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Abstract 

Flight testing in the area of performance has 
been considered for years to be straightforward. 
However, with the advent of ultra-performance 
fighter aircraft, performance flight test has had 
to deal with dynamic and diverse environments. In 
addition to the usual how far and how fast, there 
are questions to be answered in the areas of high 
response turning performance and expanded lift and 
drag regions. The advent of sophisticated high 
resolution, high response INS systems, has brought 
into its own the area of dynamic performance 
testing. Dynamic performance incorporates new 
maneuvers which not only give excellent results, 
but also can cut the number of performance test 
points required. Wind-up turns (WUTs) , roller­
coasters (RCMs) and split-sf (SS) are maneuvers 
considered as dynamic performance. These dynamic 
maneuvers were used to compute lift and drag with 
very good results. The quality of the data and 
the correlation with the conventional maneuvers 
(cruise, accelerations, climbs, and turns) was 
excellent. Obtaining this data from the sophis­
ticated INS system required innovative analysis 
methods. Alone, the INS will provide excellent 
three-dimensional velocities, accelerations and 
rates. However, it will not provide the required 
wind axis flight path accelerations and angle of 
attack for dynamic performance testing. This paper 
addresses the methods used to obtain performance 
parameters from the INS as well as a break down of 
how dynamic performance testing can greatly reduce 
flight test time and effort. 

Introduction 

This paper describes dynamic performance data 
acq.uired during an AFFTC flight test program. 
These data were obtained from RCM, SS, and WUT 
maneuvers. For simplicity and brevity, only data 
at one Mach number are presented. Specific details 
on aircraft type and flight conditions are deleted 
in order to avoid classification problems. The 
data presented in this paper does not by any means 
represent the first application of INS data to 
performance testing. An early limited application 
at the AFFTC was in the late 60s on the SR-71 
project. (II. that project the INS accelerations 
were used only during cruise testing. The general 
concept of using an INS was studied at the AFFTC 
in the late 60s and early 70s, but no funds were 
available for any testing. The first major appli ­
cation of an INS was on the YF-16 project in 1974. 
Mr. James 01hausen of General Dynamics, Fort Worth 

·was primarily responsible for the success of that 
effort. The INS data was used also on the STOL 
transport projects in 1975. What the authors feel 
the data in this paper represents is the highest 
quality dynamic performance data obtained to date. 
Also, this paper represents the first unclassified 
documentation of the wind calculation algorithms. 

Flight Maneuvers 

The first maneuver presented is the RCM. The 
objective was to have a sinusoidal variation of load 
factor at a rate of 0.5 gs per second. Figure 1 is 
a time history of a RCM. The RCM maneuver extends 
over a g range of zero to two gs but other granges 
are possible. The problem with larger load factor 
ranges is the Mach number excursions accompanying 
the large g changes. These excursions can be 
very large. This is especially true in a pull-up 
maneuver. At high g levels in a pull-up the 
aircraft will decelerate substantially. However, 
this is not the case for the sp1it-s maneuver. 
Therefore, the SS maneuver was devised to obtain 
aerodynamic data at high g levels while minimizing 
the Mach excursions. A time history of the SS is 
given in Figure 2. The SS is performed by rolling 
inverted then increasing the load factor at about 
one g per second until either the limit g or limit 
angle-of-attack is reached. As can be seen, there 
is very little Mach number loss. This is due to a 
combination of two factors. First, the maneuver is 
highly dynamic (one g per second) and the entire 
maneuver takes approximately 5 seconds, which typi­
cally is not enough time for large Mach excursions. 
Secondly, the maneuver is inverted and a trade-off 
is made between airspeed and altitude. The third 
dynamic maneuver is the WUT. This is a turn 
maneuver where g is increased at a rate of one g 
per second until limit g or limit angle-of-attack 
is reached. The WUT is primarily a flying qualities 
maneuver. However, the superior quality of the 
data from the INS has allowed us to apply WUT 
maneuvers to performance lift and drag curves. 
The range of data in a WUT is identical to the SS 
and for the first time the results were also 
comparable to the SS. The WUT time history is 
shown in Figure 3. 

INS Data Reduction 

The INS used on this project was a system con­
taining two gyroscopes and three accelerometers 
connected to the aircraft by a gimballed platform. 
The three accelerometers are located at 90.degrees 
to each other on a platform stabilized by the 
two gyroscopes. These accelerometers sense the 
aircraft's velocity changes in the north, east, 
and down (or x, y and z) directions. The two gyro 
spin axes are also perpendicular to each other and 
free-floating. The vertical gyro's spin axis is 
in the vertical position sensing roll and pitch 
motion. The azimuth gyro's spin axis is in the 
horizontal position and senses yaw motion. These 
accelerometers and gyros allow the INS to measure 
any accelerations or angular rate changes and 
output these parameters at 50 samples per second. 
Data analysis for performance parameters uti ­
lizing this INS involved only nine parameters. 
The first three are the x, y, z components of iner-­
tial velocity. The second three are the x, y, z 
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components of inertial acceleration. The inertial 
acceleration components were computed by differ­
entiating the inertial velocities. The last three 
parameters are the Euler angles (roll, pi tch and 
heading). These nine parameters from the INS are 
combined with true airspeed to compute angle of 
attack and flight path accelerations. In order to 
make the required axis transformation it is neces­
sary to compute winds. During wings level constant 
altitude flight the INS computer will produce the 
horizontal components of winds':' But these winds 
are computed using true airspeed which has not 
been corrected for pitot static position errors 
determined during the flight test program. Also, 
the winds are only valid for zero bank and zero 
vertical speed. It was necessary to develop com­
puter algorithms to compute winds for any maneuver. 
The details of these equations are contained in 
the Appendix. 

There are three basic transformation equations 
from the earth axis system to the flight path or 
wind axis system. Unfortunately, there are five 
unknowns for these three equations. The five 
unknowns are three components of wind, angle-of­
attack and sideslip. To solve these equations it 
was assumed that the vertical component of wind 
and sideslip were zero. This algorithm worked quite 
well for maneuvers where bank angle was small. 
This includes climbs, accelerations, cruise, ReM 
and SS. But for turns and WUT maneuvers, the terms 
in the equation (equation three in the Appendix) 
which were set to zero in order to solve the equa­
tion became significant for high bank angles. The 
data became unusable and in many cases the equations 
were unsolvable. 

A new algorithm was developed to reduce turn and 
WUT data. The assumption was made that the hori­
zontal components of wind remained constant during 
the maneuver. This is a good assumption for 
constant altitude turns. For WUT data where alti ­
tude is lost in order to minimize Mach number 
variations, the winds can vary somewhat but if the 
altitude loss is small (less than 1,000 feet) then 
the constant wind assumption is approximately 
correct. The vertical component of wind was again 
assumed to be zero. A least squares solution for 
winds was found using the basic equation for true 
airspeed (equation 12 of the Appendix). This 
method worked quite well for the turning data but 
could not be applied to data at zero bank angle. 
The reason for this is that to acquire a statis­
tically valid set of wind components requires that 
the x and y components of velocity have some 
significant relative variation. During maneuvers 
such as accels and cruise the x and y velocities 
are nearly linearly dependent. That is, the x 
velocity is approximately a linear function of the 
y velocity. In order to solve for x and y wind 
components it is required that the x and y veloci­
ties be linearly independent. This is not true 
for non-turning maneuvers. Therefore, we used two 
methods for determining winds. The first method 
incorporated the zero bank analysis for cruise, 
climb, accelerations, ReM, and split-s maneuvers. 
The second method used the least squares method 
discussed above. 

Aerodynamic Data 

Lift and drag coefficients were computed 
and standardized to a common set of reference 
conditions. The reference conditions were a 

standard altitude and center of gravity. The equa­
tions used will not be represented here since they 
are standard aerodynamic equations and details of 
the corrections to reference conditions have no 
relationship to the purpose of this paper. The 
corrections were very small since most of the data 
presented herein was flown near the reference 
conditions. All of the data presented were flown 
at or near the same Mach number. This Mach number 
was well below the transonic drag rise so no Mach 
corrections were made. Only one Mach number is 
shown since this is all that is necessary to illus­
trate the data quality and data correlation. 

A substantial amount of conventional maneuver 
data was collected during the tests. Figures 4 and 
5 present the drag polar data for accelerations, 
climbs, cruise and turns. Figures 6, 7 and 8 
present the drag polar data for single ReM, SS and 
WUT maneuvers, respectively. In order to facilitate 
comparison of the various maneuvers the same fairing 
is shown on each plot. The data is also presented 
with the same scales. As can be seen there is 
excellent agreement between all the maneuvers. A 
similar set of plots for angle of attack is pre­
sented in Figures 9 through 13. 

Conclusion 

Every paper on dynamic performance testing usu­
ally comes to the same conclusion. That is, that 
the data contained in the paper demonstrates con­
clusively that dynamic performance techniques can 
save tremendous amounts of flight test time. We 
could easily reach the same conclusion. However, 
there is more to a performance evaluation than 
obtaining the lift and drag data. It is still 
necessary to evaluate the thrust and fuel flow 
characteristics of the engine. For this it is 
necessary to do climbs, accelerations and cruise 
testing. Still, by incorporating dynamic perfor­
mance techniques into a performance evaluation we 
can vastly improve the ability to define the drag 
polar and lift curves. We can cover the entire 
lift coefficient range of the aircraft at one Mach 
number with just two maneuvers (ReM and 55). 
Dynamic performance techniques can reduce flight 
time significantly, but the main advantage of the 
method is the improvement in the overall performance 
definition which it affords. 

It is now up to a very conservative flight test 
community to reconsider the methods of obtaining 
lift and drag. This not only means are-evaluation 
of the maneuvers involved, but also the type of 
instrumentation used. The INS system we were 
involved with has proven to be an excellent navi­
gation device and an invaluable tool for determining 
basic performance parameteJ;s with a high level of 
accuracy. 

Appendix 

Flight Path Calculations From Inertial Platform 
Measurements and True Airspeed 

A calculation of wind velocities was necessary 
in order to translate inertial accelerations in the 
earth-axis-system (north-east-down) to accelera­
tions in the wind-axis-system. Two different wind 
calculation routines were used, depending upon the 
type of maneuver. 
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The first wind method was designed for maneuvers 
where bank angle was near either 0 degrees or 
180 degrees. The assumptions made were that 
sideslip (6) and vertical wind (Vw) were zero. 

Z 

The exact equations for airspeed components in the 
earth axis system are as follows: 

(cos1fJ cosS cosa cosR + cos1fJ sine sin<j> sinB +VAx '" 
cosl/! sine cos<j> sina cosB - sin1fJ cosq. sinB + 
sinl/! sinq. sina cosfl) VT (1) 

YAy .. (sin1fJ cosS cosa cos6 + sin~ sine sinq. sinR + 
sin1fJ sinS cos<j> sina cosB + COSw cosq. sinB ­
cosw sinq. dna cosR) VT (2) 

VA
Z 

.. (-sinS COsa cosB + cos9 sinq. sinB + 
cosS cosq. sina cosB) (3)VT 

where 

V~~ '" VI + Vw 	 ( 4)
--x X X 

( 5) 

VI + Vw 	 (6)
Z Z 

VAx '" X component of earth axis airspeed 

YAy '" Y component of earth axis airspeed 

VAz '" Z component of earth axis airspeed 

VIX X component of earth axis inertial speed 

VIy '" y component of earth axis inertial speed 

VI .. Z component of earth axis inertial speed
Z 

Vw X component of winds peed 
X 

Vw .. Y component of windspeed
Y 

Vw .. Z component of winds peed 
Z 

V '" true airspeed
T 

<j> bank angle 

9 	 '" pitch angle 

1fJ 	 '" heading angle 

a 	 '" angle of attack 

B '" sideslip angle 

By 	 incorporating the assumption of B -Vw - 0 and 
Z 

combining equations (3) and (6) yield the following: 

VA VI '" (-sinS cosa +cos8 cosq. sina) VTZ Z (7) 

Equation (7) is readily solved for a using a 
one dimensional Newton-Raphson iteration scheme. 
Once a was calculated the wind components were 
computed using equations (4), (5) and (6) by substi ­
tuting into (1), (l) and (3). The set of equations 
(1) through (6) reduced to three equations with five 
unknowns. The unknowns were the three components 
of wind and a and R. In order to solve these equa­
tions it was necessary to make the zero e and 
zero Vw assumptions. Then, once the winds were 

Z 

computed, the accelerations could be transformed 
into the wind axis using the following equations 
which are simply the inverse of equations (1) 
through (3). 

AX '" (cosB cosa cosS cosw + 
cosS sina sinq. sin1fJ + 
cosB sinu cosq. sinS cos1/l ­
sinB sinl/! cos¢ + 
sinS sinq. sinS cos1/l) • AN 

+ 	 (cosB cosa cosS sinl/! ­
cosB sina sinq. cos1fJ + 
cosB sinu cosq. sinS sinW + 
sinB cosq. COSW + 
sinB sin~ sine sin1/l) • AE 

+ (-cosS cosa sinS + 
cosB sina cosq. cosS + 
sinS sinq. cos8) • AD (8) 

Ay '" (-sinB COsa cosS cos1fJ ­
sinB sina sinq. sinl~ ­
sinS sinu cosq. sinS COS1f/ ­
cosS sinw cos<j> + 
cosS sinq. sinS COSW) • AN 

+ (-sinB cosu cosS sin~ + 
sinB sinu sinq. cosw ­
sinB sinu cosq. sinS sinW + 
cosS cosq. cos,~ + 
cosB sinq. sinS sin1f/) • AE 

+ 	(sin~ cosu sinS ­
sinB sinu cosq. cosS + 
cosB sinq. cos3) • AD (9) 

Az '" (-sinu cosS cos1f/ + 
cosu sinq. simp + 
cosu cosq. sinS cos1fJ) • AN 

+ 	(-sinu cosS sinw -
COsu sinq. cos1f/ + 
cosa cosq. sinS sin1/l) • AE 

+ (sinu sinS + 
cosu cosq. cosS) • AD (10) 

where 

~ 	'" acceleration in the north direction 
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AE .. acceleration in the east direction first necessary to compute airspeed velocities in 

An .. acceleration in the down direction 

AX .. X flight path acceleration (longitudinal) 

Ay .. Y flight path acceleration (lateral) 

AZ .. Z flight path acceleration (normal) 

The wind calculation method as described above 
seemed to degenerate during turning maneuvers. The 
reason for the problem can be seen by examining the 
term which was deleted in equation (3). The term 
is cose sin$ sin~. For small bank angles and small 
sideslip the term vanishes, but as bank angle gets 
large (60 degrees or more) and sideslip becomes 
nonnegligible (on order of 1 degree) the term 
becomes significant in comparison with other terms 
in the equation. In many cases, the errors were 
so large that equation (7) became unsolvable. lin 
alternative wind calculation method was required. 
The method developed was simply a solution of the 
basic velocity equation as follows: 

The basic problem with equation (11) is that it 
is one equation with three unknowns. Theoretically 
any three unique data points could be used to pro­
duce three equations in three unknowns. Practical 
data considerations required that the equation be 
reduced to two dimensions by assuming Vw .. O. 

Z 

There is simply not enough information in the Z 
direction during a constant altitude turn to deter­
mine the Z wind component. Equation (11) reduces 
to the following: 

(12) 

The above one equation and two unknowns were 
expanded to N equations where N is the number of 
data points in the data run. The solution was 
obtained by minimizing the sum of the squared 
residual error of equation (12) with respect to 
each of the unknowns. The resulting two equations 
in the unknowns are as follows: 

I­
I V 2 ­
1_ T 

• (VI + VW ) .. 0
X X

-I 
(V 2 + Vw )2 - (VI + Vw )2 - V 2 1 

N 

L IX X Y Y I Z Ji=l 

(14) 

Equations (13) and (14) are solved by a two 
dimensional Newton-Raphson iteration scheme. In 
order to utilize the winds computed above, it was 

the body axis as follows: 

VIL .. (cose cos'p) (VI + Vw )
-x X X 

+ (cose sin~ ) (VI + Vw ) - sinO VT
y Y Z (15) 

VB .. (-cos~ sin~ + sin~ sinO cos~)(VI + Vw )
y X X 

+ (cos$ cos~ + sin$ sine sin~) (VI + Vw )y y 

+ sin$ cosO VI (16)
Z 

VB .. (sin$ sin~ + cos$ sine cosljl) (VI + Vw )
Z X X 

+ (-sin$ cosljl + cos$ sinO sinljl)(VIy + VWy) 

+ cos$ cosO VI ( 17)
Z 

To compute a and fl the following equations were 
used. 

a .. tan-1 
(VB IV B ) ( 18)

Z X 

sin-lfl .. (VBy/VT) ( 19) 

The problem was completed using equations (8) 
through (10) to transform accelerations from the 
earth axis system to the flight path axis system. 

4.5-4 


~l r­
. ~ 

Tf 



••• 

'.8 
8.11 

j 
u 
.! 2.8 

-0 
0 
0 

...J 

01.8•l 

j 
" .!U 
." 

"C .... 
'02a 

l "' 

8.• 
8 .• 

a.1M 
2.8 ~.0 6.11 8.a 18.8 12.0 I~.a 

e.a 
•. e 

•. 114 
1.8 2 .• 3.11 4 .• s.a 

c 
.!! 
;; 

.."'.82 
". 

I; 
"§ 

'.88:z 
..c: 
u 
0x: 

"'.82 
0.8 

'" a.a ... 
'" 

2.8 ~.a 6.8 8.8 18 .• 12.a I~.a 

a-0 

'II •. 12 
". 

I; 

j 8.88 

..c: 
" "x: 

"'.12 
I.e 

;;: I.e 
1.8 2.11 3.1 4.8 lUI 

~ '" <SO 

.~ -28 

;; 
L 
0 

> -~.0 .. 
".; -:c -e.' 

0.~ 

FI_.. I 

2.0 ~.0 5.0 6.0 10.0 
T11'/19 (seconds,) 

Roller Cooster Time History 

12.0 l4.a 

~ 

'i -I.I 

-" 
,! -2.a .. 
".; 
~ -3.8 

a.a 

f'lgu-.. 3 

I.a 2.e 3 .• 
Tim. (Second",) 

Spl It S Ti .... 

Ul 

Hi"tcry 

5.8 

SYMBOl Maneuver 

oa.a 2.a 4.a 6.a 8.a la .• 
o 

a.aa 

o 

.'~ "'.82 
-
> 

"'.86 

2 .• ~.e 6.8 8.a la.a


2 9.8 

~ 
~ -t .• 
;; 

Drag Coefficient 
figure 4 Accelerot ian -ond Climb Drag poror

::: -3.' ea.• 2.0 ~.a 6.0 8.a 18.a 

Ti.... (Seconds) 


Wind Up Turn Time History 


4.5-5 

-1 r~ 

. ~ 

W 



SYMBOL Maneuver 

o CruIse 

o Tl"lrn 

/' 

~•Ii 
u u ... ......• ...•0~ u 

;:: 
~ 

[ f 
l_~~_~_.~ __~~_ t 

Drag COli!ff Ie Ili!nl 
Drag COl;!ff'C'QntCru i se and 1 urn Drog Po Ior Figure 7 \Jind Up lurn orog Polor 

~•~• u 
u ...... ...•...• 0 
0 u 

u 
;::;:: 

Drag Coefficlant 
Spl il S Drag Polor

orog Coefflclenl 
Figure 8figure 5 Railer Coasler Hane:.Jver Drag Polar 

4.5-6 



SYMBOL Maneuver 

o Ace. t .... ot !on 

o ellob 

Angle of Alleck 
Accele.roi ion ond CI imb Lift Curve 

SYMBOL Honouver 

o Crul •• 

c T"m 

figvre 12 

~ Angle or Allack . 
... " 
'­.. 

0 
u 

;;:: 
0...J 

Angle of Allock 
figure 13 Sp I ; l S l i fl Cvrve 

Angle of Allack 

Wind Up lucn lifl Cucve 


Cruise and Turn Lift Curve 

Angle of AUock 
FIll'""" II Roller Coosler Honeuver lin Curve 

4.5-7 

'. f.­
. I 

JiL~
W 


