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SUMMARY

Flight tests were conducted and technicues chéageveIOped for
evaluating the handling qualities of an aircraft using combat-oriented
air-to-air tracking maneuvers. This technique involves precision
tracking of a target aircraft through wind-up turn and constant angle
of attack turn maneuvers. The gun camera film of these maneuvers was
analyzed for characteristic pipper motion relative to the target and -
tracking errors in the longitudinal and lateral-directional axes.
Correlation of these data with pilot comments provides a means of
evaluating the acceptability of aircraft stability and handling quali-
ties in the maneuver environment for which the aircraft was designed.
The TWeaD II F-4, which incorporated a variable gain control augmentation
system (CAS), was used in the flight development of these tracking
test techniques. With the CAS, three levels of handling qualities,
ranging from good to unaugmented (poor) were evaluated in pitch, roll,
yaw, and the combination roll and yaw axes. These handling qualities
levels were successfully correlated with pipper motion, tracking error,
and pilot rating and comments to the extent that acceptable handling
qualities were distinguished from unacceptable handling qualities, and
deficiencies vere discovered and isolated. Tracking test techniques
proved to be a powerful tool for optimizing the TWeaD II flight control
system in an in-flight cnvimonn.nt.using mission-oriented tracking

tasks. *
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INTRODUCTION

The importance of mission-oriented pilot-in-the-loop handling
qualities has long been recognized by the flight test community.
Hovever, no suitable flight test methods have heen available for
evaluating closed~loop handling qualities. The only tool available
for evaluating closed-loop system performance has been subjective pilot
opinion, in the form of the Cooper-larper rating scale (Reference 1l).
The development of additional technicues for evaluating pilot-in-the-
loop handlina cqualities would be desirable, particularlv if the evalu-
ation technicues could be related to mission-oriented flight conditions.

The potential of identifying closed-loop handling qualities deficien-
cies using air-to-ajir tracking was first identified by Mr. Thomas
Sisk of the NASA Fliaght Research Center in his AIAA Fighter Airplane
Conference Paper (Reference 2) and NASA TM-2248 (Reference 3). This
potential was also recognized by the Air Force Flight Test Center
(ANFFTC), and a study plan was initiated to develop detailed air-to-air
and air-to-ground tracking technicues, and data handling, analysis,
and presentation procedures. This report presents the results of a
flight study conducted to develop these techniques.,

Methods were developed to evaluate pilot-in-the-loop precision
tracking handling qualities of fighter and attack aircraft earlyv in
the flight test program. The methods investigated involve pilot
observaticn and commentary, and supportive analysis of gun camera film
of relative pipper to target mntion during orecision air-to-air and air-
to-ground tracking maneuvers.,

The aircraft used in this stud+ was theL?WeaD II F=-4C, S/N 63-7409,
which incorporated a variable gain control augmentation svstem (CAS).
This system permitted the evaluation of three handling qualities models
ranging from good to poor in the pitch, roll, yaw and combination roll
and yaw axes,

Appendix B of this report presents detailed procedural information
on air-to-air trackina techniques. This information will be incorporated
into a future edition of AFFTC Stability and Control Manual. Accordingly,
appendix B reflects the accumulated ATY experience witr tracking
test techniques. This experience was gathered during the study
documented in this report and during subsequent flight test programs
of several mndern fighter type aircraft.

Appendix D documents the computer program developed during the
study documented in this report. Subsequently, other programs have
been written and are also being used In #nalyzing and presenting
tracking test techniques data.

It iz very important not to confuse tracking test techniques
with the cperational tracking and gun firing techniques associated with
an actual combat encounter, Tracking test techniques are a powerful
tool for identifying and defining handling qualities deficiencies and
optimizing flight control systems. These techniques wvere specifically
developed to elicit engineering data which may be used to improve the
handling characteristics of the airplane. In this respect it is



certainly expected that the results of tracking test techniques (a
better handling airplane) will favorably impact the operational pilot's
ability to control his aircraft during combat encounters. But it

would be a mistake to assume that the data gathered using these
techniques directly reflect such overall mission effectivenes. parameters
as the likelihood of a kill. The overall combat effectiveness of the
airplane is a function of many considerations. Tracking test techniques
provide a measure of that portion of mission effectiveness which is
related to the pilot's ability to precisely control the aircraft
attitude.

OBJECTIVES

There is an old saying that, "If an airplane looks right it will
fly right.” Whether justification of this relationship is metaphysical
or substantial, it can be reasonably assumed that flving "right® means
that the airplane possesses handling qualicies vhich permit the pilot
to regularly and efficiently accomplish the task at hand: tracking and
shooting down anotlier aircraft in the air, delivering a bomb on target,
tracking a glide slope, etc. Clearly, for an air superiority aircraft
or a ground support aircraft tlie tash is to control the gunsight pipper
with reference to the target until a weapons trajectory solution is
completed and the weaponry is deployed. 1If the pilot is able to
perform the task easily and rcpeatably he will say the airplane flies
*right”, and the chances are commensurately greater that he will hit
the target. Conversely, if his aircraft exhibits cljectionable oscil-
latory or divergent characteristics, or other handling qualities
deficiencies, or requires an abrormally high skill or proficiency
level, his chances of hitting the target are¢ reduced, as is the
mission effectiveness.

It is desirable to isolate and correct open-loop as well as closed-
loop handiing qualities deficiencies which reduce mission effectiveness
as early as possible in the development, test, and evaluation of the
aircraft, Flight test methods have long been available for measuring
and evaluating open-loop response, but heretofore no such methods
existed for evaluating closed-loop system performance. Since the
mission effectiveness of fighter-bomber type aircraft is related to the
difficulty experienced by the pilot in controlling t!lie gunsight pipper
relative to the target, it is not unexpected that an analysis of
gun camera movies of relative pipper to target motion might prove
instructive. This potential for identifying pilot-in-the~loop handling
qualities problems by analyzing relative pipper to target motion was
recognized by Mr. Thomas Sis), and was confirmed by this study.

The objectives of the tracking test techniques studies were:
(1) to investigate flight test methods for evaluating pilot-in-the-~
loop handling qualities characteristics; (2) to substantiate air-to-air
tracking as a viable pilot-in-the-loop test procedure; (3) to investi-
gate the potential for using airto-ground tracking to identify
handling qualities deficiencies associated with the ground support
mission; (4) to develop and establish detailed test maneuvers and
procedures for use in the flight test investigation of mission-oriented




flying qualities; and (5) to define data analysis and presentation
procedures,

Fallout from these objectives include a uniquely effective tech-
nique for optimizing flight control systems and a potential technique
for defining the open-loop frequency response characteristics of the
airframe/control system comhination using closed-loop tasks (Reference
4).

To demonstrate the usefulness of tracking test techniques, it was
necessary to show that at least two levels of stability and handling
qualities could be observed by correlating pilot qualitative comments
with an analysis of tracking film. This objective was facilitated by
the Jmuuung_g%rplane, F=4C S/N 63-7409, vhich incorporated a variable
gain CAS. With this aircraft, three levels of stability and handling
qualities were evaluated in pitch, roll, yaw, and the combination roll
and yaw axes. Brieflv, these were "good" handling qualities (corre-
spondina to the control augmentation system gains developed in the
TWeaD IY proqram, Reference 3), "degraded" handling qualities (corre-
sponding to non-optimized gains), and handling cualities corresponding
to those of the basic F-4 without dampers (CAS disengaged)., These
three levels provided an opportunity to analyze characteristics ranging
from well coordinated and uniform handling qualities to handling
qualities characterized by high adverse yaw at higher angles of attack
stick force reversal, "dig-in", etc. The pilot's Cooper-Harper rating
of these handling qualities levels ranged from fair to major deficiencies
requiring improvement (3 to 7 on the Cooper-Harper scale). For a
more detailed explanation of the characteristics associated with the
stability levels see appendix A.
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AIR=-TO=-AIR TRACKING TEST TECHNIQUES

The objective of the tracking test techniques is to quickly un-
cover closed-loop stability and handling qualities problems and
anomalies over a large range of flight conditions while performing
mission-oriented tasks., The approach taken was to develop a set of
maneuvers vhich would first rapidly scan a broad spectrum of flight
conditions for handling qualities deficiencies and then permit
examination of the isolated defiencies more thoroughly. 1In this
respect, the tasks found most useful for an air-to-air tracking analysis
were wind-up tracking turns and constant angle of attack (constant-a)
tracking turns, For this study, wind-up and constant-a tracking turns
wvere performed at Mach numbers of .85 and 1.2, from 20,000 to 40,000
feet MSL, and at angles of attack up to 19 units.

The wind-up tracking turn consisted of tracking a target aircraft
through a smooth wind-up turn (constant Mach number) of approximately
15-20 seconds duration. The constant-a tracking turn consisted of
tracking a target aircraft through a constant-a and constant Mach num-
ber turn of 15 to 25 seconds duration or more. For both maneuvers
the target range was usually 1000-1500 feet. These tvo maneuvers
were selected because thev permitted, respectively, a brief look at han-
dling qualities over a large angle of attack range at constant Mach




number, and a more detailed look at specific angle of attack/Mach problem
areas revealed in wind-up tracking. For example, during a wind-up
tracking turn, it was discovered that accurate tracking was difficult

at 16-19 units angle of attack and Mach = 0.80. A closer and more
discerning look at this difficulty was obtained by tracking for 15 to

25 seconds at constant Mach = 0.80 and constant-a in the 16-19 units

angle of attack region.

To evaluate the effect of large perturbations on the tracking
task, rapid and essentially constant-g barrel-rolling reversals of the
direction of turn were sometimes incorporated into the constant-a
tracking turns. For example, a rolling reversal would be sandwiched
between two constant-a tracking maneuvers. These reversals were per-
formed at about combat break rate. The incorporation of reversals
into constant-g turns permitted the tracking pilot to evaluate closed-
loop system performance during his attempts to control and minimize the
rapid, large amplitude pipper excursions associated with large stick
deflection rolling maneuvers. Quantitative analysis of the pipper
motion during reversals was found to be fruitless, but pilot comments
were often useful,

A fixed gunsight with a low depression angle was used for these
maneuvers. For this airplane, this insured that all pipper motion
was a product of the pilot-airplane combination (without the extraneous
reticle motion generated by computing gunsights) and that "pendulum"”
effect due to large gunsight depression angles was minimized. Generally,
the pipper depression angle will depend on the airplane's roll axis
(whether wind axis, body axis, or other).

Early in the program the tracking pilots were permitted to use the
rudder pedals while tracking, but it was soon discovered that through
determined and coordinated use of the rudder pedals the pilots were
able to mask the poor handling qualities which would otherwise have
been manifested in the motion of the pipper relative to the target.

For this reason the pilots were thereafter required to perform the
tracking tasks with their feet on the floor. This made many problems
apparent wvhen they might normally have been inobvious.

The fact that with considerable effort the pilots were able to
effectively mask handling qualities problems by using the rudder pedals
suggested a relationship between pilot workload and flying qualities.

A measure of pilot workload was obtained during tracking maneuvers,
however very little success accompanied the attempt to effectively

relate that workload to tracking results and handling qualities. The
measure of workload obtained was the absolute value of longitudinal

and lateral stick force and rudder pedal force integrated over time.

These forces were measured relative to the one g trim condition established
prior to each maneuver.

It should be mentioned here that the pilot's learning curve
appeared to play an initially important role in tracking test techniques,
The experience of this study was that pilots who were unfamiliar with
the test techniques or the flying qualities characteristics of the
aircraft being tested required several familiarization maneuvers, or
one or two familiarization flights before meaningful data and pilot
comments could be obtained.
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The experience of this program was that there were two primary
requirements for a useful analysis of precision air-to-air tracking:
(1) a time history of the aircraft response, in the form of gun camera
film of the pipper motion relative to the target; and (2) the pilot's
comments and Cooper-larper rating for the tracking task. It was also
desirable to acquire time histories of the input (e.g., stick forces),
airplane response (e.g., normal acceleration, roll rate), and flight
control system parameters (e.g., error signals).

The tracking pilot was found to be the most important factor in
acquiring useful information. His primary task was to keep the gun-
sight pipper on a particular point on the target aircraft (precision
aim point). He was requested to make a continuous and concerted effort
to immediately return the pipper to the target on every occasion that
it wandered away. This technique proved indispensable in analyzing
the data. The pilot was asked not to permit the pipper to "float"
near the target (a combat technique to get a tracking solution), nor
to stabilize in order to facilitate returning it to the target. Doing
so tended to mask the tendency for the airframe/control system to be

excited by the pilot's efforts to precisely control the aircraft (pipper)

motion.

The pilot of the target aircraft was also very important to the
test results, since he was responsible for establishing and maintaining
the maneuver flight path and test conditions. Deviations from these
conditions often resulted in lost or less useful data.

In constant~a turns, particularly at lower angles of attack where
buffet or other aerodynamic perturbations were not encountered, the
airplane was initially excited by the pilot to insure that the system
equilibrium was initially upset. This was accomplished by aligning the
target on the outer ring of the reticle and then moving the pipper to
the target as quickly and positively as possible,

Generally it proved very informative - and therefore very impor-
tant - if the pilot provided a running commentary of his impressions
during the tracking maneuver. The value of gathering impressions and
comments cannot be overemphasized.

AIR=TO~GROUND TRACKING TEST TECHNIQUES

The technique explored in air-to-ground tracking was essentially
similar to that used in air-to-air tracking. Two combat oriented air-
to-ground maneuvers were used: a representative 30 degree dive bomb
run and a 15 degree strafing run. Although insufficient data was
gathered to determine the validity of these maneuvers as tracking test
techniques, a brief description will perhaps benefit further develop-
ment and test programs.

Dive Bombing: A modified 30 degree dive bomb pattern was flown,
with roll=iIn at 20,000 feet MSL at 250 KIAS and "release" (end of

tracking) at 450 KTAS and 4,000 feet MSL, A 30 degree rather than a
45 degree bomb run was selected because it offered slightly more avail-~
able tracking time from roll-in to release. No external stores were

11
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carried. Data was taken from roll-in through release. The ground
target was aligned on the 60 mil ring of the reticle and then the
pipper was moved to the target as rapidly as possible. As in air-to-
air tracking a corcerted and positive effort was exerted to keep the
pipp¢é- on, or return it to, the ground target.

Originally the pilot was required to track with his feet off the
rudder pedals, as in air-to-air tracking. But the greater gunsight
depression angle (118 mils) and resultant pendulum effect plus the
relatively short time available for acquiring the target, stabilizing
on it, and tracking, indicated the critical requirement for good coor-
dination of rolli with yaw inputs. Tracking with any accuracy at all
was extremely difficult without rudder inputs - a difficulty which was
reflected in tie poor data acquired. This proilem was additionally
exacerbated by turbulence and crose winds, which accentuated the short
time available for stabilizing and tracking and the necessity of yaw
inputs to coordinate roll., Accordingly, the pilot was subsequently
permitted to use the rudder pedals for dive Lombing tracking.

Strafing Runs: The strafing tracking runs were flown at aktout 40C
KIAS with a 35 mil depression angle. The smaller depression angle
reduced tiie pendulum effect so that the tracling could be performed
with feet off the rudder pedals. Still, it was more difficult for the
pilot to track a target on the ground than in the air.

EVALUATION OF TRACKING TIST TECHNIQUES DATA

Because of the combat oriented tracking tasks involved, it was
anticipated that the relationship between tracking test techniques
data and overall combat effectivenens might Dbe confused or misinter-
preted. In order to preclude any misinterpretation, three points
need to be made. First, that the maneuvers and piloting techniques
implemented in tracking test technicques are not, and were not intended
to be, the same as real-world operational or combat maneuvers and
techniques, Second, that there is no direct relationship between
the amount of time the pipper spends on the target using tracking
test techiques and the amount of time it can hLe expected to spend on
the target during an actual combat encounter. Third, that the over-
all combat effectiveness of an airplane is a function of many consider-
ations, Tracling test techniques provide a measure of that portion
of mission effectiveness which is related to the pilot's ability to
precisely control aircraft attitude,

The maneuvers and piloting techniques described in this report
are oriented towards, but are clearly different from those associated
with operational combat tracking and gunnery in numerous. respects.
For example, the lead computing gunsights used operationally signifi-
cantly alter pipper motion characteristics and thus pilot response.
An actual gun-firing pass requires only a few seconds of on-target
tracking, rather than 20-25 seconds. Depending on airplane character-
istics, the pilot will prohably allow the pipper to float near the
target at times, rather than aggressively attempting to drive it back
to the target as required in tracking test techniques. The pilot
may use the rudder pedals during actual combat encounters, but he may

12



not use them in tracking test techniques. And of course, an enemy
target aircraft will be maneuvering violently rather than flying a
predetermined and carefully controlled flight path.

The qun camera film of pipper motion relative to the target during
the tracking test maneuver is primarily useful as a supplementary
record and physical measure of what the pilot observed. Taken by
itself, pipper motion analysis has not been established as a precise
quantitative indication of handling qualities or mission effectiveness.
Its value is as a supplement to the pilot's comments and observations,
and as a general indicator of progress in flight control system
optimization. Pipper motion, or pipper error analysis is secondary,
i.e, supportive data and must not be mistaken for a quantitative
index of flying qualities or overall mission effectiveness.

RESULTS OF AIR-TO-~AIR TRACKING DATA ANALYSIS

The analysis of pilot ratings and comments and gun camera film of
tracking maneuvers provided a rapid means of uncovering stability and
handling qualities problems in the maneuver environment for which the
aircraft was designed. Using this technique, it was possible to
quickly isolate those portions of the flight envelope where the aircraft
was deficient so that if necessary a more detailed investigation of
the causal factors could be made using conventional flight test
procedures. This technique also demonstrated, in a practical manner,
the impact on mission effectiveness when the pilot's ability to pre-
cisely control the aircraft attitude was reduced because of unresolved

stability and handlirq qualities problems. (R 1)1

The air-to-air tracking data was acquired for basically two flight
conditions: subsonic and supersonic. The subsonic data was gathered
at a true Mach number of .85, an altitude of 20,000 feet, and a forward
cg (clean airplane except for forward AIM 7's). Mach number was
held essentially constant throughout the tracking test (altitude was
sacrificed when necessary to keep the Mach number up).

The supersonic data was gathered at a true Mach number of 1.2,
an altitude of 35,000 or 40,000 feet, and a forward cg (clzan air-
plane except for forward AIM 7's). An attempt was made to hold Mach
number constant by sacrificing altitude (6,000 to 8,000 feet in a wind-
up turn), but at higher angles of attack the Mach number inexorably
bled to subsonic values fairly rapidly. Only a limited amount of
supersonic data was gathered.

The acquisition and presentation of data for analysis were cen-
tered around the gun camera film of the tracking maneuver. The film
was scored, or read for relative position of the pipper to the target
(x and y, or azimuth and elevation displacements from the precision aim

Iﬁumcrals preceded by an R within parentheses at the end of a paragraph

corresponds to the recommendation numbers tabulated in the conclusions
and Recommendations section of this report.
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point) over the duration of the tracking. These data vere used by the
Tracking Test Techniques Plotting Program (appendix D) to compute and
plot four (or five if specified) presentations:

1. A trace of pipper motion relative to the gunsight longi-
tudinal (elevation) and lateral (azimuth) axes.

2. Longitudinal (elevation), lateral (azimuth), and total
root mean square (RMS) error versus angle of attack (and
g if specified).

3. Time histories of longitudinal (elevation), lateral (azi-
muth), and total error.

4, Percentage of the total tracking time that the pipper vas
within a given error range,

A detailed description of the tracking test techniques plotting
program, with examples of output and plots, is presented in appendix E.

Pipper Motion: The plot of pipper position relative to the target
(figure JIA) Is a time history of the pipper's motion about the target
in azimuth and elevation. The point at vhich data scoring began is
denoted by an asteris) and the direction of motion is chronicled by
periodic arrowvheads. (The initial perturbation technique vas not
scored, i.e. scoring did not begin until the pipper had moved into
the vicinity of the target.) This trace was primarily useful in
identifying the pronounced characteristic motion associated with
certain stability and handling qualities prohlems; e.g., the character-
istic saddle-shaped or fiqure-eight motion associated with adverse
yaw or wing rock.

RMS Error: The RMS error plots (figures 1B and 1C) presented RMS
errors for whatever g's and angles of attack were specified (appendix
D). RMS errors vere computed for successive intervals of two units
angle of attack or one g, from the minimum to the maximum value encoun-
tered during the maneuver., The computed RMS errors for each interval
were presented at the mean value of angle of attack or g for that interval,
The usefulness of this plot, taken by itself, was limited and can be
misleading., Tahle I presents the RMS errors and pilot rating for
each constant-a tracking maneuver performed and average values for all
10 unit and 14 to 16 unit turns broken dovn by stability level in
each axis. It is apparent that while a general trend can be inferred
from this data, indicating that RMS errors could be considered rough
indications of starility and handling qualities problems, they could
not be considered conclusively indicative of particular gradations of
stability and handling qualities. However, it is equally apparent that
RMS error could be used as a measure of the gross deterioration of
stability and handling qualities as flight conditions became more
severe; i.e.,, at higher angles of attack where the airplane experienced
wing rock, buffet, and stick force reversal and lightening.

Pipper Error Time Histories - Azimuth, Elevation and Total: The
time historles of plpper motion (or error) in elevation (longitudinal)
and azimuth (lateral-directional) (figure 1D) were conclusive in
establishing the difference between acceptable and unacceptable han-
dling qualities (as defined by the pilots' comments and Cooper-Harper
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ratings encountered during this study) as well as in establishing
gradatiors of handling qualities. A comparative analysis of the
chzracteristic pipper motion of three levels of stability is presented
in figures 2 and 3. Prom these figures it can be seen that each level
of statility had a characteristic motion that distinguished it from
the athers.

These motions show that the good aircraft responded immediately
to the pilot input; the degraded aircraft responded, but more slowly,
and the unaugmented aircraft seemed to respond more to the natural fre-
quency of the airplane than to any pilot input. The important peint
however, is that nearly all the tracking runs for a particular level
of stability had a characteristic motion. This characteristic pipper
motion suggested the possibility of analyzing pilot input (stick
force) and aircraft respcnse (pipper motion) to define airframe/control
system transfer function and frequency response cl.aracteristics
(Reference 4).

Percentage Tracking Time vs Error: It was expected that another
way to evaIua%e handling qualities of a constant-a maneuver would be to
see what percentage of the total tracking time the pipper spent within
a given error range., For three different stability levels (good,
degraded, and unaugmented), it was expected that tlie best level would
have a high percentage of tracking time within a lower error range and
the worst level would have a lover percentage of tracking time within
the came error range (figure 1lE). Pigures 4 through 11 show that the
three different stability levels (good, degraded, and unaugmented)
generally followed this expected trend for a given axis or axes combi-
nation. For example, figure 4 shows that the percentage of tracking
time the pipper spent within a 4 mil azimuth band of the pipper was
progressively reduced as thc yaw CAS was changed from the good to the
degraded to the unaugmented configuation. This trend was visible in
pitch and in combination roll and yaw as well. The trend was not
apparent in roll however, where the good, degraded, and unaugmented
tracking time versus error bands are essentially coincident (figure
5). This is believed to be because the gunsight depression angle was
very close to the aircraft roll axis. If the depression angle were
larger the resulting pendulum affect might have caused the good,
degraded, and disengaged bands to exhibit tlie same trend as figures
4 and 6"11.

The plot of percentage tracking time vs error proved to be one of
the more consistent and useful formats for presenting the data, The
data acquired during this study was limited but appeared to indicate
that as a rule of thumb, good handling cualities were characterized
by approximately 60-80 percent tracking time within three-mil elevation
and azimuth error bands at 10 units angle of attack (3 g's), and 30-60C
percent tracking time at 14-16 units angle of attack (4-5 g's).

Pilot Ratings and Comments: Pilot ratings and comments were the
most Important aspect of tracking test techniques. In contrast wiih
RMS pipper error, percentage tracking time vs error, or pipper time
histories, the pilots were capable of consistently identifying even
small gradations of stability and handling qualitizs., The pilots were
the key in correlating cause and effect; i.e., in correlating the air-
craft's motion, as manifested in the pipper traces, with stability,
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GAC 10 Units P Deg 10 Units |P Dis 10 Units R Deg 10 Units

Long L-D L L-D 'L L-D L L-D
Error PR Error PR E PR E PR E PR E PR E PR E_ PR
4.1 4 2.6 3.7 2.75 3.4 3.5 3 3.4 3.6 4.8 S
4.1 4 3.4 6.1 4 3.7 5.7 § 2.3 3.0 4 2.8 4
4.8 4 3.2 4.8 4 2.4 7.0 4 4.4 2.7 5 2.0 3
4.2 5 2.5 3 5.4 ¢4 1.6 5.7 5 3.0 4.0 3 4.6 3.5
3.0 4 2.6 3 4.4 4 4.8 5 4.7 4 6.1 4.5 3.7 5 3.5 5
3.3 4 3.0 3 8.4 5 4.2 3 6.7 4 3.8 3 3.8 5 3,5 S
2.8 ‘ 3.6 2 9.‘ 6.5 307 ‘.5 5.9 3 4.1 3 3.9 5 3.5 5
4.8 4 7.4 2 3.4 5 3.4 5
4.5 4 4.8 4
4.0 4,1 3.7 2.8 6.0 4,3 3.4 4.2 5,6 4,0 3.9 3.5 4.6 3.5 4.6
GAC 14-16 Units ;P Deg 14-16 Units P Dis 14-16 Units R Deg 14-16 Units
L L-D L L-D L L-D L L-D
E PRE_ PR E PRE PR E PRE PR E PRE_ PR
5.5 4 6.4 4 10.4 6 4.9 2 10:3- T 3313 5.6 4 9.5 6
5.1 4 7.8 9.0 6 6.7 4.5 4;3 3 5.1 & 6.1 4,5 4.8 ¢
7.2 7.6 5.5 5.5
4.7 2 4.2 2
5.6 3.3 6.5 3 9.7 6 5.8 3.3 6.7 5 4.6 3.5 5.94.3 7.2 6

Table I-~Pilot Ratings/Trackiny Error

l6



!
" i
e} vl o
~d a:' SIS o 0 N
] (% wl v i
2
@ o PNM e~
0 n:l RV RV . . ~ ¢ o o o ® o f
o A 0 | A e o
v‘:‘ :" [ 5 ] el -
ol a I oco~MOwOo| © )
] ¢ 0 0o 8 o o [ (1] n =) ¢
ol vevwewvol © -t n’.l cOOMW .
-4 Q al o <
] (-4 . n| ~ >
-l n.l NNV . 3 vVoO~V® o |
Q <l n ol 3w (2 4 2 i3 i
> cweNOm| w | s {
[} ¢ o o o o o O &
Gl LW eeneen| < -l n 7} |
SETREAAE M sl e - &I e NV . |
o~ = -5 n |
7] ml NN OO . |
o 5 2 a MmN O ~ ‘
(=} ] ] | “ 0o 0o o .
ol a | owmo:—cv (-] <l Al vome W [
] e & o o [} 4 ~-
ol 1 M thmhn < ~N |
- o Dﬁl ~ W o . {
n [+ Q R (Yo ) |
o gl mv‘:spmv < a _
g > TNWO N [
[* ] e o o o . |
> ooNVOw] O gl Il *nmo < .
<3 o 0 o o o o A - o i e !
Zl il el M ~ i
it et adanie bl I ml NS Y . i
N & [ (Vo)
n:l ~Sons~ . | Py
P 1 :g LR RV ~ o |
] o « o o . g |
& a I W T N O ol | ~ N O © ]
] @ s o o o . L -~ ~ ol i
gl n~o® ~ ' e
(5] A Ly o |
v ml <N N o
o 72} % < O
~{ ml o N 2} L4 0 —
Ll = S TSRV W o -
.2 e o 0 ] L i
=] owon ~ > Ml wom © o .
. sateatnasiadid —
vvmm ) 7 7s)
)—-?‘ 25 “{' e T e ek s i (g0 n:l N em . . % l
[+ ] 'F‘ O¢ O ™M < B |
g' O MW ‘: g 1
3 = ? | voco-—c © 1
[ ]
bt nwnoo ™ Al Aul covw 0 '
[ =1 ] e o o @ . { 4 ‘
D]LAR ~MwO 7o) < ™ !
- nsl O TN 3 i
© 7)) (L) By <
] r.ul < . ) o |
s 2 = g - NS v |
g‘ L ] L] [ ] L L[]
(a] nonNwv © Hl AWl vvovwem n
[ ] [ ] L] [ ] L[]
~nom - 0
R (S NAL 3 -
~ o ml O 0 e
" n:l MK NTs} * [] W n
J'-: [« - e}
=] vl a ~oOOo N
ol a I ~ N (V-] -~ ) I * s o .
] * o * 11 A nvwe n
Ol W wANw ™ <
~ ~ n ©
0" (] n:' < o0 .
0 m' n e o 0 [N n -
-ac ' \n ) -3
or~m ™
[ noo © ) Ll e e .
e o o . S~ ™M [Ve}
Nl mew ™

17



Scored at 8 B/S
-;ﬂight No 69

versus Targed

Plot of Pispen_Pegition

. F14ght No 69

“Fléght

Date

g

.__|.. l i _.._E_.. k=Ml |
HH Bas '_‘| I

LT

i 1 G T
*LH. 15l ikl FORSA W | _._,

i

17

L-...—-b—-l---

S

A

i

i

-

RS

gl il
By

Figure 1B. Grrem versus §

Camera Run No 2

Burst Mo 4

b A CHEM O 2R I I F”’
I 1#! | 21 Y "
e Tt

) S48 i KXY s ‘YE = J}# it
4 N . . . »* v H Rl
i S P A
I SO S ) 0 LATERAL
il (23 - FEE STy R
g [t ! AN

1:, L1 : “'""TT 4
i | { b, !
o Wy i i d ] .
NI FRE i gaRs e
B ‘. . ; i '
: ) : P U S -.-:-" :4-:-—-
T8 R A R S
, v
] IR0 B2
iy $+ . 58 WEE I Pl
S L I [ e S
L | AT I R Y g
IR T T
[‘ 1-1 ’ 1] . i
2 11; R | JCHEE CRu ) E9M [RRY)
TINE ] X 1K
Hi HE ' il

A LONGITUDINAL
& TOTAL

Féguse 1C. Eawor versus Aagle of Attaek:

e e

18

peg
-—



B e e

E)ight Ne 69 Camera Run No 2
m.n Tew 72072 Burst Mo 4

“T u 0 i
E ! d‘.'i A : hd's b
L 1 Jl : = i
1 TR 55 1 O ot B 5
| &
. o T Ve
Uy N

N T Ly
- 18 i’“'.‘“’,-‘ ,._‘
T l . L
Figure 10.-Sgme¥ Time Nistory

Scared at 6 F/S
FI4gAT No /69 Camera Run No 2
Fidght Dafe 72072  Burst No 4

e i p— L A A

i |- o g S ™ L £

— il L . =



VYOV sSijun Ol 3¢ swih} » jueysuo)

4AEE4 00008-0008: VN S89°0-08°0

SBINOLSIH EMIL MOMME °2 34n6}4

D i R
/\/\(/\,d;(.(sc,.
P V. N f.\.f\/(/)k\f\/s

f\lfn\l)fr\l#l\/.\(\/\l///‘

/\j\/(l(),l(. AT
—_— S

" ™ \/)L/\.,\!( 4o

2
i

e
]

-]

e

MV VAN N
ﬁ\\.)\(/\/\(\c\/\; m :

)\S\(@,

)/\/\ \ c,m |

Lﬁlaf..\..../:xx/\ﬁ_

__C._ -8

\

v /> - Nalk
W , ,.,..b_.\/ \ _

/

(J35) ML
¢

A

)\)2?/8 \f\/\ \/ s\/x.

20



o - u L] 4 b4

VOV SISUN 9[-l 3 Suani ® 2ue3suo)
4884 OO0OPE VY GO
SRIMOLSIN BWNIL MOMMAE '€ 4n6}4 >\</\ ..

Lt g,, %ﬁ T\ g e
4% \/93>< mﬁ ?f%i S M A
TV A SN A

>>€ ;\% .....Nm/.\/ > .,,MM,.,\M/\?\\/M %
e A aSTaL




1001
80~
NN coop
o E=] oecraoeo av
-
r} B oisencacep vav
i
£ 40
| 2
[ 9
ACA =10 units
20
o L ] | L4 L)
0 4 8 12 6 20
Lateral Ervor (mils)
FIGURE 4 PERCENTAGE TRACKING TIME WITUIN GIVEN ERROR RANGE -

22



8
1

Percent Tracking Time
s

ACAE 10 units

E= oecrapep roLL & vaw

B oisencacep roLL & Yax

T
0 4 8 12
Latere! Errew (mils)

16

gd

FIGURE 3 PERCENTAGE TRACKING TIME WITHIN GIVEN -ERROR RANGE

23

T i 8 =Soe ke

T ——




o
-
> - E=J oecravep oLt
e
v
E B oisencaceo roLL
R

AOA =10 units
2-
0 Y J ) ¥ ),
0 4 s 12 16 2
Lateral Error (mils)

FIGURE 6  PERCENTAGE TRACKING TIME WITHIN GIVEN ERROR RANGE -

24



100
3
80
M cooo
5 E=] oecraoep pitcn ‘
H g
2 BB oisencacep pitc :
2 :
o
[]
. |
< 40-
]
t 3
a
AOA = 10 units
:
20 -

Longitudinal Error (mils)

J
¢
|
0 T L o ¥ ¥ |
0 4 8 12 16 20 ]

FIGURE 7 PERCENTAGE (RACKING TIME WITHIN GIVEN LR{OR RANGE

25




g

=
«
>
o
w
(L]
S
p 4
o
e
(-]

ADA = 14=16 units

r R

III
Lateral Error (mils)

T
s

E

PERCENTAGE TRACKING TIME WITHIN GIVEN ERROR RAN(

FIGURE 8

26



100 4

80 1

E= oecraoep roLLe Yaw

BB oisencacen roLL & vav

Percent Tracking Time
s

AOA =14-16 units

o 14 L) LI T L
0 4 8 12 16 20
Loteral Errer (mils)

FIGURE 9 PERCENTAGE IRACKING TIME WITHIN GIVEN LRROR RANGE

27

ARI—



100-
-
BN cooo
|
£ E=3 orcraoeo rout
X
3 B oisencaceo roLL
-
& 40
' AOA = 14<16 units
20
o T ] | L R
0 4 s 12 3 20

Latera! Error (mils)

FIGURE 10 PERCENTAGE TRACKING TIME WITHIN GIVEN ERROR RANGE

- 28




e S PR S e —— A S B )

100"

80+
L g B co
-
L
_-i EEE] oisencaceo PivcH
-
o
a

AOA = 14=16 units
2
o ] ] ¥ 1 ]
0 4 s 12 1 »

Longitudinal Errer (mils)

FIGURE 11 PERCENTAGE TRACKING TIME WITHIN GIVEN ERROR RANGE

29

I e+ e B i+ AT AT,



g pue Yy S30|}4 uUdaamlag uofe|auuo) buijey saduey-u3doo)

* S49ANdURW

bupyoed) J4jy-03-4iy 29 WOUs PIIII| 10D

seMm umoys ejep ay)y “‘sjoltd yjoq Aq umoyy
3J43M sJaAnaduew pue suotjeanbijuod ||e 0N

1334 000°02 pue
G8° yoey 3@ uuanz dn-puLM :3j3| ydew dif

1393 000°0N2 pue G8° yoey
30 uJANy © JURISUOD JLUN G| :IYbLL daew DL

3393 000°02 pue G8° yoey
30 U4N3 © JURISUOD JfuUNn Q| :cN4BW IL3 ON

bugyey 41q/3e] - pabebuasiq mex 3 |10y 4
bugjey 41q/3e7 - papeabag mex 3 Loy 4
Buijoy 443/307 - pabebuasiq mes v

bupjey 4107307 - papeuabag mes v

buijey 44g/3e7 - pabebuastiq 10y ¢
buijey 44q/3e - papesbag (Loy §

bupey yo34 - pabebuasig ynid
SUEIMMUIILd - POPRbag yoitd o

bupjey 41@/3e7 - (11 pesml) pooo e
buijey yo3td - (11 Qgeami) Poo9 o

uoj3eanby juo) wRISAS [043u0) IybL L4

8 puUe y s3olid
UIIMIAQ UOLIR|3440) Bujjey sadaey-43doo)

‘21 dunby 4

V 30184 ‘Bujrwy Jadsny-4adoo) abuieay

|

£

L

4
o0 Bk s 24

4

|_I._|
e
+.

Ce——

i

]

L

s
H
i

:

wn
8 30Lid *BuIvy Jadusy-49d00) BbvadAY

¥

30




START OF PITCH RATE ERROR ZERO SHIFT

NU 2 |
PITCH RATE
(oe6/5€¢) i |
ND 2 |
PULL 10
LONG. STICK 5 |= | A
FORCE (/&) I _—— -
PUSH 104
JI--\I'-V\
ANGLE OF ] I
ATTACK (IWITS) :
'L |
2
//omm.) ,]\"l—\"\ e
ﬂCCfL- ( ‘S = W
{3 a] |
o |
PITCH RATE = e
ERROR | e
'm L L L v b
0 / P-4 b + 5
7/ME (sec)
FIGURE 13 PITCH GLITCH TIME HISTORY

31




handling qualities, and aerodynamic phenomena such as pitch-up, wing

rock, or buffet, How the aircraft felt to the pilot, and the gun

camera film analysis were the two tools found most useful for analyzing
handling qualities in a mission-oriented environment. Throughout the

three stability levels and in both the longitudinal and lateral-directional
axes, the ratings were very consistent between the two pilots (figure

12).

Pilot comments also pointed out problems which were not readily dis-
cernible in the pipper traces. For example, during the last one and a
half months of the TWeaD II Program, a spurious anomaly developed in the
pitch CAS. It was manifested in occasional uncomma.'ded pitch excursions
of 3 to 5 mils. This problem was indistinguishable to the pilot in nor-
mal flight, but it was obvious while tracking because even small pipper
excursions are noticeable relative to a target. Constant pilot control
inputs along with aircraft motion prevented easy identification of this
*pitch glitch” using other available data sources. However, on one
occasion when the pilot reported encountering this uncommanded pitch
response, the data was immediately marked with an identification signal.
A review of this data appeared to confirm the pilot's observation. At
time zero in ficgure 13, the pilot attempted to arrest decreasing angle
of attack and normal acceleration. The aircraft responded properly for
about 0.7 seconds, at which time there appeared to be an uncommanded
ramping of pitch rate error (a control system feedback parameter) with
an attendant aircraft response. A fev tenths of a second later the
pilot responded to compensate for the uncommanded input. As indicated
by the pitch rate error dashed line there appeared to be a zero shift,
which is the probable source of the pitch anomaly. The important point
to be made here is that the pilot was able to identify this small pitch
anomaly from the tracking maneuvers, whereas it would not have been
discovered by the pilot or engineers in a conventional stability and
control program. It would have surfaced only after the aircraft had
been accapted into the operational inventcry and perhaps been intro-
duced into combat.

RESULTS OF AIR~TO-GROUND TRACKING DATA ANALYSIS

Because of the very limited quantity of air-to-ground data ac-
quired, neither of the air-to-ground tracking maneuvers investigated
(dive-bombing and strafing) could be substantiated as valid techniques
for evaluating ciosed-loop system performance in the air-to-ground
mode., For this reason no air-to-ground data is presented in this
report.

Further flight development of air-to-ground tracking test
techniques and handling qualities should be pursued. (R 2)
FLIGHT CONTROL SYSTEM OPTIMIZATION USING TRACKING TEST TECHNIQUES

The technique for identifying handling qualities deficiences
through air-to-air tracking also proved uniquely effective in optim-
izing the TWeaD II flight control system. This additional benefit was
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implicit in tracking test techniques, and was realizable because of

the “"adjustable” nature of the electrical flight control system used

in the TWeaD II F-4. This type of flight control system was well

suited to task oriented optimization under actual flight conditions

since the model gradients and feedback gains were easily adjusted

within certain limits., Modification of the control system parameters

in accordance with flight experience permitted an optimum blend of

flying qualities based on pilot ratings and comments and task performance.
A general approach to optimizing flight control systems using tracking
test techniques is outlined in figure 14.

Mr. Robert G, Hoey has written a short paper on test point selec-
tion for stability derivative maneuvers which is also pertinent to the
selection of test points for tracking test techniques. This paper
provides insight into the choice of test conditions for flight control
system optimization (Reference 5).

The TWeaD II f£light control system was optimized in three general
steps. First, the initial estimates of model gradients and gains were
checked and modified by flying a matrix of pitch pulses, wind=-up turns,
level accelerations and decelerations, various rolling maneuvers and
roll pulses, and rudder doublets. Second, these gains and gradients
were further refined by precision air-to-air tracking maneuvers (con-
stant-a turns). Third, the gains optimized by precision tracking were
verified by "gross"™ (or conversion type) maneuvering and then rechecked
against precision tracking performance. In each step, the pilot's
ratings and comments were fundamental to the optimizing process. The
result was flying qualities which were optimally blended to best perform
the designated mission tasks (Reference 6). Less than eleven flying
hours were required to optimize the flight control system (pitch, roll,
and yaw, including cross-feed) in this manner.

It is significant that the two pilots who participated in the
optimization process exhibited characteristically diverse piloting
techniques (as observed by the test enyineers in the back seat), yet
each pilot arrived independently at the same "best” gains. It is
equally significant that the gains arrived at using constant-a tracking
turns proved to be the optimum for other tasks as well, including
air-to-ground tracking (clean to very high drag store configurations),
close formation flying, air-refueling, ILS approaches, and approaches
to accelerated and one g stall. These gains were also checked and
found satisfactory throughout the entire flight envelope.

Tracking test techniques constitute a powerful tool for rapidly
optimizing a flight control system to meet mission requirements early
in the flight test program, based on actual flight experience. (R 3)

CONCLUSIONS AND RECOMMENDATIONS

Air-to-air tracking test techniques provide a method of rapidly
evaluating the missio. effectiveness of an aircraft in terms of its
handling qualities (ability of the pilot to precisely control the
aircraft attitude) early in the flight test program. This technique
uses air-to-air wind-up tracking turns and constant angle of attack
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tracking turns to examine the aircraft throughout the maneuver environ-
ment for which it wvas designed by analvzing pilot rating and comments,
and gunsight pipper motion relative to the target. Time histories of
this motion in tle longitudinal and lateral-directional axes coml>ined
with a pipper error analysis and pilot comments rapidly isolate
stability and handling qualities problems so that if necessary they
may be more closelvy investigated by conventional stability and control
testing. This technique proved to be a poverful tool in developing

the TVeaD 1I flight control system and in uncovering handling qualities
rroblems which would not have been discovered conventionally.

1. Tracking test techniques should be used early in flight test progrems
to determine areas of stability and handling qualities deficiencies
(page 13).

While the development of air-to-air tracking test techniques was
successful, the development of air-to-ground tracking test technigues
was restricted by the limited data acquired. Additional develeoment
testing should be pursued to determine what air-to-~ground tracking
test techniques would be useful in rapidly evaluating ground attack
effectiveness in terms of stability and handling cualities.

2, Further flight development of air-to-ground tracking test techniques
and handling qualities evaluation should be pursued (page 32).

Tracking test techniques were a powerful tool for rapidly optimizing
the TWeaD II flight control system to provide the hest practical blend
of flying qualities for the aircraft's mission requirements. By
performing task oriented tracking maneuvers the pilot received a verv
clear impression of the effectiveness of the airplane's flying qualities
and how they could be improved. The control system model gradients
and gains were then modified to more nearly provide the desired
flying qualities. In the case of the TWeaD II F-4, the control system
gains arrived at using air-to-air tracking test techniques proved to
be effective throughout the flight envelope, and for all other mission
tasks, including close formation flying, air-to-ground tracking, air-
refueling, and ILS approaches.

3. Tracking test techniques should be used early in flight test pro-
grams to essist in optimizing flight control systems (page 34),.
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Appendix A

DESCRIPTION OF THE AIRCRAFT'S THREE DIFFERENT STABILITY LEVELS

The F-4C aircraft used to conduct the tracking test techniques
studies incorporated a high gain CAS. As previously mentioned, this
system was designated the TWeaD II CAS and was developed under the
auspices of the Air Force Flight Dynamics Laboratory. A detailed des-
cription of the augmentation system and its development are contained

in references 6, 7, 8, and 9.

The capability to vary system gains during flight, together with
the broad selectivity of feedback functions which could be varied,
provided the capability of altering the apparent stability over a wide
range. Program time constraints and associated costs limited the
stability level variations for this program to three; i.e., good, de-
graded, and unaugmented (CAS disengaged) aircraft.. The good aircrafc
corresponded to one with the final, developed TWeaD II CAS. The unaug-
mented aircraft corresponded to an unaugmented F-4C airframe and its
associated hydraulic control system, The degraded aircraft fell some-
where in between. Figures 15 and 16 are block diagrams of the longi-
tudinal and lateral-directional control systems with selected good
(indicated by boxes) and degraded (D) augmentation settings., Where
degraded settings for the particular axes pitch (P), roll (R), and
yaw (Y) are indicated, all other gain settings are for the good air-

craft.
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Appendix P
TRACKING TEST TECHNIQUES (PROCEDURAL INFORMATION)
This appendix is presented in the form of a User's Guide, in essen-

tially the same format as Tracking Test Techniques will be presented in
a future edition of the AFFTC Stability and Control Manual.

INTRODUCTION

The importance of mission-oriented pilot-in-the-loop handling
qualities has long been recognized by the flight test community.
Traditionally the only tool available for evaluating closed-loop
system performance has been subjective pilot opinion, in the form
of the Cooper-Harper rating scale. Air-to-air tracking test techniques
offer the pilot and engineer a means of systematically examining and
evaluating the closed-loop system performance of fighter type
aircrafe,

The use of tracking test techniques to evaluate flying qualities
is based on an analysis of pilot observation (Cooper-Harper rating and
additional comments) and pipper motion relative to a target during
tracking maneuvers. The philosophy of tracking test techniques is that
a pilot attempting to perform a precision tracking task will be able to
easily identify flying qualities deficiencies which make it difficult
for him to perform the task well. If the maneuver and test condition
at which the task is performed are carefully selected and controlled,
data can be obtained which will permit the deficiency to be isola-
ted. Modifications to the flight control system can then be designed
to correct the deficiencies.

The maneuvers and techniques which will permit the engineer to
exercise the control required to obtain good data are outlined and
explained in this write-up, including maneuver techniques, perturbation
and precision tracking techniques, test point selection, target pilot
responsibilities, and data considerations.

Properly used, tracking test tecliniques constitute a powerful
flight test tool for evaluating flying qualities, identifying deficien-
cies, and optimizing the flight control system. Several important
advantages are offered over traditional methods. These are:

l. The pilot and engineer can examine flying qualities during
mission-oriented maneuvers and tasks, thus providing insight
into potential mission oriented flying qualities deficiencies
early in the test program.

2. The pilot is in the control loop throughout the test providing
closed-loop flying qualities information, rather than simply
performing an initial test input to obtain open-loop data.

3. The engineer can select and rapidly scan areas of the flight *

envelope for potential flying qualities deficiencies, and thes
zero in on those deficiencies for a closer look,
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4. The only test instrumentation required for gathering basic
handling qualities information is a gun camera that will
photograph through the gunsight combining glass. Gun cameras
are often standard equipment on fighter type aircraft.

It is important not to confuse tracking test techniques with the
operational tracking and gun firing techniques associated with an
actual combat encounter. The maneuvers and techniques implemented
in tracking test techniques are not intended to be real-world operational
or combat maneuvers and techniques. They are closely controlled
flight test maneuvers and techniques carefully designed and developed
to elicit flying qualities information which will be useful and
instructive in a mission oriented context, i.e. in developing the
aircraft to be as closely suited as possible to its design mission,
in terms of the pilot's ability to precisely control aircraft attitude,
In this respect it is certainly expected that the results of tracking
test techniques (a better handling airplane) will favorably impact the
operational pilot's ability to control his aircraft during combat
encounters. But it would be a mistake to assume that the data gathered
using these techniques directly reflect such overall mission effective-
ness parameters as the likelihood of a kill. The overall combat
effectiveness of the airplane is a function of many considerations.
Tracking test techniques provide a measure of that portion of mission
effectiveness which is related to the pilot's ability to precisely
control the aircraft atticude.

Scrupulous observance of the techniques herein outlined and
careful attention to procedure are very important if useful data
is to be realized.

OVERVIEW

Figure 14 (page ) offers a schematic view of the role played by
tracking test techniques in the overall test evaluation of flying
qualities, identification of deficiencies, and flight control optimiza~
tion. After the flight envelope has been cleared by traditional test
methods, test points are selected at which tracking test techniques
will be performed to evaluate flying qualities. The selection of test
points is based on wind tunnel results, early flight data, and the area
of the envelope where the design mission will most likely be performed,
At each selected test point wind-up tracking tests are used to examine
the useable angle of attack range of the airplane. Any deficiencies
uncovered by the wind-up tracking tests are more closely investigated
by constant angle of attack tracking tests conducted at the angle of
attack/Mach number problem area. Pilot ratings and comments and a
pipper motion analysis of the tracking test data are used to define any
flying jJualities deficiencies so that if necessary additional classical
testing can be conducted at the problem areas., However, tracking
testing is a fine resolution technique and may not always require
classical exploration or verification. The data from the classical
tests and the tracking tests are used to modify the flight control
system and correct the deficiencies. Tracking tests are then used to
verify those corrections. If no flying qualities deficiencies are
uncovered by the tracking tests, the data are used to document that
fact and to illuminate the flying qualities characteristics of the

airplane.
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This approach to flying qualities evaluation provides an early
look at mission oriented pilot-in-the-loop handling characteristics
and potential deficiencies, and provides a valuable opportunity to
make corrections early in the test program with the minimum adverse
effect on program schedules and a minimum of duplicated test effort.

PRELIMINARY PLANNING

Preliminary planning for performing tracking testing should
include an assessment of instrumentation and analysis requirements
(see sections entitled "Instrumentation Requirements® and "Data and
Related Considerations"™), and test point selection requirements (see
section entitled "Test Point Selection®). These requirements will
depend on the type and extent of handling ualities and flight control
system information being sought: wihether basic handling qualities
information, or a more extensive evaluation and definition of handling
qualities and related deficiencies, or flight control system optimiza-
tion, The selection of test points will depend on the aircraft and
configuration, how much flight data is available, wliether landling
qualities prolilems are anticipated in certain areas, etc.

INSTRUMENTATION REQUIRFMENTS

Instrumentation requirements are dependent on the type of
information desired.

It is one of the advantages of tracking test techniques that
basic mission-oriented, pilot-in-the=loop handling qualities information
can be acquired with a bare minimum of instrumentation, i.e. a gun
camera vhich will photograph through the gunsight reticle. 1In some
cases a gun camera will already Le present on the test aircraft. This
requirement for minimum instrumentation is particularly advantageous
in certain cases.

If, in addition to a basic evaluation of handling qualities, it
is desired to isolate and define deficiencies or optimize the flight
control system, it will be necessary to gather additional data, in~
cluding flight path and control system information. This will require
more extensive test instrumentation, i.c. a gun camera as well as
normal stability and control and flight control system information,

PILOT PROFICILNCY

Tracking test techniques implement maneuvers and piloting tech-
niques which differ considerakly from those learned by the pilot
during normal operational training and used in combat, Because of
these differences, and because the opertional techniques are second
nature to the pilot, emphasis must be placed on acquiring and main-
taining pilot proficiency in tracking test techniques.

The maneuvers and piloting techniques developed for tracking
testing are critical to the acquisition of useful data, and must
therefore be carefully and accurately implemented., Experience indicates
that there is a definite learning curve associated with mastering
these techniques, A pilot who is umfamiliar with tracking test
techniques, or with the test aircraft and its handling qualities
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characteristics, will require several familiarization maneuvers, or
one or two familiarization flights before good data and pilot comments
can be obtained.

It is just as important to stress the proficiency of the target
pilot in performing the test maneuvers. These maneuvers are important
in terms of both test conditions and flight path, and it is the target
pilot who establishes and maintains these test parameters (see section
on "Target Pilot Responsibilities").

TEST POINT SELECTION

Three selectable test parameters exercise the dominant influence
on airplane flying_gualities: Mach number, angle of attack (a), and
dynamic pressure (q). Rigid airplane flying qualities are affected only
by Mach number and angle of attack, while the flying qualities of a
flexible airplane are affected by dynamic pressure as well. Tracking
test techniques permit the engineer to rapidly survey the interesting
range of these three parameters with a relatively few maneuvers, and
to scrutinize their effect on flying qualities,

In selecting the initial test conditions at which tracking test
techniques will be performed, it may be helpful to examine the flight
envelope in terms of dynamic pressure versus angle of attack plots
and Mach number versus angle of attack plots (figure 17). During the
early stages of optimizing a flight control system or evaluating the
handling characteristics of a new or untried design, the engineer
will probably wish to begin tracking testing in the middle of the
flight envelope. As experience with the airplane and control system
accumulates, tracking test pmints may be directed towards the bounda-
ries of the envelope with commensurately added confidence. Wind tunnel
test results and early flight test data will provide the engineer with
an initial idea of where on these flight envelope plots potential prok-
lems may exist. For example, wind tunnel data may show that for a
particular aircraft configuration CN is lowest at high angles of
B
attack around Mach .95. Certainly the engineer will want to investigate
this region thorouglily in order to analyze the potential effect on mission-
oriented flying qualities and, if warranted, to investigate possible
control system changes to correct any deficiencies. Wind-up tracking
tests in the vicinity of Mach .95 are a good way to initially assess
the situation.

Knowledge of the airplane's design mission role and the area of
the flight envelope where that role will likely be performed will also
aid in initial test point selection. For example, the air superiority
mission will most likely be performed at Mach numbers of .3 to 1.2 and
throughout the range of angle of attack available to the pilot. 1Initial
exploratory coverage of this portion of the envelope might be obtained
with wind-up tracking tests performed from Mach .3 to Mach 1.2, or
with constant angle of attack slowdown turns performed over the useable
angle of attack range.

It is apparent that this technique permits large areas of the

flight envelope to be surveyed for potential flying qualities deficien=-
cies with a minimum of test maneuvers and flight hours.
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Based on the data obtained during the initial tracking tests sur-
vey, the engineer may want to look at other test conditions. After a
problem area has been discovered or confirmed by wind-up tracking tests,
constant angle of attack tracking tests will be used to scrutinize the
deficiency more closely. For example, if wind-up tracking tests reveal
a potential lateral-directional flying qualities deficiency (character-
ized, for example, by the pilot's inability to exercise fairly close
control over azimuth pipper motion) at high angles of attack between
.85 and 1.0 Mach number, constant angle of attack tracking tests should
be performed at those test conditions in order to give the pilot a more
extensive look at the deficiency and to permit more extensive data
acquisition in the problem area. This additional information will aid
in isolating and identifying the deficiency so that corrective measures
can be instituted, -

Depending on the performance characteristics of the airplane,
transonic test points can be evaluated using wind-up and constant angle
of attack tracking tests at a constant transonic Mach number or by
performing constant angle of attack tracking tests while Mach number
is permitted to decay slowly from supersonic through the transonic region,

PERTURBATION AND PRECISION TRACKING TECHNIQUES

Special perturbation and precision tracking technigues are used in
tracking tests to significantly aid the engineer and the pilot in
uncovering and describing flying qualities deficiencies. These special
techniques are necessary for two reasons. First, to insure that
potential deficiencies are unmasked and made manifest and second, to aid
the engineer and the pilot in describing and defining the deficiencies
that are discovered.

Together the perturbation and precision tracking techniques insure
that the airframe/control system dynamics are initially and continually
excited during the tracking test. An aircraft with degraded flying
qualities characteristics can present the illusion (on gun camera f£ilm)
of having good flying qualities if the pipper is allowed to float near
the target undisturbed. However, if the airframe/control system dynam-
ics are excited - either by buffet, wing rock, or a pilot input - then
the poor handling characteristics will become evident. Normally this
"natural® excitation proves sufficient to unmask flying qualities prob-
lems, particularly at angles of attack beyond the onset of light
buffet. However at the low angles of attack associated with constant
low angle of attack tracking tests and the initial portion of wind-up
tracking tests, natural excitation is not always present or sufficient.
To insure good initial perturbation, each tracking test performed
must be initiated by pilot induced excitation of the airplane. This
is accomplished by displacing the target aircraft to the outer ring
of the gunsight reticle while the target is stabilizing at the turn
test conditions of angle of attack and Mach number. After achieving
these conditions, the pilot initiates the tracking test by moving the
pipper to the target as rapidly and positively as possible. This
initial perturbation technique also indicates very clearly on the gun
camera film that the pilot has begun to track. The position of the
target on the outer ring prior to initiating tracking (whether above,
below, to the left, or to the right of the pipper) appears to make
little if any difference.
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Once the airframe/control system dynamics have been initially
excited in the manner just descrilbed, the precision tracking technique
will serve to perpetuate the dynamics excitation throughout the tracking
test, This technique differs considerably from tracking techniques used
in a combat situation. In combat, using a lead computing gunsight, a
specified period of time (usually one second) is required to compute a
tracking solution prior to firing, during vhich time the pipper must be
stabilized relative to the target (the pipper need not Le on the target
during this time so long as it is stabilized near it). Once a solution
has been computed the pilot can then effectively "walk" his bullet
stream from that position across his target.

The precision tracking technique used in flying qualities evaluation
makes use of a fixed (i.e. non-computing) gunsight, so that no extra-
neous pipper motion is introduced Ly the coupling of guneiglt and air-
craft dynamics. The engineer and tl.e pilot select a prominent feature
on the target aircraft to be used as tlie precision aim point (e.q. a
tail pipe). During the tracking test the tracking pilot will use the
precision aim point on tiie target aircraft as liic target. his entire
mental concentration and pliysical effort must be devoted to keejing
(or attempting to keep) the pipper on tlie precision aim point. Lven
the smallest pipper excursion from the precision aim point (even a on:
mil excursion) must Le the ol ject of irmediate and positive corrective
action. The result of this technique is to male the tracking errors
worse than if the pipper were alloved to float near the target undis-
turbed (especially if the aircraft exhilits poor £flying qualities and
the pilot is not permitted to use the rndder pedals)., Despite the
reduced trackina accuracy, the precisinn tracling technique serves the
very important fanction of perpetuating tlie initial perturbation of
airframe/control system dvnamics, and has consecuently proved to Le the
most effective technique for manifesting and magnifying flving qualities
deficiencies.

Peiterating, the primary task performed by the tracking pillot is
to keep the gunsight pipper on the precision aim point on the target
aircraft, It is imperative that the tracking pilot make a continuous
and concerted positive effort to immediately return the pirper to this
point on the target on every occasion that it wanders away. The pipper
must not be permitted to float near the target, nor to float into the
target, nor to stabilize in order to facilitate returning it to the
target. As a tracking test technique, floating the pipper masks any
tendency for the airplane dynamics to be excited by the pilot's efforts
to precisely control the aircraft (pipper) motion.

The tailpipe, or one of the tailpipes, of the target aircraft is
a convenient precision aim point for the tracking pilot. If this isn't
possible, the tracking pilot should be reminded as often as required
(at least prior to each mission) that he must constantly and consistently
use the precision aim point (whether tailpipe or other feature) on the
target aircraft as his target. This is important because experience
indicates that durinag the mental and physical concentration of tracking
the pilot often lapses unintentionally into the more natural technique
of aiming at the "center" of the target.
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If the tracking pilot fails to consistently track a selected aim
point, i.e. if he changes his aim point during a tracking run, or from
one tracking run to another, the data acquired becomes less meaning-
ful. If the pilot arbitrarily changes his aim point, or only aims
at the aircraft in general the gun camera film cannot be properly scored
because the scorer will then be using an indeterminate aim point. Conse-
quently the pipper error data will be erroneous and misleading.

With certain exceptions, the tracking pilot is not permitted to
use the rudder pedals during tracking testing, i.e. his feet must be
flat on the floor. This requirement arose because it was observed that
some pilots are capable of completely masking flying qualities deficien-
cies through judicious rudder coordination. By not permitting the pilot
to use the rudder pedals, deficiencies can be observed which might
otherwise be inobvious. Those deficiencies will be more obvious to the
pilot and will also be more apparent in the pipper motion analysis.

There are two exceptions to the proscription against using the
rudder pedals. The first exception is during the early stages of
tracking testing, when the pilot may be relatively unfamiliar with the
airplane. Use of the rudder pedals at that time will serve to increase
the pilot's competence and familiarity with a new airplane or configura-
tion while still pointing out serious flying qualities deficiencies
which cannot be attenuated even with a good roll and yaw interconnect.

The second exception occurs later on during tracking testing,
after flying qualities deficiencies have been discovered using the "feet
off" technique. At that point it will prove instructive to accomplish
some additional tracking with the pilot permitted to use the rudder
pedals. This will be helpful in assessing the usefulness of the rudder
in tracking and in establishing the basis for p.roposing corrections for
the deficiencies.,

TARGET PILOT RESPONSIBILITIES

The pilot of the target aircraft performs an extremely important
function in tracking test techniques, and he must perform that function
well if good data is to be obtained. It is the target pilot's respon-
sibility to establish and maintain the desired test conditions of Mach
number and angle of attack throughout the tracking maneuver. Since the
test aircraft will be tracking the target aircraft, it is apparent that
any error or variation in the test conditions will be reflected in the
data acquired by the tracking aircraft. The tracking pilot will have
his head "out of the cockpit® and his eyes and attention focused on the
target aircraft, so it is the target pilot who must be alert to changing
test parameters and take corrective action.

. It is also the target pilot's responsibility to initiate the
tracking maneuver smoothly, gradually, and in cooperation with the
tracking pilot, so that the tracker is not thrown off early in the
maneuver or forced into a "square corner"., Particular care must be
exercised during wind-up tracking maneuvers, where angle of attack is
constantly changing and the rate of increase of angle of attack must
be closely controlled.
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One of the fundamental assumptions of the pipper motion analysis
performed on the gun camera film data is that none of the apparent
pipper motion visible in the film is attributable to motion of the
target aircraft. That is, it is assumed that the target aircraft is
motionless relative to the tracking aircraft, so that all of the ou-
served pipper motion is in response to the tracking pilot's control
inputs. That is why it is so important that the target pilot be smooth
and accurate in leading the tracking aircraft through the tracking
maneuver.

The importance of the target pilot is central to the successful
acquisition of useful, constructive data. He should be carefully
briefed and debriefed respecting his role in the test mission.

TRACKING TEST MANEUVERS

Unless a specific problem is to be investigated, windup tracking
turns will be the first tracking maneuvers performed. These maneuvers

will enable the pilot and the engineer to rapidly examine the aircraft's

handling qualities throughout the operational range of angle of attack
at various Mach number and dynamic pressure test conditions.

Subsonic Wind-up Tracking Turns:

Either of two techniques may be used to initiate this maneuver.
In one, the target aircraft establishes a 30 degree banked turn on the
tracker's command, with the tracker in trail. When this condition is
established at the desired Mach number and altitude, the tracker's gun
camera and data system are turned on and the tracker clears the target
pilot to initiate the wind-up turn. The other technique is to align
the tracker aircraft slightly below and inside the target in 1 g level
flight. After activating his gun camera and data system the tracker
clears the target, and the target proceeds to roll into the wind-up
turn. In either case, after he is cleared to initiate the maneuver

the target pilot establishes an angle of attack buildup of approximately

one degree every two seconds while the tracking pilot attempts to track
the precision aim point as closely as possible throughout the maneuver,
The first technique for initiating the wind-up tracking turn is
normally preferred because it is easier to avoid the target's jetwash.

The tracking pilot must activate his data correlation switch, if
available, immediately upon initiating tracking and release it as soon'
as he terminates the tracking effort. If a data correlation switch is
aot available, another means of correlating the data will be necessary
(see section entitled "Data and Related Considerations").

The distance between the target and the tracking aircraft is
somewhat critical and should be maintained within certain limits., The
tracking pilot must be able to clearly sce the precision aim point
on the target and it must be clearly visible on the gun camera £ilm
as well. An optimum range is 1500 3500 feet. If the tracker is too
close to the target, avoiding the jetwash tends to become a problem
and detracts from the pilot's attention to tracking, If available, a
ranging radar is a convenient way to maintain the desired separation
distance., Otherwise the target wingspan may be used to estimate and

control range.
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The tracker pilot must not use the rudder pedals at any time while
trackirg (with the exceptions noted in the section entitled “Perturbation
and Precision Tracking Techniques®) and must concentrate on moving the
pipper back to the precision aim point at all times, even if that
distance is only one mil. The tracler must not allow the pipper to
float near the target or to float into the target. A positive tracking
effort is essential.

The maneuver is terminated on command of the tracker pilot after
the target calls achievement of maximum angle of attack, when the target
or tracker aircraft becomes uncontrollable to the point that tracking
becomes unreasonable, or when the desired test conditions have deterio-
rated excessively. For data correlation purposes, the pilot should
briskly move the gunsight reticle away from the target immediately
after he terminates tracking.

Supersonic Wind-up Tracking Turns:

The technique for performing supersonic wind-up tracking turns is
the same as that discussed for subsonic wind-up turns. However there
are some additional performance-related considerations appropriate to
high angle of attack supersonic flight. For example, to maintain 1,2
Mach numbker up to 19 units angle of attack with an F-4 tracking an
F-4 requires careful attention to Mach number and a very nose low (nose
down) attitude with attendant loss of altitude (6,000 to 8,000 feet).
The high drag attendant on supersonic high angle of attack maneuvering
means that Mach number can decay very rapidly. Further, because of the
higher speed, it becomes more critical to correctly judge when to start
turning after thne target aircraft, If the tracker follows too soon,
he may end up in jetwvash and if he delays too long, he may have to
negotiate a "square corner” in order to keep the pipper on the target.
This would not normally create a problem except that the rapid angle of
attack onset required by a "square corner" disrupts the smooth pro-
gression of angle of attack buildup, which is the object of the wind-up
tracking turn.

Subsonic and Supersonic Constant Angle of Attack Tracking:

Data and pilot comments from the wind-up tracking turns will enable
the engineer to determine which combinations of angle of attack and
Mach number merit further and more extensive evaluation. This evaluation
can be pursued using a constant angle of attack tracking turn at the
desired Mach number. The technique for this tracking test is similar
to that for the wind-up tracking turn. The tracking pilot asks the
target pilot to establish a 30 degree banked turn and lines up behind
him at a comfortable range (1,000-1,500 feet). When data and the gun
camera have been turned on, the tracker clears the target to establisn
his turn at the desired angle of attack and Mach number. While the
target slowly increases angle of attack to achieve the desired con-
ditions, the tracker moves the target aircraft to a position on the
edge of the reticle. When the target is at the desired angle of attack
and Mach he notifies the tracker, When the tracking pilot is ready,
he activates the data correlation switch (if available), moves the
pipper to the target as rapidly as possible and begins to track.

After tracking for 20 seconds or more (at maximum angle of attack this
may prove difficult), the task may be terminated.
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If the engineer wishes to evaluate the effect of large perturbations
on the pilot's ability to precisely track the target, rapid and essentially
constant-g barrel-roliing reversals of the direction of turn may be
incorporated into the constant angle of attack tracking turns. For
example, a rolling reversal would be sandwiched between tvo constant
angle of attack tracking maneuvers. These reversals are performed at
about combat break rate.

Some of the problems encountered in wind-up tracking turns are
also common to constant angle of attack tracking turns, particularly :
at high angle of attack. The altitude sacrificed to maintain Mac!. i
number can be considerable (for an F-4, 3,000 to 5,000 teet might be )
lost during a 19-unit subsonic turn of 15 to 20 s‘'conds duration and
6,000 to 8,000 feet might be lost during the same turn flown at a super- |
sonic Mach number)., A constant, high angle of attack turn may prove
quite difficult to track, particularly if there is a handling qualities
problem in one or more axes and heavy buffet or severe wing rock occurs.
When flying supersonic turns, fuel economy can be maximized by slowing
to a subsonic condition between turns to verify thrat the gun camera
functioned properly, change film magazines, recoyc¢ comments, etc., and
climb back to initial altitude. Since the performance of these "house-
keeping” tasks reaquires that the pilot keep his head in the cockpit,
it also proves easier to keep the target aircraft in sight at lower
airspeeds.

Transonic Tracking:

If thrust available permits, transonic tracking can be performed
in the same manner as subsonic tracking. However if insufficient thrust
is available to pursue that approach, transonic handling qualities can
be examined using constant angle of attack tracking turns by beginning
the turn at a supersonic condition and permitting Mach number to slowly
~acay through the transonic region while continuing to triuck.

SAFETY OF FLIGHT

There is nothing intrinsically hazardous or dangerous in tracking 1
test techniques, however a cautious and thorough approach to planning j
and flying a test mission is never inappropriate. Three factors
deserve attention: one of the objectives of tracking test techniques
is the discovery of flying qualities deficiencies in a new airplane
or configuration; tracking test maneuvers will often be performed at
high angle of attack; and the tracking aircraft is always in the
vicinity of the target aircraft jetwash.

The first two factors can only be guarded against by caution and
thorough planning and preparation. The tracking pilot must always be
alert for an unexpected aircraft response, and both the target and
tracking pilots must be alert during high angle of attack maneuvers.
Tracking tests should never knowingly be performed at flight conditions
where a stall/departure is likely.

Jetwash encounters are primarily characterized by uncontrollable
rolling motion and uncomfortable impulse loading. Also, high dynamic
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pressure jetwash encounters could result in severe structural loads
and roll response. Care should be exercised to minimize jetwash en-

counters.

POINTS TO BE COVERED IN TRACKING TEST TECHNIQUES PRCFLIGHT BRIEFING

Review of Maneuvers and Test Conditions:

1.

2,

3.

Type of maneuver; to be flown and whether reversals will be
included.

Mach number, altitude, and angle of attack (for constant angle
of attack tracking) or angle cf attack buildup rate (for
wind-up turns) at which maneuvers will be flown.

Conditions at which maneuvers will be terminated: angle of
attack limit, time limit, or controllability.

Review of Technique:

1.

2.

3.

5.

6.

7.

9.

Target pilot is responsible for establishing and maintaining
test conditions.

Maneuver should be initiated smoothly so that tracker is not
immediately thrown off.

Initial excitation technique: To begin constant angle of
attack maneuvers, move target briskly from outer ring of
reticle to pipper.

Tracking pilot should trim his aircraft prior to the maneuver
(either for straight and level flight or in anticipation of
large longitudinal control forces), and must not retrim during
the maneuver.

Tracking pilot must not use the rudder pedals: feet on the
floor.

Tracking pilot must persistently track the precision aim point
agreed to prior to tEe TIIght (e.g. tailpipe, marking on tar-
get, or other). This cannot be overemphasized.

Tracking pilot should attempt to maintain 1500 +500 feet
separation from target (use radar ranging or target wingspan
for an approximation).

Duration of the maneuver should be at least 20 seconds, and
more is desirable,

Tracking pilot must briskly move the reticle away from the
target immediately after tracking is terminated.

Pilot Evaluation:

1.

The tracking pilot should voice his impressions of the task
and flying qualities during and/or immediately after each
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maneuver. A Cooper-Harper rating should be made as soon as
possible, either in flight or during post-flight debriefing.

2, Particular aspects of flying qualities or task performance
to which the tracking pilot should direct his attention.

Other Considerations:

l. Gunsight depression angle.

2, Time correlation: procedure for identing film and data records
during tracking.

3. Camera or qunsight filters to be used, if any.
4. Gun camera speed.,
S. Marking of film magazines for identification.

6. Check film magazine after each maneuver to assure proper func-
tioning.

Safety:
1. Procedure for avoiding jetwash,

2. Maneuver termination procedure for angle of attack or con-
trollability limits.

3. Approach high angle of attack maneuvers (departure region)
cautiously.

POINTS TO BE COVERED IN TRACKING TEST TECHNIQUES POST-FLIGHT DEBRIEFING

General Pilot Comments and Impressions of Flight:

Discussion of Each Maneuver:

1. Were the test conditions met? If not, in what way were they
different (e.g. altitude had to be sacrificed to maintain Mach
number, Mach number was slightly low, angle of attack was
slightly high, etc.)?

2. Was the tracking aircraft trimmed for straight and level flight
prior to the maneuver?

3. Did the tracking pilot retrim during the maneuver?

4. Was target-tracker separation maintained? What was the sep-
aration?

5. Did the tracking pilot use the rudder pedals?
6. Was the agreed precision aim point used?
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7. Was the aim point persistently tracked? Was the pipper ever
allowved to float?

8. Was jetwash encountered?

9. Pilot comments and impressions of task performance and aircraft
flying qualities.

10. Cooper-Harper rating of flving qualities for the maneuver,
based on step by step progress through the Cooper-Harper rating
3cale (figure 18).

11, What flying qualities improvements would be most helpful (e.qg.
reduced adverse yaw, improved short period damping, lighter
stick, etc.). '

QUAC 145 ) - U WANOS ON THE PILOY PILOT
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L Neghgibie dehiciencies desired  perlornnance
Fone ¥ 5;;- mm;y - —M—Mn—a-l .pdni compensolion required lor 3
\uhcﬂeosonl dehcinncies * desred perturmance. J
) (Mmov but onnoyng . Deseed performance requires moderate 4 Al
deficiencies piol compensation
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Controllability aot in question
Deficiencies — o
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'Figure 18, Cooper-Harper Rating Scale
DATA AND RELATED CONSIDERATIONS

Three sources of data are required to discover, isolate and define,
and correct flying qualities deficiencies using tracking test techniques.
The single most important source of data from the standpoint of dis-
covering and isolating deficiencies are the pilot's comments, obLserva- |
tions, and Cooper-Harper ratings. The pilot's comments and observa-
tions are also of great value in defining and scaling potential correctlive
measures. Further, the pilot's comments and observations are definiti
in assessing the success of the corrective measures that are instituted,
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The importance of the tracling pilot's contribution to the data ic
critical, and cannot Le overemphasized or overstressed. The tracking
pilot should bLe thoroughly briefed on the importance of his olservations,
comments, and ratings, and he should bLe alerted in advance to potential
deficiencies and other points of interest to the engincer.

The best technique for gathering the pilot's comments is to record
them as the test maneuver is being performed. If it is not possible to
record the pilot's comments and Cooper-Harper ratings as they are made,
lie should be debriefed as soon as possible after tlie test maneuver is
completed, or after the flight.

Experience indicates that there is a definite learning curve
associated with tracking test technicques. A pilot who is unfamiliar with
tracking test techniques or with the aircraft and its flying qualities
characteristics may require several familiarization maneuvers or flights
before good data and pilot comments can be obtained. This factor slould
be considered when planning the initial tracking test flights and when
analyzing the data from these initial flights.

The two other sources of data are the gun camera film of pipper
motion relative to the precision aim point, and a record of the various
aircraft and control system parameters vhich are of interest to the en-
gineer (airspeed, altitude, normal acceleration, stick forces, control
svstem error signals, gain states, etc.). The gqun camera film is
primarily used as a supplementary record and physical measure of what
the pilot is observing and reporting during the test maneuver, Talken
by itself, pipper motion analysis has not been established as a reli-
able quantitative indication of flying qualities, but it is valuable as
a supplement to the pilot's comments and observations, and as a general
indicator of long-term progress in flight control system optimization.
Pipper motion is secondary, i.e. supportive data and must not Le mis-
taken for a quantitative index of flying qualities.

The record of flight and control system parameters is oktained
from the normal stability and control instrumentation package akoard the
aircraft. These data are important in isolating and defining the
deficiencies that are discovered, and in developing corrective measures.

There are a number of important considerations pertinant to ac-
quiring and processing these data. One of the most important of these
considerations is th2 requirement for an accurate means of time correla-
ting all three data sources, i.e. the pilot, the gun camera, and the
instrumentation package. The engineer, in his post flight analysis of
flving qualities, the flight control system, and pilot comments, will
want to know what the control system and pipper were doing at any given
time during the maneuver, and vhat the corresponding pilot comments and
flight conditions wvere.

This can be accomplished relatively simply and effectively in the
;following manner. The pilot may be provided with a data correlation
switch which he will activate immediately he initiates tracking (including
any initial perturlation technique). Activating this switch will in
turn activate an identification light in the gun camera (thus physicall
marking the film) and a signal trace in the data system. VWhen the pilo
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terminates his tracking effort he will immediately release, or deactivate
the data correlation switch. 1In this way the engineer will be able to
see, in eachk source of data, precisely vhere tracking began and ended.

If the instant of time when each frame of gun camera film is exposed is
also recorded (bv recording camera shutter trip), the engineer will Le
able to closely associate pipper motion with pilot comment and flight
control system action.

If a data correlation switch is used, it will be convenient to
place the switch so that it can be activated by depressing a trigger
located on the stick-qgrip. Locating this switch other than on the
stick=-grip, or perhaps the throttles, will require the pilot to divert
his attention into the coclpit (to locate and actuate the correct switch)
at a critical juncture in the taslk, and will thierefore make it less
likely that tlhe beginning and end of tracking will he precisely identified.

If a data correlation switch is not used, tlhe data may be succecs-
fully correlated to witliin 0.1 seconds by comparing time histories of
elevation pipper error vith time histories of normal acceleration,
angle of attack, or pitch rate.

The installation of tlhe gun camera is anotlier important considera-
tion, The camera should not olstruct tlie pilot's view and it must le
firmly and securely mounted. During hLuffet, particularly during the
l.eavvy buffet associated with lLigh angle of attacl tracling, a camera
wvhich usee a long, or periscoping lens assembly) will vibrate excessively,
causing the exposed film to be Llurred. Tle camera must be easily
accessible so that tie pilot can recadily cl.ange film magazines and
diagnose simple operating problems (jammed or stripped £ilm, etc.).

Sun and cloud background are important considerations in acquiring
gun camera data. If the sun is too lowv it will wash out the reticle and
temporarily blind the pilot vhen the target aircraft passes through its
vicinity. Clouds and dense haze can also wash out the reticle, although
proper gunsight and camera filtering can alleviate this problem to a
limited extent. An orange filter (rather than the standard issue red
filter) on the gunsight, to produce an orange reticle, plus a haze fil-
ter on the gun camera have produced good results. This arrangement
malkes it easier for the pilot to see the reticle against the clouds and
makes it easier to score the gun camera film,

The importance of properly identifying and processing the gun
camera film is obvious. The personnel who are responsible for loading
and processing the film must be briefed on the importance of their job.
Improperly loaded magazines which jam or strip the film can cost the
engineer considerable valualble data and flight time. The same is true
of improperly processed £ilm, or film that is "clipped" (leader or
trailer cut off) during processing.

An effective technique for identifying the film is to impress an
identifying mark or number onto the film leader with a ball point pen
after the film has been loaded into the magazine. The film processing
personnel must be alerted to this procedure and reminded not to cut the
Peader from the exposed roll of film, It would be advantageous to use
one or more additional means of identifying the film in case one means
fails or verification is required.
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A fixed (i.e. non-computing) gunsight must be used in tracking test
techniques. Usning a fixed gunsight eliminates the possibility that
extraneous pipper motion will be introduced by coupling of the aircraft
and computing qunsight dynamics. It is fundamental to tracking test
techniques that all of the observed pipper motion must be motion induced
by the tracking pilot's control inputs.

The gunsight pipper depression angle should be as nearly aligned
with the roll axis as possible to reduce pendulum effect and keep the
tracking aircraft out of the target's jetwash during the tracking tests,
If a large depression angle proves necessary, care should be taken
to assure that the reticle remains within the camera picture frame. A
rough check of this can be accomplished on the ground by removing the
film magazine from the camera, opening the shutter, and viewing the
reticle through the camera. Test film shot on the ground will confirm

the position of the reticle in the frame.
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Appendix C
GUN CAMERAS AND PIL! HANDLING PRECAUTIONS

Two gun cameras vere used during the traclking tcest techniques
studiess a Millikan DBM-2 and a Photosonice KI=-2GAh,

The manner of installation of the Millikan carera (figure 19)
proved to be a problem., The camera was mounted al.ove the instrument
panel sun shroud and to the right of the aircraft ccnterline. The
camera vas aimed at a right angle to the direction of flight so that
a mirror assembly was roquired to pliotograrh through tlie reticle., This
assembly wvas nrounted on the end of a six incli tube vhiclh extended from
the camara lens to a point just aft of the gunsiglhit combining glass,
This installation arrangement caused considcrakle picture blurring
during buffet.

Additionally, the Millikan camera eitlier strijped the film, jaumed,
or othervise failed to operate the majority of the time, particularly
at g levels of 4 g and arove. And on tlLosec occasions when the camera
operatecd correctly, tlie film magazine often fcll out, again particularly
at the higher g levels., For tliese rcasons, it became necessary to
carry ten film magazines for eaclh missior. and to clieck the magazine in
use after each tracking test for signs of failure.

The Photosonics KE-26A installation (figure 20) proved more
satisfactory, although some prollems were encountered ac a result of tle
film used, Conventional 16 mm film vas used (rather than the thinrer
mylar based 16mm film wvhich can also be ured and vlich permits loading
an extra fifteen fect of film in a standard magazine). The conventional
film was coated witl. a substance which left deposits in the camera, often
plugging the tracking event light (data time correlation) orifice and
eliminating the tracking correlation trace on the £film, Additionally
tlie Photosonics film magazines were occasionally loaded witl, £ilm
incorrectly, resulting in jamming or stripping of the film, Cix :
magazines were carried in flight to minimize the impact of this latter
difficulty.

One of the more frustrating and troublesome problems emcountered
during this program was the difficulty of establishing and maintaining
the identity of eacl: role of f£ilm throughout the exposure and developing
process. This made it difficult and at times impossible to match the
pilot comments and oscillograpli data with the filmed tracking sequeace,
The solution which eventuated and was found most satisfactory was to
impress an identifying number onto the film leader witl a ball point
pen after the f£ilm had been loaded into its magazine. The film proc-
essing personnel were alerted to this procedure and asked (and reminded
often) to be certain that no film leader was cut from the roll, 1In this
manner the film was permanently identified, tlius eliminating correla-
tion difficulties.
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Figure 19, Millikan DEM-2 Gun Camera Installation Schematic
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Appendix D
TRACKING TEST TECHNIQUES PLOTTING PROGRAM

INTRODUCTION

In order to present the tracking data acquired during this study
k. in a useful form, a CDC 6500 Computer Program was developed which
calculated many pertinent parameters and presented this data using
Cal-Comp plot routines. This appendix defines the computer program
used to analyze the data and to make the Cal-Comp plots of tracking

data.

Subsequent to this study, other programs have Leen written and
are also being used to analyze and present tracking test techniques
data.

GENERAL DESCRIPTION

Data Collection:

The raw data was collected by means of gun camera film, The film
was taken on a Millikan DB!M-2A gun camera through flight 26; a modified
Photosonics KB-26A gun camera was used on subsequenc flights. During
a test run, the pilot depressed the gun trigger to identify the data
gathering time period. This activated an internal qun camera light
which exposed the film edge. Also, it activated an event channel on the
oscillograph recorder and a light in the photopanel. This served to
correlate the gun camera film with the photopanel film and the oscillo-

graph.
Data Reading:

" The Telecomputing 29A Cinetheodolite Film Reading System was used
to score the gun camera film, It was decided to read every fourth frame
in scoring the f£film thus giving a data point every one-sixth of a second.
Since the reticle pipper was the zero point for all reading, the reader
cross-hairs were first placed on the pipper and the zero button pushed.
The film reader cross-hairs were then placed on the target tracking
point (the same point on the target aircraft that the pilot used for
tracking, usually an engine tailpipe), the read button pushed, and an
IBM card punched giving the x and y coordinates of the target in
relation to the pipper zero and data point number.

Data Computation:

The punched cards were then combined with a header card which con=
tains flight information and constants. (The information on the header
card and the data cards are shown in figure 21.) All of these cards
were then used with the CDC 6500 Tracking Test Techniques Computer Pro-
gram (Flowchart, figure 22; Computer FORTRAN Printout, fiqure 23) which
produced a hard copy printout (figure 24) and a magnetic plot tape.

The major calculations made are the computations for RMS error,
time on target, percentage of points on target, and percentage of all
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points within different error ranges. These computations are explained
in figures 22 ard 213.

Cal-Comp Plots:

The magnetic plot tape was used with the Cal-Comp Plotter to achieve
the final plots. The folloving is an explanation of these plots.

Pipper Position vs Target.

This plot (figure 1lA) shows the position of the pipper with respect
to the target tracking point. The target tracking point is the zero
mil point of the plot. It also sliows the relative motion of the tracking
pipper to the target point Ly the small arrov printed everv fifth data
point. The interval at which the arrows are printed can be varied Ly
one statement in the computer program. The Cal-Comp routine is explained
in figure 23,

Lrror vs Angle of Attack.

Figure 1C presents the relation of lateral, longitudinal and total
RIS error to the angle of attack of the tracking aircraft. For the
wind-up turns, the RMS errors are calculated from a data range of one
unit angle of attack; i.e., the data present at ten units are obtained
from a data range of ten to eleven units, The Cal-Comp routine is

explained in figure 23,

Error vs g.

Figure 1B shows the relation of lateral, longitudinal and total
root mean scuared error to the normal acceleration (g) of the tracking
aircraft. For tle wind-up turns, the RMS errors are computed from a
data range of +0.5 g's alout the g value presented; i.e., the data
presented at 3.0 g's was obtained from a data range of 3.0 to 3.4 g's
and the data for 3.5 g's was ohtained from a data range of 3.5 to 3.9
g's. Normal acceleration data is olitained through correlation with
another data source (oscillograph in the case of F-4C S/N 63-7409).

In order for this plot to be plotted, a real number other than zero has
to be punched into columns 78, 79, or 80 of the header card. 1If a zero
is punched in or if left blank, this plot will not be plotted, The
Cal-Comp routine is explained in figure 23.

Error Time History.

Figure 1D is a plot of the vertical, horizontal and total error
between the tracking pipper and the aim point on the target versus time.
The Cal-Comp routine is explained in figure 23.

Percent Tracking Time vs Error.

Figure 1L presents the percentage of the total tracking time that
the pipper was within a given error range. The two lines in this plot
show both lateral and longitudinal error. The Cal-Comp routine is
explained in figure 23.
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* NOTE:

FPS Frames per second at which film is scored.

FLT Flight number.

DAT Flight data.

CAM Camera magazine number,

BUR Camera magazine run number,

CON Constant, number of film reader counts per mil,

HR In calculating time on target, this number represents the radius
of an error circle in which the pipper has to be in order to be
considered on target,

RING The number of data points which have to be within the error circle
(HR) before the time on target is begun to be calculated.

DOG If this number is anything other than zero, the plot of ERROR
vs g will be plotted along with the other four plots,

G Normal acceleration.

XX Lateral error in film reader counts.

YY Longitudinal error in film reader counts,
a Angle of attack.

PT NO Data point number,

FIGURE 21 (CONTINUED)
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END LOOP 1

PLOT 1
Plots pipper position with relation to the target
aircraft in the vertical and horizontal planes,

| The motion of the pipper around the target is shown
by a line connecting the position points and an

| arrov pointing in the direction of motion, Also

| gives the percentage hits in a given radius,

/km.

BEGIN DO LOOP 2
Ie=1,16

owa=x

38

BEGIN DO LOOP 3
1 = 1,INDEX

FIGURE 22 (Continued)
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c<O(I)<B

YES

= /x(1)2+ ¥(1)2

SERR = SERR + ERK?
XERR = XERR + Xx(I)?2
YERR = YERR + Y(I)2

FIGURE 22 . (Continued)

D = D + 1.0
END LOOP 3

J - X
mms(y) = S8
AJ) = ¢
T
me - OB
TRMS = ERMS(J)
XRMP(J) = XRMS
YRMP(J) = YRMS :
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PLOT 2
Plots total, lateral and longitudinal RMS error
versus normal acceleration,

le

Y

BEGIN DO LOOP b
K= 1,23

ALPl
ALP2
ASER

AYER

e

BEGIN DO LOOP 5
I = 1,INDEX

!

AK = AL(I)

FIGURE 22 (Continued) ,
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END LOOP § l j
|
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7 S 1
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i
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&

ATRM3 = ARMS(J)
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FIGURE 22 (Continued) 69
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END LOOP k

|

PLOT 3

Plots total, lateral, and longitudinal RMS error
versus angle of attack,

BEGIN DO LOOP 6
1 = 1,INDEX

PTS(1

TIME(T) E) (4.0)

ZSI!
20,0

XMI) , 3.9

20,0

ﬂ+6.o

20.0

TOTER(I)

HORER(I)

VERER(I)

-
END LOOP 6 |

PLOT 4
Plots time history of total, horizontal and vertical ]

error of pipper versus target.

_1

| )

FIGURE 22 (Continued)
70




PRINTS OUT ANGLE OF ATTACK
OF PLOT # k.

HI = I « (0.15)
QR =Q+1,0

FIGURE 22 (Continued) 2




ALX2 = ALX].J

; END LOOP 7

l

BEGIN DO LNOP 8
I = 1,INDEX

{ INDEX = INDEX + 1.0

X1 - ams S
Y(I) = ABS %ﬁl

—

TA = INDEX

o TA

i

BEGIN DO LOOP 9
M= 1,20

FIGURE 22 (Continued) 72




BEGIN DO LOOP 101
I =31, INDEX

YES

(1) > ROE(M

rercr(n) = EEEL (100.)

| pERCX(M) ‘ln%‘fr'fé‘-‘l

b

BEGIN DO LOOP 11
M= 1, 20

FIGURE 22 (Continued)
73

e R




Y

ROE(M) = M

ROEY(M) = g-%‘l

BULEY = 0.0

BEGIN DO LOOP 12
Is1, INDEX

YES

(1) » ROB(M

ey
BULEY = BULEY ¢ 1.0 '

END LOOP 12

Flots sie lateral error and the longitudinal
error versus the percentage of tracking time.

’

BEGIN DO LOOP 13
I =1, INDEX

FIGURE 22 (Continued)
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WRITE
TISCO(L), TR(L)

|

W-W+M{L1

FIGURE 22 (Concluded)
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_FLIGHT 1A CAMERA RUN 2,
TIME ON TARGET STARY TIME
8 8.2
.8 9,5
1.0 10.5

AVERAGE TIME
29

FIGURE 24

PLOTTER PROGRAM PRINTOUT
83
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LIST OF ABDREVIATIOLSE AND SYIBOLS

pefinition

control augmentation systen

center of gravity

degraded

disengaged (unaugmented)

frames per second
normal acceleration

good aircraft

knots indicated airspzed

knots true airspeed
longitudinal axis
lateral-directional
longitudinal

mean sea level
pitci.

pilot rating
dynamic pressure
roll

root nean square
LaPlacz operator
serial number

yav

angle of attack

84

Units

percent

units or
degrees




