth Acceleration t#.00"% L002 g%
East Acceferction +%.0g% 002 g%
Down Accelaration +9.09% 002 g1
True Heoding + 180 degrem O.ldegren
Pitch 2 180 dagren 0.1 degrees
Rell + 180 degreas 0.l degroes
Stotus Word 0 ememeses -— ———

* Dependent on CACC acowosy
** Quiput rerolution

Figure 2. IIRS Cutputs

IV, Data Reduction

The YF-16 data reduction procedures are designed
to convert the IIRS information in the North, East,
and down reference frame inte performance paramet-
ers elong and normal to the instantaneous flight
path of the airceraft, This conversion is done in
saven distinct steps that are discussed in detail
in the following sections.

Data Synchronization

Ina highly meneuvering aircraft, time correla-
tion within milliseconds is necessary to achieve
the desired performance data accuracies, Therefore,
synchronization of IIRS acceleration, veloccity, and
angular outputs is required because all these para-
meters are not updated in the TIRS computer at- the
same¢ instant of time. Since the accelerations are
the most eritical from an accuracy standpeint, the
velocities and angles are adjusted in the data re-
duction procedure to represent their respective
values at the exact time that the accelerations
were updated in the IIRS computer, This is done,
for each parameter, by using a fifth-order curve
fit routine to represent the variation of that par-
ameter with time and picking off the curve function
value at the desired correlation time, This cor-
rection procedure has essentially no effect on vel-
ocity accuracy but ecan, under certain circumstan-
ces, adversely affect the decuracy of computed
angular values, This is discussed in more detail




in Section V of this paper.

Fuselage Bending Correction

The JIRS is located in the forward avionics bay
of the YF-16 and thus experiences slightly differ
ent motions than are sensed at the aircraft center-
of-gravity {c.g.) during maneuvering flight. Part
of this difference is due to forward fuselage bend-
ing as a result of aerodynamic and ineriial forces.
This deflection can be determined by anslysis of
the aircraft structural characteristics and press-
ure model tesis in the wind tunnel at various Mach,
altitude, and angle of attack conditions. Once the
bending angle has been determined, it can be used
to convert platform angles to true angles of the
body axes at the c.g, with respect to the North,
East, and down reference frame, The only deflect-
ion the YF-16 normally experiences is in the pitch
axis and thus the equations shown below represent
the complete orientation angle correction applied
during steady or maneuvering flight., A diagrem of
the forward fuselage deflection is shown in Fig-
ure 3,

it is necessary to know the location of the IIRS
platform relative to the alrcraft c.g. in three
axes and the rotation rate and angular accelere-
tions the ITRS is experiencing. Since the c.g.
travel with fuel consumption of the YF-16 is fair-
ly emall, the location of the IIRS relative to‘it
is relatively constant,

The body axes angular rates and accelerations
can be determined by differentiating the corrected
platform angles to obtaln engular rates, trans-
forming these to body axes angular rates, and dif-
ferentiating them with respect to time to obtain
angular accelerations. This is done using a moving
twenty point curve fitiing procedure to track the
angles as a function of time and then differentia-
ting the curve-fitted lines to obtain angular rates
and accelerations time-synchronized with tne IIRS
linear acceleration outputs. Once this information
has been obtained, it is 2 matter of determining
what accelerations and velocities the angular
motion of the aircraft would produce at the IIRS
location and subtracting these components frem the
IIRS outputs. A schematic of the IIRS locaticn re-
lative to the c.g, is shown in Figure b an? the
transformation equations are presented in egquations
(5Y through (19).

LOAD FACTOR
YF-16 X AXIS AT THE €.G.
G 2 - FWD
M
~I TANGENT TO
X AXIS AT
IIRS
NOMINAL IIRS
ATRCRAFT C.G, {STA, 83)
{ STA, 321)
Figure 3
o = f (Mach, load factor, dynamic (1)

pressure, angle of attack,
and Tuel weight)

¢ = 6Y+ o sin 0 (2)
= 92 + o cos 6R (3)
$ = 6] - )

where:
& = forward fuselage bending angle

6, = platform pitch angle

P
0= platform roll angle

8 - = platform yaw angle

Y, 0,9 = true angles of the aircraft
body axes at the c.g. with

respect to the reference
North, East, and down.

Center of Gravity Correction

_ In order to correct out YIRS sensed accelera-
tions and velocities induced by alrcraft rotation,

( pitch+q +p { roll rate }
rate )
( yaw
rate Ce8e be
+r
Yy |
v
Zp
Figure 4
g = L (5)
i i 6)
$ - 4L (7
p= & - §siné (8)
q = f‘)cos(bi-'tj; cos §sin ¢ {9)
r=tcos@eosd -0sind {10)
. d
\ d
q e —d-%— (12)
;e 335; (13)



Avx ® -q 1y +r 1p (1)
Avy f ~-r 1. +p 1y {15)
Avy = -p lp +ql (16}

i

Bog = al, +1 (g®+r%) (a7)
-P ( q lp + T ly )
: : 2 2
Aay =p 1l -1 1 +1, { p°+ ") (18)
~q(ri +p1.)
- . 2
Bay = a1, -ply+1, (B2 +4q°) (19)
where: ~r {pl.+q 1p )
P, 4, r = true angular rates of the air-
craft about its own body axes
(See Figure b
1y, lp, 1y = distances from the c.g. of the
aircraft to the IIRS in a body
axes coordinate gystem (See
Figure 4)
Avy ’Avy: = Jnecrements in sensed body saxes
velocities a2t the IIRS due to
and Av, aircraft rotation
Asy , A8y, = increments in sensed body axes
accelerations at the IIRS due
and Aa, to aircraft rotation

These increments in body axes velocities and
accelerations are subtracted from the corrected
IIRS motion data once the IIRS outputs have been
transformed to body axes, as discussed in the
next sub-section.

to the airmess, This ia done by vectorially sub-
tracting the North and East components of wind
from the North and East inertial speeds as showm
in equations (20) and (21). The wind speed is de-
termined in a straight and level flight and is
added to the inertial velocities during maneuver-
ing flight to decouple the performance determina-
tion from the need to have a continucus output of
pitot-statically derived true airspeed, This is
necessary to prevent pneumatlic line lsgs from de-
grading the overall picture of aircraft capabili-
ties in very highly dynamic flight. It is assumed
that the wind lies entirely in the horizontal

plane, /
Ve = Vep + Wy cos gy (20)
v, = VVI + Vv, sin Yw {(21)
vhere:
Vi ?y = horizontal inertial velocity
1 I components in the Earth refer-
) ence frame
Vir = wind speed
P = direction from which wind is
coming with respect to true
North
Vx, Vy = horizontal airmass velocity

components in the Earth refer-
ence frame

The transformation of velocities and accelera-~
tions to aircraft body axes is done once the wind
correction has been made, The iransform matrix is
shoym in Figure 5, The increments calculated in
equations (14} through (19) can now be used to
correct the sensed body axes motion for aireraft
rotation, as shown in equations (23) through {28).

Vey = Vi * Avx (23)
The results of the previous analyses are accel- R
erations, velocities, and angles with respect to Vy, = Vi, t+ Avy (24)
the IIRS reference axes system and represent the .
motion and orientation of the sircraft c.g. as Vo, = Vg + Avg {(25)
compared to the Farth reference system., The pre~ R
vipus two data reduction sections have been re- Axy, = Axy, t+ Aax (26)
quired to correct the effect of having the IIRS .
away from the nominal e.g. of the aireraft. This Aypy = Ay, + Aay (27)
displacement was necessary due to lack of space '
for IIRS at the c,g, Obviously the ability to Azy = Ay, + Aay (28)
locate the TIRS at the ¢.g. would greatly reduce
the data reduction complexity and eliminate a vhere:
potential source of error, :
Vxés Vy;, Vz;, = uncorrected body axes mir-
Transformation to Body Axes mass velocities
The transformation of the ITRS Earth-referenced Ax;, Ay;, Azb = uncerrected body axes accel-
data to body axes data usable for performance work erations
is done in two steps, The first is to convert
Earth inertial velocitles to velocities relative
ATRCRAFT AXFS ITRS AXES
Viep 2 Axt; €os 8 Cosy oSG SINY ~SIN § Ve o A
vy!') . Ay{) = |-COSGSING+ SINGSINGCOSY SINOSINGSINY+ COSHCOSY COSESING Vy o Ay (22)
vz;) s At}; SINGCOSHCOSY+ SINGSINYG  SINHCOSGSINY .~ SINGCOSY COSOCOSD ||V, , Ay

FIGURE 5
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Ve, s Vor s V. = ajirmass body axes veloci-
" P ties at the c.g. of the
aircraft O High Poth Angle © Tokerolf Distance and Velocity
: > — .
Axys Ay, Az, = Ybody axes accelerations at © Aogle of Anack © Landing Didtance ond Velocity
the c.g. of the gircraft © Sidestip Angle © Runmay Slope e
ific E o
o, B, Y Determination O Specific Ereray L
O Specific Energy Rats Q [
Angle of attack, a , sideslip angle, B, and O Pote of Climb o cy*
flight path angle, ¥ , are determined directly from ) .
the corrected airmass body axes velocities using 0 Body At Aceelerations oty
the equations presented below, Note that none of © Wind Axes Accalerotions o,
these angles is dependent on upwash angle determl- . . .
nation nor are they necessarily less accurate dur- @ Body Ares Jogiles kv © C¥aopy
ing highly dynamic flight than they are in stabil- wied o 8 © Horizemol, Vortical, ond Total
ized flight, since they are dependent only on the O W A e e, Tum fotes
accuracy of the three axes, inertislly derived ve- ) )
locity cOMpOnentS . * Gron Weight, Gioss Thast, ond Net Thrust Required

the outputs available is presented in Figure 8.

Figure B, IIRS Performance Usage

a =  tan~t (Vay, [ Viy,) (29)
g = tanl Vg, (30) True Airspeed (V) 5 »

ﬁxbﬁ + Vzb2 VT = be + vyb + vzb (33)
v = tan-l -, (31) Flight Path Acceleration (agp)

Y S o+ vyt

A schematic of the determination of the above
engles is shown in Figure 6

3
:
a2
Lo anEaeen

HORZONIA,

Figure 6. a, 8, and Y Determination

Transformation to Wind Axes

Using the angles just derived, the body axes
data can how be transformed to wind axes informa-
tion, From these data, the accelerationg along and
normal to the instantaneous flight path can be de-
termined using the transform shown in Figure 7.

Calculate-Performance Parameters

The following performance parameters can be
calculated from the IIRS using the data derived
in the previous sub-sections. A chart showing

®rp = P, (34)

4

where g 18 local gravitational attraction of the
Earth at the test altitude,

Rate of Climb (R)
B o= - vy (35)
Specific Energy (Es)

Es = h + Voo (36)
28
Specific Energy Rate (B)

Py = 8Fp Vp (37

In order to calculate aserodynamic parameters,
the gross weight of the aircraft (Wp), gross
thrust of the engine (F_ ), and engine-related
drag terms (Fp)} must be calculated. For the YF-
16, these are supplied by separate computer pro-
grams which are run upstream of the IIRS program
using instrumented aircraft parameters., The aero-
dynamic coefficients derived below can be convert-
ed to body axes coefficlents for direct compari-
sons with wind tunnel data using the inverse of
the transform shown in Figure 7.

Drag Coefficient (Cp)

Cp = .q_éﬁ (Fg cos &« - Fe - app Wr} (38)
where ¢ is dynamic pressure and S 1s reference
wing area.

WIND AXFS BODY AXES
Ay, COS X COS B sSIN g SIN®COSB Ax,
Ay, = |-COSa@SING cos 8 ~SINa SINS Ay, (32)
o 4
Ay SINa cosa Ay

FIGURF 7. WIND AXES TRANSFORMATION
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111t Coefficient (Cr)
o, =~ X (A VWrfg - TFg sin a) (3
Lt o (Az, )

Tekeoff and landing distances are calculated
uasing IIRS inertial velocities and altitude, The
horizontel velocitles are vectorally added togeth-
er and intergrated with respect to time to obtain
distance traveled from brake release or until the
aircraft is stopped. Since the IIRS can build up
slight velocity errors over a period of time, the
velocities measured when the aireraft is stopped
are subtracted out of the data throughout the run
before velocity intergration. Acceleration, rate
of climb, « , &nd § are determined exactly as
they are in the equations presented above.

V, Flight Test Results

The YF-16 eleven month flight test program has
been very successful, A large measure of this
success can be attributed to the IIRS and its abil-
ity to supply all necessary performance data in a
minirmum of flight test time, The author feels that
no other instirumentation system available could
have produced a comparable quantity and quality of
data in such a short time span with as high a day-
to-day reliability. The following subsections dis-
cus in detail various aspects of the IIRS flight
test methods and results and the advantages and
problems experienced with the instrument during
the course of the program,

Test Methods and Resulis

The test methods used on the YF-16 program were
developed to make maximum use of flight.time since
the test program only encompasses eleven months
end all aireraft performance data, as well as many
other YF-16 characteristics, had o be evaluated
in that time, The philosophy adopted was to com=
bine testing, on the same flight, required dy the
verious disciplines and eliminate reliance on
ground based data gathering instrumentation when-
ever possible., The IIRS lended itself well to this
concept, The following paragraphs address esach
rhase of the YF-16 performance analysis and how
the IIRS was used to obtain data,

The primary performance task was to evaluate
the capability of the YF-16 to climb, turn, ani
accelerate in intermediate power and maximum after--
burner. These data were used to determine the YF-
16 combat potential and were called energy-maneu-
verability (EM) tests, Since the YF-16 is an ulira-
performance combat vehicle, 8ll these tests invol-
ved highly dynamic maneuvers. The ability of the
IIRS to accurately determine performance under
these conditions was proved out in the flight test
program and, indeed, was the primary reason it was
selected for use on the YF-16 program. A represent-
ative EM plot is shown in Figure 9.

During these EM tests, accurate wind informa-
tion was needed to convert inertially sensed
ground speed to airspeed information as explained
in section IV, This requirement meant that a quasi-
stabilized wind calibration had to be done before
most dynamic mancuvers in order to accurately as-
sess local wind speed and direction from a com-
parison of ITRS irnertiasl velocity and pitot-static
airspeed, This "wind cal" required that the pilot

Mach
Figure 9. Maneuver Performance

hold a wings-level, low rate of ¢limd point for
approximately ten seconds, which was done while
the pilot was setting up on initial test Mach and
altitude.

Take-off and landing data were evaluated with
several alrcraft configurationd during the course
of the program. Tnitially, data reduction was done
using the conventional photothecdolite ground
camers method., Parallel data analysis was also
mede using IIRS outputs. Comparisons between the
two techniques showed no appreciable differences
in velocities or distances measured. Thereafter,
almost all of the takeoffs and landings were re-
duced using ITRS data and photothecdolite support
was no longer necessary, A typical take-off plot
comparing IIRS and phototheodolite data is present-
ed in Figure 10.
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Figure 10, Take-Off Data

*%% Lines are photo.data, symbols are nav. date

Climbs end descenis were evaluated using fixed
power setting runs following a constant Mach and/
or constant calibrated airspeed path. Rate-of-
climb, pitch angle, flight path scceleration, ete.,
data were obtained from the IIRS. The data were
all correlatable flight to flight and initiael
radar tracking confirmed IIRS instantanecus rates

. of climb measured. Unlike some other possible

sources of data, there was no tendency for the
sensed c¢limb rate b0 toggle, wander, or lag. A
typical rate-of-climb plot i1s shown in Figure 11,




Altitude

A/P 1 FLT. L6 o

Rate.of Climb
Figure 11, Climb Performance

Ccruise data were evalusted using the classic
speed-power approsch, i.e,, stabilizing on a Mech
and altitude condition for one to three minutes.
The IIRS was used to senge flight path acceleration.

Store drags were determined using a variety of
techniques including stablilized flight range eval-
uation, incremental longitudinal scceleration gen-
gsed after store separation, and fixed power wind-
up turns. All of these data were obtalned by
"piggy-backing" off other types of teating, For
instance, the variation in store drag as & function
of 1ift coefficient was determined by obtaining
date during stability and control wind-up turns.

Alr data system position error calibration was
obtained using radar tracking, pacer aireraft, and
tower fly-bys. However, it was found that good pos-
ition error data through the Mach jump region
could be obtained during level flight accelerations
and decelerations by comparing TIRS inertiasl alti~
tude with pitot-static pressure altitude as a fun-
ction of time, This Is again an instance of the
TTRS allowing & single test run to serve several
purposes simultaneously and requiring less ground
suppert eguipment, Mach jump position error data
as determined by radar tracking snd ITRS outputs
are shown in Figure 12,

(RADAR TRACKING

AM

O TIRS D?TA
1

Mic

Figure 12. Yosition Error Data

Angle of attack and sideslip calibration was
done during speed-power points, level flight accel-
erations, and wind-up turns using the TIRS « and 3
a8 the references. This sllowed the static snd dy-
namic characteristics of the aircraft a end B probes
to be established throughout the YF-16 maneuvering
envelope. Flight test experience has shown that the
TTRS supplies accurate data well above W% a& in
very dynamic maneuvers. Since it does not rely on
dynamic pressure to drive it, the ITRS can supply
go0d & and B calibration results even at low air-

speeds, Typical calibration curves are presented in
Figures 13 and 1b,
ho® I 3
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Aerodynamic 1ift and drag data were also eval-
uated in conjunction with other testing., No speci-
fic purpose evaluation maneuvers, such as roller
coasters, were found to be necessary. Most data
were obtained during fixed power EM testing, stab-
11ity and control wind-up turns, climbs, and teke-
offs snd lendings, Lift versus angle of attack
dats at a typical flight condition is presented in
Figure 15, Figure 16 illustrates the quality of
drag polar data obtainable.
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TIRS Flight Test Experience

‘e TIRS lends itself well to real-time ground
monitoring and to quick-turnaround post-flight
data reduction as well as to highly automated con-
ventional post-flight data reduction and standard-
ization due to the fact that it outputs nearly all
date needed for perforrance work in a convenient
serial-digital work format at five times per sec-
ond, With the aid of a small ground-based on-line
computer, IIRS telemetered outputs could be used
to display to the engineer realtime altitude, in-
stentaneous rate of climb, flight path accelere-
tion, specifiec energy an?! energy rate, turn rate,
normal acceleration, ané range traveled along the
flight path. These data were very useful in deter-
wnining quickly whether a data run was satisfactory
or rneeded to be repeated.

Guick turn-around date processing of all the
parameters developed in section IV was done using
8 Hewlett Packard 98204 desk top computer with a
paper tape reader, two cassette drives, and an X-Y
plotter, The TIRS data was fed in via paper tape
and finalized test day performance and serodyhamic
data were automatically plotied out a short time
later, Total quick-lock turn around time to obtain
these data was as little as four hours after flight

IIRS reliability and usability throughout the
ecourse of the flight test program have been ex-
ceptional, The system averaged 18,4 filight hours
between IIRS unscheduled maintanance actions and
approximately 35 flights between removals of the
instrument for repairs or recalibrations, No flight
has ever had to be aborted due to IIRS failure
and less than 1% of all the performance data gath-
ered on the program was lost due to IIRS degrada-
tion or failure, The IIRS was active on all but
four of over 300 flights.

The few problems encountered with the IIRS have
been mainly mechanization and programming changes
which were easy to identify and correct, Most of
these occurred during the initial shake-down phase
of the flight test program and thus did not affect
performance data gathering,

Data reduction problems related to IIRS use
have been encountered during the program. The first
of these was erratic caléulation of angular rates
in the data reduction program and was caused by a
data smoothing problem under certain high rate con-
ditions, More careful choice of sample times and
scrutiny of the program outputs reduced thisg pro-

blem to an occasional nuisance,

Another problem was wind fluctuation during the
course of a run, This normally took the form of a
wind shear front and could be easily recognized by
analyzing the computer output plots. A typical
wind shear is shown in Figure 17,
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Figure 17. Wind Shear

The data recovered after the shear was encountered
were geneially not usable unless the new wind vel-
ocity and direction could be determined by doing a
"wind cal" after the maneuver, Wind shear condi-
tions were mostly encountered while flying over

the mounteains surrounding Edwards snd invelidate:l
approximetely two or three percent of the total
IIRS data obtained during the course of the program

VI. Future Use

The IIRS system of instrumentation has a lot of
potential for further development and flight test
use, Experience with the Y¥-1% program has provid-
ed many guidelines for future use, especially in
the areas of changes an? refinements to the pre-
sent system, Specific modifications that are plan-
ned for the Delco Carousel V IIRS include the in-
corporation of an onboard capability to decouple
the barcinertial altitude loop for take-off and
landing and for certain high rate of climb tests,
This will allow more accurate measurement ol in-
ertial short-term changes in altituie, Another
change will be the expansion of the ontoard wind
caleulation function to allow accurate determina-
tion regardless of aircraft roll angle or rate of
¢limb,

Any future IIRS-type system should be selected
with the following criteria in mind.

o Accuracy - The accuracy of any current gim-
baled navigation platform should
be sufficient for perf{ormance work
However, in many of these systems,
the internal determination of ac-
celeration is not available for
output without an extensive re-
work of the platform electronics.
This type of rework is costly an?
can have an adverse effect on over
&1l performance and reliability.




© Reliability ~ Since flight test time iz very

expensive, demonstrated reli-
ability should be henvily
weighed in evaluating an IIRS
candidate, A high mean time be-
tween fallures and an extensive
gelf-test capability are very
desirable features.

© Data Output Rate - An output rate of five

times per second is adequate
for almost any type of per-
formance work, However, if stae-
bility and control or handling
qualities work is planned us-
ing the IIRS, an output rate of
30 to 50 times per second is
advisable.

¢ Independance - The IIRS must be &ble to fune-

tion from take-off to landing
on each flight with no Doppler,
TACAN, Omega, or cther type of
in-flight up-date which can
produce discontinuitiea in the
IIRS ocutput data,

o Data Sychronization - The IIRS contractor

mist be able to supply a time
1ine snalysis of all ocutput
parameters so that the time
relationships between outputs
can ve determined, A good deal
of data reduction complexity
can be eliminated if internal
IIRS data synchronization ean
be mechanized.

o Corputer Mechanization - A general purposel

digital computer incorporated
into the IIRS is highly desir-
gble. It allows outputs in a
digital format which are more
easily interfaced with ground-
based data reduction equipment.
Also, reprogramming and expan-
sion of internal computing
capabilities, if needed, is
facilitated.

o Shock Mounting - Most platforms have shock

mounts installed in them to
attenuate high frequency vib-
ration, The characteristics and
play in these mounts should be
investigated to determine at
what frequency they begin to
smooth out sensed accelerations
and what, if any, error they
produce in body axes angular
position during dynamic flight
conditions,

o Jocation - The location of the IIRS unit with

in the aircraft should be given
careful consideration since it,
more than any other single
factor, dictates the complexity
of the data reduction proced-

ures. The ITRS should bve placed’

at or near the aircraft nomin-

" al c.g., on & rigid structural

support.

o Alignment - Alignment of the ITRS baseplate
with respect to the aircraft body
axes is critical., An angular
alignment of no more than three

TR minutes of arc in each axis should
be specified. The IIRS installa-~
tion should be designed so that
the platform can be removed and
replaced without the need for a
new boresight alignment.

The initisl cost of an ITRS sys-
“tem is high relative to other
types of performance inatrumenta-
tion. However, over the course of
s flight test program, the total
cost of an IIRS could be much
lower when such factors as relia-
bility, date reducticn time, en-
gineering support, maintenance,
ground instrumentation required,
and flight test time are taken
into consideration. In addition,
lease arrangements, rather than
outright purchase, may be arranged
with some inertial platform manu-
facturers.

o Cost -

VII. Sumsry

The IIRS concept has made significant contribu-
tions to the YF-16 flight test program and has a
tremendous potential for future spplication, par-
ticularly when accurate data in 8 dynamic flight
environment is desired. To mske the most of this
potential, care should be taken in the selection
of the platform and computer, the location of the
YIRS in the sireraft, the interfacing between it
and other onboard and ground equipment, anéd the
structuring of the data reduction procedures needed
to analyse the IIRS outpute and convert them to
good performance dsta.

The information from this type of flight test
instrumentation far exceed the capabilities of
past performance data sources and the trend toward
more efficient use of flight test time indicates
that this concept will find many applications in
the future. If the engineer has a solid understand-
ing of the capabilities and limitations of the IIRS
and takes a good deal of care in its implementation
for a particular flight test application, the IIRS
concept can be a significant advance in the state
of the art of performance flight testing,



