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THE USE OF A NAVIGATION PIATFORM FOR PERFOIVFANCE 
IIBjT"!ATION ON THE IT-16 FLIQfi TEST PRCGRAM 

J. A. Olhausen 
General t y m d c s  

Fort Worth Division 
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Abstract 

An instrumentation package t h a t  makes use of 
an  i n e r t i a l  navigation platform t o  obtain aero- 
aynamic and performance f l i g h t  t e s t  data  has been 
developed. This packwe i s  bein&! used qui te  siic- 
cessful ly  t o  obtain timely and accurate da t a  
during the  General Dynamics YF-16 f l i g h t  t e s t  
progrm. This paper discusses the  theo re t i ca l  
basis and p r a c t i c a l  aspects of using t h i s  i n s t ru -  
mentation i n e r t i a l  reference s e t  ( I m )  along 
with selected r e s u l t s  obtained t o  date.  Specif ic  
topics addrcssed include use of t h e  IIRS to ob- 
t a i n  f l i g h t  path accelerat ion,  a, p ,  normal lad 
factor, r a t e  of climb, airspeed, take-oM and 
Landing ve loc i t i e s  and dis tances ,  posi t ion e r ro r  
ca l ib ra t ion  through t h e  Mach jump region, and 
wind information. This system has proved t o  be 
invaluable on t h e  YF-G program and has dmonstra- 
ted maw benefi ts  over previously used,perform- 
ance i n s t m e n t a t i o n .  

I. Introduction 

In a i r c ra f t  performance flight t e s t i n g ,  t h e  
engineer i s  always constrained i n  h i s  s e l ec t ion  
of t h e  onboard instrumentation systems b$ t he  
need t o  g e t  t he  mmimum information i n  a zaininm 
o f . f l i g h t  time while insuring t h a t  t h e  data  de- 
r ived i s  accurate enough fo r  his needs. A l l  of 
t h i s  must be done within the  framework of a l l ow-  
ab le  instrumentation, maintenance, and da ta  r e -  
duction costs .  In most cases,  these constraints  
result i n  an instrumentation system t a i l o r e d  t o  
t h e  p a r t i c u l a r  aircraft or type of t e s t i n g  being 
done. The system usussly does not qui te  do t h e  
desired task,  ye t  costs  more than what management 
or t h e  customer would l i k e .  

Ihe adaption of an  i n e r t i a l  navigation plat- 
form t o  t h e  t a sk  of gathering f l i g h t  t e s t  infom- 
a t i o n  has been discussed fo r  m q  years but  has 
not,  with l imited exceptions, becn implenented 
due t o  a combhation of factors .  These izclu3e: 
high initinl cost ,  marginal long-term acclli.scy 
in unaided m&es of operation, questionable day- 
to-day r e l i a b i U t y  i n  a f l i G h t  test enviroment,  
and t he  f a c t  t h a t  other instrumentation, Such as 
t h e  f l igh t  w t h  accelerometer, could y i e ld  m s t  of 
t h e  desired information with acceptable accuracy 
fo r  most a i r c r a f t  f o r  a much lower t o t a l  cost .  

A combinntion of recent develowents h a s ' d e  
t h e  i n e r t i a l  @atform more a t t r a c t i v e  for myt 
t e s t  use. F i r s t ,  t h e  cost/nccuracy r a t i o  of these 
systems has begun t o  decrease dramatic- with 
t h e  introduction of new high accuracy p l a t fo rm.  
SecOnUy, Over t h e  sme period of time, 'the aean 
time between failures of some of these s y s t e m  has 
passed the  thousand hour mnrk. Final ly ,  S l i c h t  
t e s t i n g  of the new generntion of high perfo-e 
a i r - to -a i r  coinbat n i r c r a f t  is  m a k i n @  deoads t h a t  
t h e  instrumcntntion system yield more in fomat ion  
than was requircd i n  thc  pxt. In addition, it 
must be ab le  t o  accurately determine performance 
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d a t a  over a l a r g e  Mach, a l t i t u d e ,  and load f ac to r  
envelope under h i g a y  dynamic conditions. These 
data w i l l  be v i t a l l y  h p r t a n t  i n  determining t h e  
performance of t h e  a i r c r a f t  i n  t h e  air-to-air role .  

This paper makes Sane cwments on t h e  theo re t i -  
c a l  anl p r a c t i c a l  aspects of using i n e r t i a l  navi- 
gat ion platforms as instrumentation i n e r t i a l  ref-  
erence sets ( 1 1 s )  f o r  performance flight t e s t ing ,  
with emphasis on t h e i r  use i n  the  General Dfnanics 
YF-16 Lightweight Fighter  Prototype f l i g h t  test 
program. 

11. IIRS Advantages 

The IlXS has several  basic  edvantages over 
other  types of f l i g h t  t e s t  instrumentation used 
f o r  performance work. Most of these advantages a r e  
of par t i cu la r  i n t e r e s t  when it i s  necessary t o  ob- 
t a i n  accurate data  dwing  highly dynaaic maneuvers 
or when t h e  a i r c r a f t  i s  foUwing an a r b i t r a r y  
f l i g h t  path. 

p l i e s  all data  needed t o  def ine t h e  motion of an  
a i r c ra f t  i n  three-himensiocal space. Therefore, it 
serves as a unif ied da t a  source.for  t h e  c s J o r i t y  
of information needed t o  def ine the  per fonance  
c a p b i l i t i e s  of an a i r c r a f t .  This f ea tu re  of t h e  
IEiS can g rea t ly  reduce time co r re l a t ion  groblems 
t h a t  develop when four or  f i v e  separate instru- 
ments are required t o  determine a i r c r a f t  or ienta-  
t i o n ,  angular r a t e s ,  accelerat ions,  and ve loc i t i e s .  
In addition, t h e  IEiS is  not subject t o  i n e r t i a l ,  
aeroaynsmic, or pneumatic lags and i s  i n s e n s i t i v e  
t o  moderate and high frequency vibration. Since the  
unit i s  mounted in t e rna l ly  i n  the  a i r c r a f t  and i s  
i n  a t amera twe-con t ro l l ed  enviroment.  it i s  not 
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The IIRS is  a self-contained systen which sup- 

subjected t o  weather, rough handling, t&perature 
var ia t ions,  e t c .  

A modified Delco Carousel V i n e r t i a l  platform 
was chosen f o r  use as t h e  YF-16 IEiS. This unit  
has a demonstrated mean time between f a i l u r e s  of 
over a thousand hows ,  an average navigation accur- 
acy of l e s s  than one nau t i ca l  mile per hour, and an 
extensive s e l f - t e s t / f a a t  i s o l a t i o n  c a p b i l i t y .  AU 
these features  have contributed g rea t ly  t o  t h e  
o v e r - a  success of t h e  YF-16 t e s t  p rogrm ani t h e  
demonstrated a b i l i t y  t o  run two o r  t h ree  da t a  
f l i g h t s  per day on each of.two a i r c r a f t  on a rou-  
t i n e  basis .  

211. IIRS Mechanization 

m e  following discussion gives an ou t l ine  OF how 
t h e  Delco p l a t f o m  i s  mechanized. Other navigation 
units w i l l  dif fer  i n  spec i f i c  cha rac t e r i s t i c s  bu t  
t h e  general  method of operation of all g b b a l e d  
nnvigation platforms is  t h e  s m e .  

The IIXS accurately measures accelerat ions,  vel- 
o c i t i e s ,  and o r i en ta t ion  m l e s  reeardless  of air- 
frame o r i en ta t ion  or  amglar r a t e s .  These accelera- 
t i o n s  and velocities a r e  measured along t h ree  



o r t h o g o d  axes ani a re  output i n  a s e r i a l - d i g i t a l  
format t o  t h e  instrumentation recorder five times 
per second throughout t h e  f l i gh t .  

Tho IIRS establ ishes  and maintains i ts  platform 
orthogonal reference axes along t r u e  North, East ,  
an3 down. This is  the  reference system i n  kkich it 
measures accelerat ions.  The platform is  supported 
by a four-gimbal, a l l - a t t i t u d e  s t ruc ture  which 
keeps it oriented i n  t h e  North, Fast, e& down 
frame regardless  of a i r c r a f t  or ientat ion.  Fick- 
offs on t h e  gimbals give the  c q u h r  pos i t ion  of 
t h e  a i r c r a f t  with respect  t o  the  reference axes. 
Q-roscopes (gyros) a r e  mounted on t h e  platform ani 
instantaneously sense angular motion of the  air- 
frame. The gyro sensing signals are used t o  drive 
motors i n  t h e  gimbal s t ruc ture  t o  keep the  plat- 
form leve l .  

As t h e  a i r c r a f t  t r ave l s  over t h e  Earth, the  
IIRS computer must make co&ections t o  t h e  p la t -  
form t o  keep it l e v e l  with t h e  local plmb-bob 
v e r t i c a l  and t o  cor rec t  out sensed accelerat ions 
due t o  t h e  c e n t r i a a l  forces  developed 8s the  
a i r c ra f t  follows t h e  cupye of the  Earth. The cor- 
rected accelerat ions along each e x i s  a r e  in tegra t -  
ed t o  obtain i n e r t i a l  ve loc i t ies  i n  t h e  iiorth, 
Fast, anl d a m  di rec t ions .  These ve loc i t ies  a re  
then integrated t o  obtain dis tances  t rave l& along 
each reference ax is .  The basic  navigation psrame- 
t e r s  of l a t i t u d e  awl longitude a re  conputed by 
taking the  s t a r t i n g  loca t ion  of t h e  s i r c r e ?  and 
adding the  dis tances  t raveled over t h e  B r t h  t o  
it. A schematic representat ion of t h e  IIRS i s  
shown i n  Figure 1. 

I L  __ 
Figure 1. Schematic of IIRS Platforn 

It is  evident t h a t  t h e  acce lermeters  used i n  
an acceptable platform m u s t  be very accurate t o  
msintain good veloc i ty  and pos i t ion  i n f o m a t i o n  
over several  hours of f l i g h t  time without recourse 
t o  outside references o r  updates. This requirement 
f o r  accuracy insures  t h a t  good accelerat ion data  
will be  obtained f o r  performance w r k .  

The YF-16 IIRS accepts t r u e  airspeed a d  pres- 
sure  a l t i t u d e  inputs  from the  a i r c r a f t  Central  A i r  
Data Computer (m). The 
frm nose probe s t a t i c  awl t o t a l  pressure sources. 
The IIRS North axi Fast  Earth-referenced veloci t -  
ies a r e  vectorial& added and the  r e s u l t  is  sub- 
t r ac t ed  from t h e  t rue  airspeed vector t o  comyute 
horizontal  wind speed and d i r ec t ion  with respect 
t o  t r u e  North. These parameters, as w e l l  as t rue  
airspeed, a r e  output from t h e  IIRS along with t h e  

da ta  a r e  derived 
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i n e r t i a l  accelerat ions,  ve loc i t ies ,  angles,  e t c .  

The CAM: prcssure a l t i t u d e  i s  used i n  t h e  IIRS 
t o  damp the  IIRS Earth-referenced v e r t i c a l  velo- 
c i t y  and a l t i t u d e  on a long-term basis .  This damp- 
ing is  necessary due t o  l o c a l  var ia t ions  i n  the  
Earth 's  g rav i ta t iona l  f i e l d  but  it has e s s e n t i k u y  
no e f f ec t  on sensed v e r t i c a l  acce le ra t ion  nor does 
it a f f ec t  t h e  va l id i ty  of sensed shor t  term ra t e s  
of climb during most types of t es t ing .  

The YF-16 IIRS has a n  extensive self-check sys- 
tem which monitors the  platform instruments and 
the  performance of the  cwputer .  These checks a re  
performed many times a second and t h e  r e s u l t s  a r e  
formed in to  a status word which i s  output along 
with the  other  IIRS computed parameters. This word 
can be monitored on the  grounl real-t ime via t e l e -  
metry t o  insure t h a t  the  I IRS is  functioning prop- 
er ly .  A p a r t i a l  l i s t  of the  YF-16 IIXS outputs is  
Shown i n  Figure 2. 

I 

Figure 2. IIRS Outputs 

IV.  Data Reduction 

The YF-16 data  reduction procedures a re  designed 
t o  convert the  IIRS information i n  the  Xorth, East, 
and down reference frame i n t o  performance paramet- 
e r s  along and normal t o  the  instantaneous f l i g h t  
path of t h e  a i r c r a f t .  This conversion i s  done i n  
seven d i s t i n c t  s teps  t h a t  a r e  discussed i n  d e t a i l  
i n  the  following sect ions.  

Data Synchronization 

I n a h i a h l v  maueuverina a i r c r a f t .  t i n e  cor re la -  
t i o n  withrn k l l i s e c o n d s v i s  necess& t o  achieve 
the  desired performance data  accuracies.  Therefore, 
synchronization of IIRS accelerat ion.  veloci ty .  and 
angular outputs i s  required because i l l  these.&a- 
meters a re  not updated i n  the 1335 computer a t  t h e  
same ins tan t  of time. Since t h e  accelerat ions a r e  
the  most c r i t i c a l  from an accuracy s t m d p a i n t ,  the  
ve loc i t ies  anl angles a r e  adjusted i n  the data re-  
duction procedure t o  represent t h e i r  respect ive 
values a t  the  exact t h e  tha t  the accelerat ions 
were updated i n  t h e  II.RS computer. This i s  done, 
fo r  each parameter, by using a fifth-order curve 
f i t  rout ine t o  represent the  var ia t ion  of t h a t  par- 
m e t e r  with time and p i c k i w  of f  the  curve funct ion 
value a t  the  desired cor re la t ion  time. This cor- 
rec t ion  procedure has essent ia l ly  no e f f e c t  on vel-  
oc i ty  accuracy but can, under ce r t a in  c i r c m s t s n -  
ces ,  adversely a f f e c t  t h e  accuracy of computed 
angular values. This is  discussed i n  more d e t a i l  



i n  Section V of t h i s  paper. 

Rlselage Bending Correction 

lhe IIRS is located i n  the  forward nvionics bay 
of the  YF-16 and thus experiences s l i gh t ly  d i f fe r -  
en t  motions than a re  sensed a t  the a i r c r a f t  center- 
of-gravi ty  (c.g.1 duriw maneuvering f l i gh t .  W r t  
of t h i s  difference i s  due t o  forward fusela((e bend- 
ing as a r e su l t  of aerodynamic an< i n e r t i a l  forces. 
mis def lect ion can be determined by analysis  of 
the  a i r c r a f t  s t ruc tu ra l  charac te r i s t ics  and press- 
ure  model t e s t s  i n  the  wind tunnel a t  various lbch,  
a l t i t u d e ,  and angle of a t tack  conditions. Once t h e  
bending angle has been determined, it can be used 
t o  convert platform angles t o  t rue  angles of  the  
body axes a t  the c.g, w i t h  rcsper t  t o  the  North, 
East ,  and down reference frame. Tne only def lect-  
ion the  YF-16 normally experiences i s  i n  the  pi tch 
axis and t h u s  the  equations shown below represent 
the  complete or ien ta t ion  angle correction applied 
during steady or  maneuveriw f l i g h t .  A diagram of  
the  forward fuselase def lect ion is  shown i n  Fig- 
ure  3. 
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IIRS I 
IIRS 

I 
NOMINAL 

( STA. 321) 
PIHCRAFT C.G. (STA. 83) 

Figure 3 

u = f (Mach, load fac tor ,  dynamic 
pressure,  angle of  a t tack ,  
and fue l  weight) 

(1) 

$J = B y +  u s i n  O R  (2) 

e = e p +  (r COS eR  (3 )  

$ = OR (4) 
where: 

u = forward fuselage bendiw a w l e  

9 = platform pi tch  angle 

0 = platform r o l l  angle 

9 = plntform yaw angle 

$# , 8 ,  $ = t rue  angles of the  a i r c ra f t  
body axes a t  the C . R .  w i t h  
respect  t o  the  reference 
North, East, and down. 

P 

R 

Y 

Center of Gravity Correction 

t ions  and  ve loc i t ies  induced by a i r c r a f t  ro ta t ion ,  
In order t o  cor rer t  out 1TRS sensed nccelern- 

it is necessary t o  know the  loca t ion  of the  IIRS 
platform r e l a t i v e  t o  the  a i r c r a f t  c.8. i n  th ree  
axes and the  ro ta t ion  r a t e  and angular eccelera- 
t ions  the  IIRS is experiencing. Since t h e  c.g. 
t rnve l  with fue l  consumpt,ion of the  YF-16 is f a i r -  
l y  small, the  locat ion of the IIRS r e l a t i v e  t o , i t  
i s  r e l a t ive ly  constant.  

Tne hody,axes angular r a t e s  and accelerat ions 
can be determined by d i f fe ren t ia t ing  the  corrected 
platform angles t o  obtain angular r a t e s ,  t rans-  
forming these t o  body axes a w l a r  r a t e s ,  anJ  d i f -  
fe ren t ia t ing  them with respect t o  time t o  obtain 
angular accelerat ions.  This i s  done using a .%vi% 
twenty point  curve f i t t i n g  procedure t o  t rack the  
a w l e s  as a function of time an4 then d i f fe ren t ia -  
t i ng  the  curve-f i t ted l i n e s  t o  obtain angular r a t e s  
and accelerat ions time-synchronized w i t h  t'ne IIRS 
l inea r  accelerat ion outputs. Once t h i s  in for ra t ion  
has been obtained, i t  is  a matter of deterr ining 
what accelerat ions and ve loc i t ies  the  angular 
motion of  the  a i r c r a f t  would produce a t  the  IIRS 
locat ion and subtract ing these components from the  
IIHS outputs. A schematic of the  I IRS  loca t ion  re- 
a t ive  t o  the  c.g. i s  shown i n  Figure 4 an.! the  
ransformation equations a r e  presented i n  e?uations 
5 )  through (19). 

Figure 4 

$A,, 
d t  

d P  p -  - 
d t  

d r '  
d t  

r =  - 



(15) 

vx; ' Ax, 

vy; . Ay; = 

vz; 9 A * 
'b 

2 Aaz * 6 - P Lp + ly ( p2 + q 1 (19) 

where: - r ( p l , + q $ )  

p, q, r = true a w l a r  rates of the air- 
craft about its own body axes 
( S e e  Figure 4 )  

distances from the c .g .  of the 
aircraft to the IlRS in a body 
axes coordinate system (See 
Figure 4 )  

increments in sensed body axes 
velocities at the IIRS due to 

lr, lp, ly = 

Avx , Avy , = 

and Avz aircraft rotation 

Aax ,Aay, = increments in sensed body axes 
accelerations at the IIRS due 

end Aa, to aircraft rotation 

lhese increments in body axes velocities and 
accelerdtions are subtracted from the corrected 
I D S  motion data once the IlRS outputs have been 
transformed to boly axes, as discussed in the 
next sub-section. 

Ihe results of the previous analyses arc accel- 
erations, velocities, and angles with respect to 
the IIRS reference axes system ana represent the 
motion and orientation of the aircraft c.8. 8 s  
compared to the Farth reference system. The pre- 
vious two data re6uction sections have been re- 
quired to correct the effect of having the IIRS 
away from the nominal C.E. of the aircraft. This 
displacement was necessary due to lack of space 
for IIRS at the c . g .  Obviously the ability to 
locate the IIRS at the c.g. would greatly reduce 
the data reduction complexity and eliminate e 
potential source of error. 

Transformation to Body Axes 

The transfornation of the IIRS ERrth-referenced 
data to body axes data usable far performance work 
i s  done in two stew. The first is to convert 

cos 0 cos J, cce e SIN J, -SIN e 
-COS $SIN$ t SIN 0 SIN $COS $ SIN 0 SInl$ SIN$+ COS $COS$ COS 0 SIN 6 

SIN 0 COS $COS$ + SIN$SIN $ SINB COS$ SIN$- SIN$COS$ cos o COS 4 

to the airmass. This is done by vcctorially sub- 
tractinp; the North and East components of wind 
from the North and East inertial speeds 88 Shown 
in equations (20) and (21). The wind speed i s  de- 
termined in a straieht and level flight and is 
adrled to the inertial velocities during maneuver- 
iy> flight to decouple the performnnce determina- 
tion from the need to have a continuous output of 
pitot-statically derived true airspeed. This is 
necessary to prevent pneumatic line lags from de- 
grading the overall picture of aircraft capobili- 
ties in very highly dynamic flight. It is assumed 
that the wind lies entirely in the horizontal 
plane. 

I 

vx = VXI + vw cos $ w  ( 20) 

where: 

VxI, VyI = horizontal inertial velocity 
components in the Earth refer- 
ence frame 

VW = wind speed 

J,W = direction from which wind i s  
coniio& with respect to true 
North 

Vx, Vy = horizontal airmass velocity 
components in the Earth refer- 
ence frame 

lhe transformation of velocities and accelera- 
tions to aircraft body axes is done once the wind 
correction has been made. The transform matrix is 
shown in Figure 5 .  The increments calculated in 
equations (14) through (19) can now be used to 
correct the sensed body axes motion f o r  aircraft 
rotation, as shown in equations (23) through (28). 

where: 

VG, V&, Vzi 

Ax;, A& A& = uncorrected body axes accel- 

= uncorrected body axes air- 
mass velocities 

erations 

- -  Earth inertial velocities to velocities relative __-- -. 
AIRCRAFT AXFS IlRS AXES 

"x . Ax1 

ry , % (22) 

fz  * A 2  

4 



V%, Vyb, I airmss body me8 veloci- 
t ies  a t  the  c.g. of t h e  
a i r c r a f t  

Axb, Ayb, AZb E body axes accelerat ions a t  
t h e  c.g. of the  a i rc raf i  

a, ~ 3 ,  Y Determination 

Angle of a t tack ,  a , s ides l ip  angle,  p , and 
f l i g h t  path angle, Y , a re  determined d i r ec t ly  from 
t h e  corrected nirmass body axes ve loc i t ies  using 
the  equations presented below. Note tha t  none of 
these  angles i s  dependent on upwash angle determi- 
nation nor a re  they necessar i ly  l e s s  accurate dur- 
ing highly dynamic flight than they are  i n  s t ab i l -  
ized f l i g h t ,  s ince they a re  dependent only on the 
accuracy of the three  axes, i n e r t i a l l y  derived ve- 
l o c i t y  components. 

Jvxb* + VZb 2 

A schematic of the  determination of t h e  above 
angles i s  shown i n  Figure 6. 

Figure 6. a ,  p ,  and Y Determination 

Pansformation t o  Wind Axes 

Using t h e  angles j u s t  derived, the  body axes 
data  can now he transformed t o  wind axes inform- 
tion. From these data ,  the  accelerat ions along and 
normal t o  the  instantaneous f l i g h t  path can be de- 
termined using the  transform shown i n  Figure 7. 

Calculate Performance Wrameters 

lhe  f o l l o w i q  performance parameters can be 
calculated from t'ne I IRS  usine: the  data derived 
i n  t h e  previous sub-sections. A chart  showing 

the outputs avai lable  i s  presented i n  Figure 8. 

6 
where g is  loca l  grav i ta t iona l  a t t r a c t i o n  of t h e  
Earth a t  the  t e s t  a l t i t ude .  

Rate of Climb (i) 
i = -  VZ1 (35) 

Specif ic  Energy (Es) 

Specif ic  Energy Pate (PSI 

In  order t o  calculate  aerodynamic parameters, 
t h e  gross weight of the  a i r c r a f t  (WT), gross  
t h r v s t  of t h e  engine (F ), and engine-related g drag terms (F,) must be calculated.  For the  YF- 
16, these  a re  supplied by separate  computer pro- 
grams which a re  run upstream of t h e  IIRS program 
using instruxented a i r c r a f t  pammeters. lhe aero- 
dynamic coef f ic ien ts  derived below can be convert- 
ed t o  body axes Coefficients for  d i r ec t  compari- 
sons with win4 tunnel data using the  inverse of 
the  transform shown i n  Figure 7. 

b a g  Coefficient (c,) 

CD = A (Fg cos a - Fe - app WT) (38) 
qs 

where q is  dynamic pressure and S is  reference 
wing area.  

W I N D  AXI 
44, 
AYW 

k., 

I COSU SINP cos p -SINaSINP 

SIN a 0 cos a 
FICVRF. 7. WIND PXES TRANSFOXVATION 
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lift Coefficient (CL) 

v mkeoff and landing distances a re  calculated 
using IIRS i n e r t i a l  ve loc i t ies  and a l t i tude .  l b h e  
horizontal  ve loc i t i e s  a re  vectoral ly  added togeth- 
er and intergrated with respect t o  time t o  obtain 
dis tance t raveled from brake re lease  o r  u n t i l  the  
aircraft  is stopped. Since the  IIRS can bui ld  up 
s l i g h t  veloci ty  e r ro r s  over a period of ti=, the  
ve loc i t i e s  measured when the  a i r c r a f t  is stopped 
are subtracted out of the data throughout the  run 
before veloci ty  in te rgra t ion .  Acceleration, r a t e  
of climb, a ,  
they a re  i n  t h e  equations presented above. 

and 0 a re  determined exact ly  a s  

V. Flight  Test Results 

lbe YF-16 eleven month f l i g h t  t e s t  program has 
been very successful.  A l a rge  measure of t h i s  
success can be a t t r i bu ted  t o  the IIRS and i ts  abi l -  
i t y  t o  supply a l l  necessary performance data i n  a 
m i n i m  of f l i g h t  t e s t  time. lhe author feels t h a t  
no other  instrumentation system ava i lab le  could 
have produced a comparable quant i ty  and qua l i ty  of 
data i n  such a shor t  time span w i t h  as high a day- 
to-day r e l i a b i l i t y .  lhe  following hubsections dis- 
cus i n  d e t a i l  various aspects of the IIRS f l i g h t  
t e s t  methods and r e s u l t s  and the  advantages and 
problems experienced with the  instrument during 
t h e  course of the  program. 

Test Methods and Results 

Ihe t e s t  methods used on t h e  YF-16 program were 
developed t o  mnke maximum use of f l i g h t  t i n e  s ince  
the  t es t  program only encompasses eleven uenths 
and a l l  a i r c r a f t  performance data, as  wel l  as  mny 
other  YF-16 charac te r i s t ics ,  had t o  be evaluated 
i n  tha t  time. '&e philosophy adopted was to cox- 
bine t e s t ing ,  on the  same f l i g h t ,  required by t h e  
various d isc ip l ines  and eliminate re l iance on 
ground based data gathering instrumentation \*en- 
ever possible.  The IIRS lended i t s e l f  well t o  t h i s  
concept. The following paragraphs address eech 
phase of the  YF-16 performance analysis  and how 
the  IIRS was used t o  obtain data. 

l k e  primary performance task  was t o  evaluate 
t h e  capabi l i ty  of the  YF-16 t o  climb, tu rn ,  an% 
acce lera te  i n  intermediate power and maxinum af'.er-- 
burner. '&em data were used t o  determine the W- 
16 combat po ten t i a l  and were ca l led  energy-naneu- 
ve rab i l i t y  (BX) tests. Since t h e  W-16 i s  an u l t ra -  
performance combat vehicle ,  a l l  these t e s t s  invol- 
ved highly dynsmic maneuvers. lhe a b i l i t y  of the  
IIRS t o  accurately determine performance under 
these conditions was proved out i n  the  f l i g h t  t e s t  
program and, indeed, was the primary reason it was 
selected for use on the YF-16 proeram. A represent- 
a t ive  pi p lo t  is shown i n  Figure 9. 

b 

Wing these EX t e s t s ,  accurate  w i n d  i n f o r a -  
t i o n  was needed t o  convert i n e r t i a l l y  Sensed 
grouna speed t o  airspeed information as explained 
i n  sect ion IV. This requirement meant t h a t  a quasi- 
s tab i l ized  wind ca l ib ra t ion  had t o  be done before  
most dynamic mancuvers i n  order to accurately as- 

par ison of IIRS i n e r t i a l  ve loc i ty  and P i to t - s t a t i c  
airspeed. ?his "wind cal" required t h a t  the  p i l o t  

- seas  loca l  wind spced and d i rec t ion  from a COE- 

Mach 
Figure 9. Maneuver Performance 

hold a wings-level, low r a t e  of climb point  fo r  
approximately ten seconds, which was done while  
t h e  p i l o t  was se t t i ng  up on i n i t i a l  t e s t  Mach an4 
a l t i t ude .  

Take-off and landing data were evaluated with 
severa l  a i r c r a f t  configurations during the course 
of t h e  program. I n i t i a l l y ,  date reduction was done 
using the conventional phototheodolite g r o w ?  
camera method. Pa ra l l e l  data analysis  was a l so  
made using IIRS outputs. Comparisons between the  
two techniques showed no appreciable differences 
i n  ve loc i t ies  or dis tances  measured. m e r e a f t e r ,  
almost a l l  of the takeoffs  and landings were re- 
duced using IIRS data and phototheodolite support 
was no lanner necessarv. A . t n i c a 1  take-off d o t  
comparing fIRS and phototheohblite data is p k s e n t -  
ed i n  Figure 10. 

Distance 

F i w e  10. Take-Off Data 
+x-x Lines a re  photo.Bata, symbols a r e  nav. data  

Climbs and descents were ?valuated using f ixed 
parer  s e t t i w  runs following a constant Yach and/ 
or constant cal ibrated airspeed path. Rate-of- 
climb, pi tch a x l e ,  f l i g h t  path acce lera t ion ,  e tc . ,  
data  were obtained from the  IIRS. m e  data were 
a l l  correlatable  f l i g h t  t o  f l i g h t  and i n i t i a l  
radar  t racking confirmed IIRS instantaneous r a t e s  
of climb measured. Unlike some other  possible  
sources of dits, there  was no tendency for the  
sensed climb r a t e  t o  toggle.  wenler,  or lag. A 
typ ica l  rate-of-climb p lo t  is shown i n  Figure 11. 
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. 
Rate of Climb 

Figure 11. Climb Performance 

Cruisr data were evaluated using the Classic 
speed-power approach, i.a., stabilizing on a Mach 
and altitude condition for one to three minutes. 
The IIRS was used to sense flight path acceleration. 

Store drags were determined using a variety of 
techniques including stabilized flight range eval- 
uation, incrpmental longitudinal acceleration sen- 
sed after store separation. and fixpd power wind- 
up turns. All of these data w ~ r e  obtained by 

' . "piggy-backing" off other types of testing. For 
instance, the variation in store drag as a fknctian 
of lift coefficient was determined by obtaining 
data during stability and control wind-up turns. 

Air data system position error calibration was 
obtained using rsdar tracking. pacer aircraft, and 
tower fly-bys. However, it was found that good pos- 
ition error data through the Mach jump region 
could be obtained during IPVP~ flight arcPlerations 
and decelerations by comparing TIRS inertial alti- - tude with Pitot-static pressure altitude as a nin- 
ction of time. This is again an instance,of the 
IIRS allowing a single test run to serve several 
purposes simultaneously and requiring less ground 
support equipment. Mach jump position error data 
as determined by radar tracking and IIRS outputs 
are shown in Figure 12. 

A M  

0 

_- 
1 . 1  

Mic 
Figure 12. Fosition Error Data 

Angle of attack and sideslip calibration was 
done during speed-power points. level flight accel- 
erations, and wind-up turns usin6 the IIRS nand fl 
as the rrfermccs. This allowed the static and dy- 
namic characteristics of the aircraft a and p probes 
to be established throuRhout the YF-16 maneuvering 
envelope. Flight test experipnce has shown that the 
ITRS supplies accurate data well above 4 0 O a  in 
very dynemic maneuvers. Since it does not rely on 
d,mamic pr~ssurr to drive it, the ITRS can supply 
Rood a and 0 calibration results even at low air-  

- 

speeds. Typical calibration curve?. are presented 
Figures 13 and 14. 

I I 400 
PEII!TC'l' AGREEI4ENT 

I (7,- 

gbo llo. a;Anc 300 i o 0  
Figure 13. a calibration 

in 

I 
loo 20° 

0 
- 2 O O P  I 

-200 -10 0" 

~cmc 
Figure 14. p Calibration 

Aerodynamic lift 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 necessnry. %st data 
were obtained during fixed power M testing, stab- 
ility and control wind-up turns, climbs. and take- 
offs and landings. Lift vprsus angle of attack 
data at a typical flight condition is presented in 
Figure 15. Figure 16 illustrates the quality of 
drag polar data  obtainable. 

.:- 

FAIRIifC 

CL 

a 
Figure 15. Lift vs a 
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blem t o  a n  occasional nuisance. 

Another problem was wind Fluctuation during the  
course of a run. This normally took t h e  form of a 
vind shear f ront  and could be e a s i l y  recognized by 
analyzing the  computer output p lo ts .  A t r p i c a l  
vind shear i s  shown i n  Figure 17. 

. 

C I  

Figure 16. Drag Polar 

IIRS Fl ight  Test Experience 

me IIRS lends i t s e l f  w e l l  t o  resl-time ground 
monitoring and to  quick-turnaround post-f l ight  
data reduction 8 s  w e l l  a s . t o  highly automated con- 
vent ional  post-f l ight  data reduction and standard- 
i z a t i o n  due t o  the  fac t  t h a t  i t  outputs near ly  a l l  
data  needed for  perforcance work i n  a convenient 
s e r i a l - d i g i t a l  work format a t  f ive  times per sec- 
ond. With the  a i d  of a small ground-based on-line 
computer, IIRS telemetered outputs could be  used 
t o  display t o  the  engineer realt ime a l t i t u d e ,  in- 
stantaneous r a t e  of climb, f l i g h t  pnth accelera- 
t i o n ,  spec i f ic  energy a"! energy r a t e ,  t u r n  r a t e ,  
normal accelerat ion,  and range t raveled along the  
fl ight path. lhese data were very usefu l  i n  deter-  
mining quickly whether a data run was sa t i s fac tory  
or needed t o  be  repeated. 

w i c k  turn-around a a t s  processing of a l l  t h e  
parameters devehped i n  sect ion I V  was done using 
a Hewlett Fackard 9820.4 desk t o p  computer with a 
paper tape reader ,  two casse t te  dr ives ,  and an X-Y 
p l o t t e r .  The IIRS data was fed i n  via  paper ' tape 
and f ina l ized  t e s t  day performance and aerodynamic 
data were automatically plot ted out n shor t  time 
l a t e r .  Total  quick-look turn  around time to  obtain 
these data was a s  l i t t l e  as four hours after f l igh t  

v 

IIRS r e l i a b i l i t y  and u s a b i l i t y  throughout the  
course of t h e  f l i g h t  t e s t  program have been ex- 
cpptionel.  The system averaged 18.4 f l i g h t  hours 
between IIRS unscheduled naintanance act ions and 
approximately 35 f l i&t s  between removnls of the  
instrument for  repa i rs  o r  recal ibrat ions.  NO f l i g h t  
has  ever had t o  be aborted due t o  IIRS f a i l u r e  
and l e s s  than 1% of a l l  the  performance data gath- 
ered on the  program was l o s t  due to  IIRS degrada- 
t i o n  or f a i l u r e .  Tne ITRS was ac t ive  on a l l  but 
four of over 300 f l i g h t s .  

m e  few problems encountered with the IIRS have 
been mainly mechanization and programming changes 
vhich were easy t o  ident i fy  and correct .  Most of 
these occurred during the  i n i t i s l  shake-down phase 
of the  f l i g h t  test  program and thus did not a f fec t  
performance data gathering. 

Data reduction problems re la ted  t o  IIRS use 
have been encountered during the  progrnm. Tne f i r s t  
of these was e r r a t i c  calculat ion of angulnr r a t e s  
i n  the  data reduct,ion program and was caused by n 
deta smoothing problem under c e r t a i n  high r a t e  COn- 
d i t ions .  More carefu l  choice of  sample times and 
scru t iny  of t h e  progrnm outputs reduced t h i s  pro- 

-' 

a 

Figure 17. Wine Shear 

m e  data recovered a f t e r  t h e  shear was encountered 
were geneial ly  not usable unless the  new win5 vel- 
o c i t y  and d i rec t ion  caul5 be determined by doing a 
"wind cal"  a f t e r  the  maneu:'er. Vind shear condi- 
t i o n s  were mostly encountered while f lying over 
t h e  mounteins s u r m m ' ! i x  E.'w?r'!s snd i r x 1 i d s t e . l  
approximately two or  ? t r e e  percent of t h e  t o t a l  
IIRS data obtained during the  course of the  program 

.VI. Future Use 

'Ihe IIRS system of instrumentation has B l o t  of 
po ten t ia l  for  fur ther  ::eveloprent and f l i g h t  t es t  
use. Experience with the  Y7-16 program has provid- 
ed many guidel ines  fo r  future use, espec ia l ly  i n  
the  areas  of changes ani refinements t o  the  pre- 
sent system. Specif'ic modifications t h a t  a r e  plen- 
ned fo r  the  Dclco Carousel 'i 113s inclu3e t .he  in- 
corporation of  an onboani cspebi l i ty  t o  dccouple 
the b a r o i n e r t i a l  s l t i t u i e  loop fo r  take-off and 
landing and for  cer tn in  high r a t e  of c l inh  t e s t s .  
%is  w i l l  allow more accurate measurement o? ir- 
e r t i s l  short-term chalyres i n  a l t i t w i e .  .Another 
change w i l l  be the  expansion of t.he onboar3 wind 
ca lcu la t ion  function t o  allow accurate determinn- 
t i o n  r e p r d l c s s  of a i r c r a f t  r o l l  angle or  r a t e  of 
climb. 

A n y  future  IIRS-type System should be selected 
with the  following c r i t e r i a  i n  mind. 

o Accuracy - The accuracy o f  any current  gim- 
baled n ~ v i g a t i o n  platfor-. should 
be  s u f f i c i e n t  f o r  perrorrance wirk 
However, i n  nnny of these s y s t e m ,  
t h e  in te rnnl  determination of BC- 
ce lers t ion  is not. nvnilable for 
output without an extecsive re- 
work o~" the  platform e lec t ronics .  
mis type of rework i s  c c s t l y  an! 
can 'have an miverse e f f e c t  on o v e r  
e11 performance and r e l i a b i l i t y .  
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o Reliability - Since flight test time is very 
expensive, demonstrated reli- 
ability should be heavily 
weighed in evalunting en IIRS 
Candidate. A high mean time be- 
tween failures and an extensive 
self-test capability are very 
desirable features. 

o Data Output Rate - An output rate of five 
timcs per second is adequate 
for almost nny type of per- 
formance work. However, if ste- 
bility and control or handling 
qualities work is plaMed us- 
ing  the IIRS, an output rate of 
30 to 50 times per second is 
advisable. 

o Independance - m e  IIRS must be able to fUnC- 
tion from takeoff to landing 
on each flight with no hppler, 
TACAN, Onega, or other type of 
in-flight up-date which can 
produce discontinuities in the 
IIRS output data. 

o Data Sychronization - m e  IIRS contractor 
must be able to supply a time 
line analysis of all output 
parameters so that the tine 
relationships between outputs 
can be determined. A g w d  deal 
of data reduction complexity 
can be eliminated if internal 
IIRS data synchronization can 
be mechanized. 

o Computer Mechanization - A general purpose _, 

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

o Shock Mountiw - Most platforms have shock 
mounts installed in them to 
attenuate high frequency vib- 
ration. Tne characteristics and 
play in these mounts should be 
investigated to deterrine 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 location - Ihe location of the IIRS unit with 
in the aircraft should be given 
careful consideration since it, 
more than any other single 
factor, dictates the co-nplexity 
of the data reduction proced- 
ures. m e  IIRS should be placed 
at or 'near the aircraft nomin- 
al c.g. on a rigid structural 
support, 

o Alignment - Alignment of the IIRS baseplate 
with respect to the aircraft body 
axes is critical. An an~ular 
alignment of no more than three 

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. 

,;>., minutes of arc in each axls should 

o Cost - The initial cost of an IIRS ays- 
'tem is high relative to other 
types of performance instrumenta- 
tion. However, over the course of 
a flight test program, the total 
coat of an IIRS could be much 
lower when such factors as relia- 
bility, data reduction 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. 

VII. S m a r y  

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

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 capebilities 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 B significant advance in the state 
of the art of performance flight testing. 
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