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SECTION I

INTRODUCTION

The study reported herein is the continuation of a series of experi-
mental investigations into the longitudinal flying qualities problems of
fighter airplanes, using the USAF/CAL variable stability T-33 airplane
{(References 1 through 8). The experiment is directed at the "combat"
phase of the fighter's mission. The major area of concern is the influence
of control system dynamics on maneuvering response characteristica, though
the effects of turbulence are also considered.

For fighters having "fast" control sysiem dynamics, the maneuvering
response usually can be described adequately in terms of the following
dominant parameters:

(1)  The short-period frequency (a),) and damping ratio (¥,,)

{2) The pitch attitude numerator term ( "/f‘;3 ) and the

response ratio (n/a)

(3} The maneuvering stick force gradient (F's/n)

In recent years, however, complex flight control systéems (FCS), employing
various combinations of feedback and feedforward loops, have become
increasingly common. Many such systems being designed and tested today
introduce additional dynamic modes which have natural frequencies of the
same order of magnitude as the short-period frequency. When this is the
case, the airplane's flying qualities can be completely unacceptable even if
the short-period mode itself is well behaved {(as shown in Reference 6).

Because of the significance of control system dynamics, itis impor«
tant that new criteria for the design of FCS be developed, to ensure satis-
factory maneuvering characteristica. The criteria should have the following
characteristics;

(1) They should describe, as directly as possible, those charac-
teristics of the control system plus airframe which can cause
the pilot difficulties in performance of the mission.,

(2) They should be applicable to the higher-order maneuvering
dynamics of airplanes having complex FCS, as well as to
airplanes whose dynamics can be adequately described by the
short-period characteristics.



(3) They should enable the designer to readily explore various
combinations of feedback and feedforward loops, compensation
networks, and filters in his attempts to ach1eve good flying
gualities.

The purpose of the present investigation is to provide data on the effects of
FCS dynamics and to develop a preliminary set of design criteria satisfying
the above three conditions.

This report presents detailed descriptions of the design and conduct
of the experiment, the results, analysis of the results, and proposed design
criteria resulting from the analysis.,



SECTION II

BACKGROUND

In planning the experiment, it was first deemed necessary to identify
what types of control system dynamics are likely to occur in practice, This
was accomplished by studying a number of current FCS designs. The next
step in the planning was a detailed examination of the results of the USAF/
CAL higher-order-system (HOS) investigation (Reference 6). After these
studies, the configurations to be evaluated in the present experiment were
selected to provide a broad base of data on the effects of FCS dynamics for
the development of design criteria.

2.1 Study of Current FCS Designs

The study was begun with a literature search, during which many
different types of FCS mechanizations were examined. The study showed
that the most popular FCS concepts being designed and tested today appear to
have certain similar effects on the airplane's overall maneuvering charac-
teristics. One example of this type of FCS is an experimental adaptive
system tested in an F-102 airplane (described in References 10 and 11). A
simplified block diagram of this system is shown below,

PREFILTER COMPEN-
MODEL AD::IT,:IVE SATION ACTUATOR NORMAL
SYICK " ACCELERATION {g)
FORCE | 3 " §+2 25 AIRFRAME :
(LB} §+3[ + [ §+25 ' -
_ PITCH
RATE RATE
GYRO {DEG/SEC)
2.57
+
ACCELEROMETER PLUS
STRUCTURAL FILTER
191
§+16

The closed-loop poles and zeros of the constant-speed pitch-rate-to-stick-
force transfer function, for a high-Z flight condition, are shown in the
following s-plane plot.
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This plot is fairly typical of the FCS designs studied, in that the closed-loop
dynamics are characterized by one or more complex poles having natural
frequencies above that of the short period, plus a series of first-order poles
and zeros having frequencies near or below that of the short period.

2.2 Discussion of the HOS Experiment

Frorn the pilot's viewpoint, the maneuvering characteristics of the
configurationis evaluated in Reference 6 can be represented as follows:

SIMULATED
STICK SIMULATED STICK DYNAMICS OF AIRPLANE
FEEL . -
FORCE SYSTEM POSITION - AIRFRAME RESPONSE
PLUS FCS

The maneuvering dynamics were varied during the HOS experiment by
altering the simulated feel system, short period, and FCS.

The feel systermn dynamics were varied by changing the feel system
natural frequency through a range of 6 to 31 rad/sec., The comments
showed that the pilots noticed changes in the feel characteristics, per se.
But the primary effect of {eel system dynamics on the overall flying qualities
appeared to be attributable to their influence on the airplane's response to



stick-force inputs,

Three sets of short-period dynamics were selected to show the
effects of both short-period frequency and damping ratio. For each set of
short-period dynamics, various types of FCS dynamics were investigated.
Each set of FCS dynamics was arranged in a Butterworth configuration, so
that each FCS pole had the same natural frequency. The dynamics were
then changed by varying the natural frequency of the Butterworth configura-
tion from 6 to 63 rad/sec, and varying its order from second to fifth.

In order to illustrate the cormbined effects of the feel system, short
period, and FCS dynamics, a typical s- plane plot of the airplane's pitch-
rate response to stick force inputs is shown in Figure 1.

SIMULATED e
X FEEL g
SYSTEM KX
& -
Fa
§ 7 +10
Ly
S";& SIMULATED
g, SHORT X ]
PERIOD (_7.—)
! 4 42
! L &
-30 -20 -10 0 &

Figure 1. s-Plane Plot of a Typical FCS/Airframe
Configuration from HOS Program

The time history of pitch-rate response to a step stick-force input for this
example is shown in Figure 2.

\
!, COMPLETE RESPONSE
’! (INCLUDING FCS}
PITCH !
RATE ] SHORT-PERIOD RESPONSE
| {INCLUDING 1/2‘82b
|
!
I
i
!
!
! :
o L 17 T 12 L] é
TtME ~ SEC
Figure 2. Pitch-Rate Response to a Step Stick-Force Input

for HOS Configuration of Figure 1.
5



Notice that the airplane's maneuvering response to pilot inputs looks very
much like the short-period response (including Vf,‘ } plus a pure time
delay. This is typical of the configurations evaluated in the HOS experiment.
Most of the pilot's difficulties in flying such configurations were related to
the size of the time delay and the Tapidity of the response following the delay.
For the extreme cases, violent pilot-induced oscillations (PIO's) occurred
whenever precise attitude tracking was attempted.

2.3 Purpose of the Present Experiment

From the above discussion, it is evident that the effects of FCS
complex poles on flying qualities were studied in some detail during the HOS
program, but that other forms of FCS dynamics often occur in practice.

The primary objective of the present experiment, then, is to study the effects
of first-order FCS poles and zeros., As will be shown in the following sec-
tions, the results of the two experiments combine to provide considerable
insight intu many of the problems which FCS dynamics are likely to cause.



SECTION III

DESIGN OF THE EXPERIMENT

On the basis of the considerations expressed in Section II, the spe-
cific configurations to be simulated were selected. The purpose of Section III
is to describe the control system and airplane characteristics for each of
these configurations. The reader is referred to Appendix IV for detailed
discussion of airplane longitudinal transfer functions and equations of motion,
In addition, Appendix V explains how the simulated configurations were
mechanized in the variable stab111ty T-33 airplane, as well as how the 1ong1-
tudinal characteristics discusged in thu section were measured,

3.1 Basic Dynamic Configurations:

To restrict the study of first-order FCS singularities to a reasonable
size, the majority of the configurations were designed to evaluate the effects
of a single FCS zero and a single FCS pole on eight basic short-period con-
figurations. A second-order FCS pole was also included, but its natural
frequency was fixed at 63 rad/sec for most of the experiment. Stick-force
commands to the FCS were used because this is typical of the current FCS
designs discussed in Section 2.1.. The block diagram of Figure 3 represents
how the pilot would view the pitch attitude response to stickforce inputs for
these configurations. :

The eight basic short-period configurations were selected to span
fairly wide ranges, relative to the requirements of MIL-F-8785B
(Reference 12). Five of the conhguratmns were flown at an indicated air-
speed of 250 knots ( n/a = 18.5 g's/rad), and the other three at 350 knots
( n/¢ = 50 g's/rad). Figure 4 compares the eight configurations to the
specification requirements, :

SIMULATED STICK
FEEL ————— POSITION
SYSTEM 'SS

CLOSED-LOOP DYNAMICS OF
SIMULATED AIRFRAME PLUS FCS

L
STICK 4 (i 001)(%ey6et) PITCH
FORCE " ATTITUDE
Fg 1 (2,800 --—-;sz al W — 5o oy s é
( {:' ﬁ)’ Q, a)sp . 0‘p

Figure 3. = Block Diagram for Basic Configurations Simulated
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Figure 4. Comparison of Basic Short-Period Configurations

with MIL-F-8785B Requirements

-A complete summary of parameters related to flight conditions is as follows:

Vind - n/a Density oy _ g //?'ail
{knots) (g/rad) Alt (ft) (ft/sec) (1b/ft*) (sec™ )
250 18.5 9500 480 205 1. 25

350 50 9500 675 405 2.4

The original intent was to evaluate separately the effects of the first-
order zero( 7, )} and the first-order lag ( 7, ) on the eight short-period
conﬁguratwns. However, the use of %, with 7, =0 caused noise problems
in the T-33's variable stability system; t.herefore. ?, was always accom-
panied by a small value of 7, . The specific values of 7, and 7, sim-
ulated were chosen to span_typical values for the FCS designs discussed in
Section 2,1,



as shown in Figure 5,

A total of 51 basic FCS/short-period configurations was evaluated,

It should be noted that most of the 51 configurations

had very high values of «), (63 rad/sec), which corresponds to the frequency

of the fastest FCS poles evaluated in the HOS program (Section 2. 2).

Four

of the configurations, however, were selected to show the effects of reducing

«% to 16 rad/sec, which is equal to the frequency of the medium-frequency

FCS poles evaluated in the HOS program (see Figure 1),
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Figure 5, Basic FCS/Short-Period Configurations

Simulated in Present Experiment



Typical s-plane plots and time histories for the present program are
shown in Figure 6. If these time histories are compared with the HOS time
histories of Figure 2, certain fundamental differences will be seen. In the
HOS program, the primary effect of the FCS dynamics was to introduce a
time delay in the short-period response to pilot inputs. In the present pro-
gram, however, the shape of the airplane's short-period response is com-
pletely altered by the FCS dynamics,
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N ;
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10 5 "S- o .
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\ jw@
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< I, '
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| B ‘! (INCLUDING 1f’r,2|
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Figure 6, Typical s-Plane Plots and Time Histories for
Present Experiment
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3.2 Six Additional Configurations

As part of the present program, six additional short-period configura-
tions were cvaluated with a nominal set of control system dynamica. These

configurations had rather extreme combinations of YSP and &, , and were

selected to compare with the short period requirements of MIL-F~8785B in
areas where the data supporting the requirements is rather sparse. The
characteristics of the six configurations are compared tc the specification
requirements in Figure 7.

Y/ =185 g/rad
k|| RS PRRRR i e

Figure 7. Compariscon of Six Additional Short-Period
' Configurations with MIL-F-8785BR Requirements

To make the control system characteristics of these configurations com-
patible with the control systems for which most of the specification data

was obtained, stick position commands were used instead of the force com-
mands used in the 51 basic configurations. A block diagram of the pitch-
attitude dynamics for the six configurations is as follows:
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3.3 Feel System Characteristics

The feel system characteristics were held fixed for all 57 configura-

tions evaluated in the program.

The spring gradient was 22 lb/inch. The

feel system dynamics can be approxxmated reasonably well with the follow-

ing transfer function;

‘h‘\l"
5, 5V
5 - - .0‘!’{60) (in. /1b)
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o N e (BIF Ses 1)
e
A

3.4 Elevator Gearing

The gearing ratio between the elevator and stick force was selected
by the pilot at the beginning of each evaluation, as discussed in more detail
in Section 4. 1. The purpose of this process was to avoid having pilot opin-
ion degrade because of the stick forces being either too high or too low.
Ideally, each dynamic configuration should have been evaluated with several
values of the elevator gearing ratio, but this would have required a much

larger flight program.

3.5 Phugoid Characteristics

Since phugoid dynamics do not normally have a strong influence on
flying qualities for the "combat" phase of a fighter's mission, no attempt
was made to control the phugoid dynamics. In-flight phugoid measurements
were made for each short-periocd configuration evaluated, however, and it
was found that the phugeoid characteristics did not vary significantly as the

short-period characteristics changed. A summary of the measured phugoid

| 2
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characteristics is shown below.

Vind ~ Kt nf&~girad '1‘p A~ sec L9
250 18.5 65-80 0.07 to 0,12
350 ' 50 90-110 0. 15

Since the phugoid periods are long, and since none of the pilot com-
ments appeared to be related to phugoid characteristics, all the analysis
contained in this report will use constant-speed longitudinal trdansfer
functions.

3.6 Lateral-Directional Characteristics

: A "good" set of lateral-directional characteristics was selected for
each flight condition. These characteristics were held fixed throughout the
program, except for the variations due to the changes in moments of inertia <
.as fuel was used, The characteristics were adjusted during the pre-
evaluation calibration flights until the pilots judged them to be good enough
that they would not detract from the longitudinal evaluation; no attempt was
made to "optimize" them.

Approximate lateral-directional characteristics, obtained from in-
flight measurements, are shown below,

ind = 250 kt Vind = 350 kt
7?/0-' = 18,5 g/rad e =50 g/rad
@y x @y %~ 2.2 rad/sec 'wd % oy % 4.5 rad/sec
,% 5 =~ 0.20 _ %2 = %5 % 0.30
Y8ly « 0.5 o8], = 0.5
Te 2« 0.3 sec Te = 0.2 sec
fz‘s = 75 sec ’C’s 2 75 sec
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The following lateral-directional feel characteristics were held constant for
all the configurations evaluated:

§as _ ?{ji) | (in. /1b)
F 5 .

As_’ [(25}’ MY It f]‘

Sego R -006?(' ; (in. /1b)
[ S5 - 2 (0.

=34 [(25)2 25 Q*f]
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SECTION 1V

CONDUCT OF THE EXPERIMENT

The control system and airplane dynamics discussed in Section III
were mechaniged in the USAF variable stability T-33, operated by CAL
(see Figure 8). Details of this mechanization are contained in Appendix V,
and a complete functional deacription of the variable stability system can be
found in Reference 14, A total of 131 flight evaluations was carried out in
this experiment, requiring 49 flights of approximately 1 1/2 hours each.

In this aircraft the evaluation pilot occupied the front cockpit, which
is shown in Figure 9. The system operator in the rear cockpit, who also
served as a safety pilot, could vary the handling characteristics about all
three axes by changing the settings of the response-feedback gain controls
on his right-hand console. In addition, through the use of switches in the
rear cockpit, the safety pilot could select position or force commands for
the front-seat stick, and had the capability of introducing the appropriate
control-system dynamics from filter cards carried in the nose of the T-33,
The evaluation pilot could not feel the control surface motions due to the
variable-stability-system signals and had no prior knowledge of the configura-
tion characteristics. '

The following sections describe in detail the conduct of each flight,
the pilot briefings on the overall airplane mission, the evaluation tasks per-
formed, and the evaluation procedure, :

Figure 8. USAF/CAL Variable Stability T-33 Airplane
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Figure 9, . Evaluatioﬁ Pilot's Cockpit in 'Vari.able Stability T-33
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4.1 Conduct of Each Flight

As previously mentioned, the evaluations were performed at two
Adifferent values of 7/& (approximately 18 and 50) which were achieved by
flying the T-33 variable.stability airplane at indicated airspeeds of 250 and
Q 350 knots at_9500 feet density altitude, These are nominal values and were
g&' subject to variation because of local weather and turbulence and because of
the maneuvers required in performing the tasks. For the calibration
records taken during the program, the nominal indicated airspeeds were
always used, but the variation in altitude was as much as x 2000 feet.
During the performance of the required fighter maneuvers the indicated
airspeed variations were approximately 250 (+15, -20) knots and 350
(+20, -40} knots, while the altitude variati (ns were = 2000 fe'et. - ‘46‘4 j LU-%&
J,o reabf ucaflipa 1 o
The configurations were evaluated in a generally random order with ') f\
three configurations being evaluated per flight. The 250 knot configurations
were always flown first because of structural considerations related to the
heavy fuel loadings. Each evaluation took approximately 25 minutes and
consisted of four phases: .

(1) Calibration - At the beginning of each -evaluation, oscil-
lograph records were taken to allow determination of the #/& being flown,

the % /»n selected, and the short-period characteristics ( ., and 3ep )

being simulated. The /@ value was obtained by flying at the appropriate

trim condition and inserting a series of separate automatic elevator steps.

F /7 was found from the automatic step records and the elevator gearing
, :

selected. The values of @, and ’55,, were determined from records of

at least two manual elevator doublets made by the evaluation pilot from

trimmed conditions, with no simulated control system dynamics present.

During the first third of the experiment, these manual-doublet calibration

records were taken after each evaluation,as well. The results indicated

that the effects of changes in fuel remaining during an evaluation were not
significant; and thereafter, calibration records were taken only once during .
each evaluation. The details of the data reduction techniques used to extract -
the necessary information may be found in Appendix V.

(2} Gearing Selection - During the first half of the experiment
the evaluation pilot was free to select any elevator-to-stick-force gearing
of his choice. The gearing selection chosen, in combmatmn with the cali-
bration measurements, directly determined the F£;/» for the evaluation.
In order to select the optimum gearing, the evaluation pilot really had to

conduct a miniature evaluation since both the steady force\s, represented by

Fa/n . and the initial forces, which affect the precision tracking capability,

are important and sometimes conflicting factors. Although the values of £ /7

selected in the first half of the experiment were quite consistent (generally
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between 4 1/2 - 7 1b/g), some excursions outside these values did occur.
Values as high as 14 lb/g were selected in two instances and as low as ‘
3 lb/g in several others. Since it is a difficult task for the evaluation pilot
to be totally consistent in selecting the gearing when allowed only a "short

look", limits corresponding to a range of Fs/# from roughly 4 1/2 to

7 lb/g were placed on the elevator gearing available to the pilot during the
second half of the experiment. During the selection process, the pilot was
allowed to explore the complete range of gearings available, but if either
limit was violated in the process, the final gearing used was the limiting
value. In this way the evaluation pilot could comment fairly on any prob-
lems associated with the gearing selection used.

(3) Evaluation - Performance of the required tasks.

(4) Pilot Comments and Ratings.

These last two phases of the evaluation are discussed in
detail in Section 4. 2.

4,2 Evaluation Procedure

Two evaluation pilots participated in this flying qualities investiga-
tion. Their backgrounds are summarized below;

Pilot M - CAIlL Research Pilot, experienced as an evaluation
pilot in flying qualities investigations. His flight
experience of 2300 hours includes 1000 hours in
fighter-type airplanes, of which 500 hours were
acquired in an cperational air-superiority role,

Pilot W - CAL Research Pilot with extensive experience as
' an evaluation pilot in flying qualities investigations.
His flight experience of 2700 hours includes over
1000 hours in high-performance fighter airplanes.

In the course of this experiment, Pilot M evaluated 54 configurations
(each a different combination of control-system and short-period dynamics)
for a total of 80 evaluations (including repeats). Pilot W evaluated 39 of
the configurations for a total of 51 evaluations {including repeats).

Before any meaningful flying qualities evaluation can be performed,
a clear understanding of the airplane mission requirements is essential,
The basic mission of the airplane to be evaluated was that of an air-
superiority fighter having a limit load factor of 7. The evaluation maneuvers
were designed to be representative of those up-and-away tasks associated
with air-to-air combat, including weapons delivery. In addition, some
consideration was to be given to those air-to-ground tasks where high-load-
factor maneuvers are required. The airplane was expected to have
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instrument flying capability, although this portion of its mission was con-
sidered to be of secondary importance. The mission as described above
was discussed at length with the evaluation pilots, individually and collec-
tively, to insure that each pilot was evaluating the configurations for the
same mission requirements,

Although the mission involves many tasks, an evaluation of the
vehicle flying qualities can be accomplished by having the evaluation pilots
perform a series of maneuvers representative of those tasks anticipated in
the mission. A copy of the pilot flight card outlining the piloting tasks used
to evaluate all the configurations is presented below,

PIL.OT EVALUATION TASKS

VFR (Bulk of Evaluation)

1. Trimmability - ability to stabilize and trim.

2. Pitch attitude tracking - ability to rapidly acquire and track
distant air or ground targets.

3. Symmetric pullups and pushovers - ability to rapidly acquire
and maintain a given load factor { n ranging from 0.5 g to 4 gJ.

4, Turning maneuvers
" a) roll into 60 deg bank and maintain altitude - reverse

b) rapid turn reversals (90 degree bank, n = 4 g)J.
5. Ground attack {pullup, wingover, track, pullup),

6. Disturbance inputs - briefly check above in presence
of disturbances.

IFR (Brief look)

1. Trimmability.
2. Discrete-error tracking task (record 1 minute).
3. Random-error tracking task (record 1 minute).
4., Symmetric pullups and pushovers - ability to rapidly acquire
and maintain a given load factor ( n ranging from 0.5 g to
2.0 g).
5. Level turns - roll into 60 deg bank and maintain altitude-reverse.

6. Briefly check above in presence of disturbance inputs.

19



The evaluation pilot performed these tasks in order, making com-
ments as he desired on a wire recorder. The details of the discrete-error
and random-error tracking tasks are discussed in Section 4. 3, while Section
4,4 contains a discussion of the random disturbance inputs. ‘

At the end of cach evaluation, the pilot was asked to make recorded
comments on the specific items listed on the Pilot Comment Card, which is
reproduced below.

PILOT COMMENT CARD

Specific comments

1. Ability to trim.

2. Stick forces O. K. 7
a) any second thoughts on gearing selection?
Stick motions O.K. ?

Predictability of airplane response to pilot
inputs (initial vs final response).

o

Pitch attitude control and tracking capability.
Normal acceleration control.
Longitudinal contrel in steep turns,

. Effects of random disturbance inputs.

O o~ o W

Any IFR problems which didn't show up VFR?

10, Lateral-directional control satisfactory?
Did it detract from longitudinal evaluation?

Summary comments

1. Good features.

2 Objectionable features.

3. Special piloting techniques.
4

Pilot rating and PIO rating.
- record decision-making process on wire
- identify deficiency(ies) which most influenced each

rating.

As shown, the pilot was then asked to make summary comments and to

assign an overall pilot rating and a PIO (pilot-induced-oscillation) rating for
the configuratien.

The overall pilot rating was assigned by the pilot to the configuration
in accordance with the ten-point Pilot Rating Scale established in Reference 9
and shown in Figure 10. The pilot rating represents a numerical summary
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of the airplane's suitability’ for performing the particular mission tasks

under consideration.
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The PIO tendency rating assigned by the pilot was based on the six-
point rating scale established in Reference 6 and shown in Figure 11. The
PIO rating acts as a convenient shorthand to discuss the tendency of the air-
plane to oscillate during performance of the task maneuvers. The scale
spans the complete range from minor "undesirable motions" to "divergent
oscillations". Because of this, the PIO rating data irom this experiment
show strong correlation with the pilot rating data. Therefore, little use was
made of the PIO ratings in the analysis.

NUMERICAL
DESCRIPTION i RATING

NO TENDENCY FOR PILOT TO INDUCE UNDESIRABLE 1
MOTIONS

UNDESIRABLE MOTIONS TEND TO OCCUR WHEN 2
PILOT INITIATES ABRUPT MANEUVERS OR ATTEMPTS
TIGHT CONTROL. THESE MOTIONS CAN BE PREVENTED
OR ELIMINATED BY PILOT TECHNIQUE.

UNDESIRABLE MOTIONS EASILY INDUCED WHEN PILOT o3
INITIATES ABRUPT MANEUVERS OR ATTEMPTS TIGHT
CONTROL. THESE MOTIONS CAN BE PREVENTED OR
ELIMINATED BUT ONLY AT SACRIFICE TO TASK PER-
‘FORMANCE OR THROUGH CONSIDERABLE PILOT
ATTENTION AND EFFORT.

OSCILLATIONS TEND TO DEVELOP WHEN PILOT INITIATES 4

-"ABRUPT MANEUVERS OR ATTEMPTS TIGHT CONTROL .
FILOT MUST REDUCE GAIN OR ABANDON TASK TO
RECOVER,

DIVERGENT OSCILLATIONS TEND TO DEVELOP WHEN : 5
PILOT INITIATES ABRUPT MANEUVERS OR ATTEMPTS
TIGHT CONTROL. PILOTMUST OPEN LOOP BY RELEASING
OR FREEZING THE STICK.

DISTURBANCE OR NORMAL PILOT CONTROL MAY 6
CAUSE DIVERGENT QSCILLATION .PILOT MUST OPEN
CONTROL LOOP BY RELEASING OR FREEZING THE
STICK.

Figure 11. PIO Tendency Rating Scale
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4.3 Details of IFR Tracking Tasks

Two pitch attitude tracking tasks were included in the IFR tasks to
aid the pilot in his evaluation. Although these tasks do not have direct
analogy in the real world of the fighter airplane, they did provide the pilot
with useful insight into the capabilities of the configuration to perform
precise, rapid tracking maneuvers.

The discrete-error pitch-attitude tracking task was mechanized by
displaying the error between the actual pitch attitude and a programmed
pitch attitude command signal on & horizontal needle in the Lear remote
attitude indicator. A complete cycle of the pitch attitude command signal
is shown in Figure 12, and the attitude indicator is shown in Figure 9. In
the brief time allotted for the tracking tasks during each evaluation, the
pilots never learned the pattern of the command signal.
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Figure 12, Discrete-Error Pitch-Attitude Command Signal

A commanded pitch attitude of £ 5 degrees represented full scale (* 1 inch)
deflection of the horizontal tracking needle. The evaluation pilot's task was
to keep the error to a minimum, which required rapid and precise changes
in pitch attitude. In the course of the evaluation, the pilot usually experi-
mented for a brief period to investigate the effects of different control
techniques on tracking performance., After a technique consistent with the
fighter mission was established, a one minute oscillograph record of the
tracking task performance was taken.
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The random-error pitch attitude tracking task was mechanized by
displaying the error between the actual pitch attitude and that commanded
by a filtered random noise signal,a sample of which is shown in Figure 13.
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Figure 13. Random-Error Pitch-Attitude Command Signal

This task required the pilot to continuously maneuver the airplane to keep
the error to a minimum. Again, after a short period of experimentation,
a onec-minute oscillograph record of the tracking task performance was
taken.

4.4 Random Noise Disturbances

The response to atmospheric turbulence is an important factor in
evaluating flying qualities of an airplane. Unfortunately, the T-33 does not
possess independent control of the lift vector and therefore does not have
the capability to simulate the lift response to gust-induced angle-of-attack
changes. Therefore, using inputs to the elevator alone, it is not possible
to provide a completely accurate turbulence simulation in both the pitching
and heaving degrees of freedom. In order to provide the pilot with some
insight into the airplane's flying qualities in the presence of random
external disturbances, however, filtered random noise inputs were fed
briefly to the elevator, ailerons and rudder of the T-33 during the required
tasks. The magnitude of the random inputs to the ailerons and rudder
remained constant, but at a different level for each of the two flight con-
ditions evaluated. The level of the disturbances was selected during the
calibration phase of the flight program to be consistent with the up-and-
away fighter mission under consideration. .

As previcously mentioned, it is impossible to satisfy the conflicting
requirements of the airplane & and 7 responses to vertical gusts as

€., varies, using the elevator alone. To keep the @ gust responses
realistic demands that the random inputs to the elevator be scaled as a

function of - c‘d‘zp » which yields ridiculously large ¥ responses for the
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high 4., configurations. Alternati\}ely. to keep the » gust responses
realistic demands a constant level of random inputs that yields & responses
which are too small at high &, . A suitable compromise was used which
varied the random input signals to the elevator as a function of @, for

each flight condition. The evaluation pilots were carefully instructed that
the airplane's response to these random disturbances represents only an
approximation to real atmospheric turbulence,

The primary effect of the random disturbance inputs on the evaluatien

was to give the pilot a feeling for how well he could get the nose back on a
target after an external disturbance had thrown it off.

4.5 Evaluation Limitations

The principal problem confronting the evaluation pilots during the
evaluations was how to extrapolate to a 7 gfighter when the variable-stability
T-33 encountered buffet onset for the 250 knot flight condition at 2 1/2 to
3 g (depending on the weight) and at 4 1/2 g for the 350 knot flight condition.
The limitation at 250 knots was imposed by the buffet boundary of the T-33
itself and constituted a dual problem for the evaluation pilot. Could he
realistically extrapolate to the higher g levels consistent with this mission,
and could he fly the airplane as aggressively as he desired for the fighter
mission? The pilots felt that they could make the necessary extrapolation,
but with some reservations. There is evidence from the pilot comments
during the program that, in general, the pilots did not fly the 250 knot con-
figurations as aggressively as the 350 knot configurations. The pilots con-
sistently commented that the 350 knot cases were more "fighter-like".

The 4 1/2 g's available in the 350 knot case is representative of typical
fighter maneuvers, where only occasional excursions to the limit load factor
are made. The task maneuvers at 350 knots could therefore be performed
without extra attention being required to keep clear of the buffet boundary.

During the evaluations, the pilots were forced to examine the air-
plane maneuvering characteristics and tracking capabilities using distant,
stationary air and ground targets. The pilots did not have the opportunity
of tracking moving targets under high g loads.

Structural oscillations, particularly at the heavy fuel weights,
occasionally presented a problem during abrupt maneuvers; but the pilots
did not feel that these oscillations interfered with the evaluation, except
in one instance, This was the high- ®.,p , low-speed case with negligible
control system dynamics (Configuration 3A).
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As previously mentioned, the two IFR tracking tasks have no direct
analogy in the fighter mission. Because of this, the VFR tracking tasks
were weighted much more heavily in the evaluations than the IFR tasks.

Another evaluation limitation was the lack of a completely realistic
simulation of atmospheric turbulence. The random disturbances
{Section 4.4) provided some useful information to the pilot concerning the
effects of turbulence, but their effects were not weighted very heavily in
determining the pilot ratings.

Although there is no accurate way to estimate the effects of any of

" these limitations, it is worthwhile to be aware of them. In spite of the
limitations, the evaluation pilots felt that good evaluations could be given

of the configurations, in the context of the fighter mission considered in this
program.
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SECTION V

EXPERIMENTAL RESULTS

The results of the experiment described in the preceding section are
in the form of pilot opinion ratings and pilot comments. A complete sum-
mary of the pilot ratings (PR), PIO ratings (PIOR), and the selected f /7
values for each configuration evaluated is presented in Table I. The sum-
marized pilot comments for each configuration are contained in Appendix I,
which also shows Bode plots and time histories for each combination of short-
period and control-system dynamics evaluated. This section will briefly
discuss the pilot comments and then summarize the efforts made to cor-
relate the pilot ratings with various open-loop criteria. As previously
mentioned, and as dramatically illustrated in the time histories of
Appendix I, the characteristics of the configurations evaluated vary over
very wide ranges. The difficulty of finding simple open-loop parameters
with which to correlate all the results of this experiment led to consider-
ation of pilot-in-the-loop analysis, which is fully discussed in Sections VI
and VII. ‘

5.1 Pilot Comments

In any flying qualities program, the pilot comment data are at least
as important as the pilot rating data. In the comments, the pilot describes
the nature of his problems and, of equal interest, how he flies the airplane
to achieve the desired task performance. With support from the pilot
comments, a number of general observations about the conduct of the over-
all experiment can be made,.

{1) For the fighter tasks evaluated in this program, the primary
concern of the pilot was his ability to precisely control pitch attitude during
tracking maneuvers. This observation is substantiated by the fact that the
comments for each configuration (see Appendix I} under the headings
"Predictability of Response" and "Pitch Attitude Control/Tracking Capability"
typically summarize the primary reasons for a given pilot rating. It is of
interest to note that the pilots often commented during the program that the
VFR precision tracking tasks were more demanding than the IFR tracking
tasks and were given more weight in the pilot rating.

{2) The control of normal acceleration, although of concern to
the pilot, did not appear to be as important as attitude control. The specific
pilot comments about normal acceleration control usually indicated the
same type of problems as pitch attitude control, but the problems were
usually less critical.
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(3) In evaluating a given configuration, the pilots were not aware
of the individual elements in the combination of control-system and short-
period dynamics being simulated. The pilots evaluated the "total package".
This fact may appear obvious but is worth remembering when considering

the problem of correlating the pilot rating data with specific characteristics
of the airframe or control system.

(4) The selection of the elevator-to-stick- force gearing, which
determined the Fein used, was sometimes a problem to the pilot. The

often conflicting demands of satisfactory initial forces for good precision
tracking capability, and satisfactory steady forces for good fighter maneu-
- verability, sometimes required a compromise in the gearing selection.
Consider first those configurations with initial response characteristics
described-as sluggish or slow, either because of low &%, or control
system lags. In these cases, the pilot used large initial inputs to "overdrive
the airplane", so that the desired responsé would be achieved. This called
for a high elevator-to-stick gearing to keep the initial forces reasonable.
The final response of these configurations, however, was not predictable
because the airplane tended to "dig in". This characteristic demanded low
elevator gearings to provide adequate g protection during the gross fighter
maneuvers; and therefore, a compromise gearing selection was required.

On the other hand, those configurations with initial response charac-
teristics described as "abrupt, too sensitive" required the opposite gearing
compromise. In these cases, the initial forces appeared too light to the
pilot and called for a low elevator gearing to prevent inadvertent inputs.
Such a gearing selection would produce steady forces which were too high
for the gross fighter maneuvers, and would again lead to a compromise
gearing selection.

The evaluation pilots in this program, when faced with a compromise
in the elevator gearing selection, were willing to vary £/» over only a

relatively small range. The pilots would not compromise their ability to
puil farge load factors, even if the resulting f/n  was not compatible
with the initial forces required for precision tracking. The values of Fo/n

selected by the pilots in this program range app'ro'ximately from 3 to 8 lb/g,
although a few excursions outside this range occurred early in the program

(see Table I). In the second half of the program, & /7 limits of 4 1/2 to

7 lb/g were imposed on the gearing selection to conform with the average
range of values selected in the first half (Section 4,1). In only a few cases
was the pilot restricted by these limits in his gearing selection., There is
no evidence,however, that the F£/n limits influenced the pilot ratings in
these cases,

The pilot comments for the base short period configurations (those

with negligible control system dynamics) show the same trends as in
previous longitudinal programs (e.g., References 4 and 7). The pilot
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comments on the effects of adding significant control system dynamics to
these configurations are extremely difficult to summarize in a few words,
For this reason, the detailed discussion of the pilot comments is included
in Section VII, where extensive use of the pilot comments is made in sup-
port of the pilot-in-the-loop analysis.

5.2 Correlation of Pilot Ratings With MIL-F-8785B

The pilot rating data for the 8 basic short-period configurations
(those with negligible control system dynamics) are compared in Figure 14
with the requiremerits of MIL-F-8785B, Section 3.2.2 (Reference 12).

Shown on the same plots are the pilot rating data for the 6 additional short-
period configurations evaluated.
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Figure 14, Correlation of Pilot Ratings with MIL-F-8785B
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The correlation of the 8 basic short-period configurations with the
specification boundaries is good. For the 3 additional short-period config-
urations at 7/& =18.5, the agreement with the specification is also good;
however, the 3 high-frequency, low-damping-ratio configurations at n/z =
50 show poor agreement. In fact, there seems to be very little change in

PR with increasing & and decreasing 3;p for these last 3 cases. The

lack of correlation with the boundaries is not, in itself, surprising since the
specification boundaries are not well substantiated in this region. The lack

of variation in PR with the changes in &%, and 3, , is, at this point, dif-

ficult to understand. More will be said in Section VII concerning these con-
figuraticns,

The good correlation of the 8 basic short-period configurations with
the specification boundaries provides a solid base from which to view the
remainder of the pilot rating data for these same configurations evaluated
with significant control-system dynamics,

Section 3.5.3 of MIL-F-8785B places limits on the control-system
dynamics by restricting the phase lag, at the short-period frequency,
between stick-force input and the control-surface response. The substan-
tiating data for this requirement were drawn largely from the HOS program,
Reference 6. In order to see the rating degradation due to control-system
dynamics aleone, the rating data of Pilot M for the configurations with good

values of @/,p and gsp evaluated in this experiment are shown in

Figure 15. The control system phase angles were computed from the trans-
fer function of simulated §; to Ff (see Appendix V, Figure V-1 Also
shown on Figure 15 is the faired line from the MIL-F-8785B background
document (Reference 13) used in writing the requirement. The results of
this experiment do not correlate with the specification requirement.

As observed in the previous section, the pilot evaluates the total
response of the airplane to his inputs and is not concerned with, or aware
of, the characteristics of the individual elements which combine to produce
that response. It is evident from the time histories in Appendix I that con-

trol-system dynamics with poles or zeros close to the airplane's &,

can modify the response to the extent that characterizing the response by
@y and L’-"Sp is difficult and loses meaning. What is needed are require-

ments which are not dependent on identifying certain modes of motion, such
as the short-pericd response, but which are based on the characteristics of
the total response.

A short-period flying qualities criterion for fighter aircraft called
the C#* criterion (Reference 15) does impose requirements on the total
response to pilot inputs, The C¥* response is a particular blend of the air-
plane's v , & and 8 responses. The criterion is in the form of time-
history envelopes and is designed to handle the combined effects of control-
system and airframe dynamics. Section 5.3 will discuss the results of
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applying the C¥ criterion to the configurations evaluated in this experiment.

5.3 Correlation of Pilot Ratings with the C* Criterion

According to Reference 15, the C* response to a pilot force input is:

o Com Ly’ (é‘) , 4o (é)
o s 9 f 9  \F
n

£ 4oo\ [ 6
Fq 3 g Fs
where .é;,' is the distance of the pilot's station ahead of the center of gravity,

in feet.  C¥/F_  and n/f have the units of g/lb, while 6 /F,

has the units of rad/sec per lb.

The normalized C* response to a step force input was calculated for
each of the configurations evaluated in this experiment. These responses
and their associated pilot ratings were then compared with the C% time-
history boundaries of Reference 15. A time history which falls inside these
boundaries should represent a satisfactory airplane (PR < 3.5). The details
of these calculations and a complete summary of the C* time histories for
this experiment are shown in Appendix III. Out of the 57 different configura-
tions evaluated in this experiment, there were approximately 10 cases that
disagreed with the C¥* criterion by either falling outside the boundaries with
a PR < 3.5, or falling inside the boundaries with a PR > 3.5, There were,
in addition, about the same number of cases which were considered debatable
either because the PR was inconsistent or because the C#% response only
disagreed with the boundary briefly. This statement points up one of the
difficulties in interpreting time-history boundaries such as C*, When there

is a small disagreement with the boundary, how serious is the degradation in
flying qualities ? '

It should be noted that the B basic short-period configurations with
negligible control-system dynamics, plus the 6 additional short-period con-
figurations, correlated with the C* criterion fairly well, This is not sur-
prising, however, since the envelope boundaries are based on data for which
the control-system dynamics were also negligible. The disagreements with

the C* criterion were caused by the effects of control-system dynamics, the
" very effects the criterion was designed to handle. In fact, at least one
control-system configuration for each of the 8 basic short-period configura-
tions resulted in a disagreement with the boundaries.

To summarize the problems encountered in applying the C* criterion
to the data of the present experiment, the following examples are given;
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Example |

@ gp = 5 RAD/SEC, Sgp = 07

L nfe =185 g/RAD s

CONFIG. PR=3
.o
“ o) CONFIG.
AN Y 2D PR=26
o AR C* BOUNDARIES c
—— \ *
C% J \‘-_ e Cy
- "" ----- - w—y A G e
CONFiG. . CONEIG.
26 2H PR=55
'
] ;. i 1 I - *lJ + % — o *J'
0 1 2 3 4 ] 0 1 2 3 4 5
 TIME ~ SEC

There are two clear disagreements:

TIME ~ SEC

the configuration with a first-order

lead/lag network in the control system (2C) and the configuration with a
In addition,

first-order lag and a low-frequency second-order lag (2G}.
Configuration 2ZHonly slightly disagrees with the boundary, and yet the PR

is a 5.5,

Example 2

@ gp = 6 RAD/SEC, 3 gp = 0.28

nfa = 18.5 g/RAD
CONFIG.
4A PR = 5.5
™ CONFIG.
¢t ¢ |/ \\ AD PR =85
¢ *
ol N N RN A\ S
] ' - Py e L I
-
/ 7 "7 Xc" BOUNDARIES
? L
! ]
] ]
i i
I 1
e + + + — L et + 4 —
0 1 2 3 4 6 0 1 2 3 4 b
TIME ~ SEC TIME ~ SEC
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The trend of pilot opinion for both this short-period group {4A to E)} and the
group with lower short-period damping (5A to E) clearly indicates that any
additional control-system lags cause serious degradations in the flying
gualities {see Appendix I}. In both-groups, increasing the control-system
lag will eventually reduce the oscillations in the C#% response until the time
history falls within the boundaries, as in the example above, but will be
rated unacceptable by the pilot (Figure 40 shows an in-flight PIO record
for configuration 4D).

The appeal of a criterion such as C* to the desiguner is obvious.
As long as the C% response falls within the time history boundaries he has
a satisfactory airplane without regard to the details of the control system
and airframe dynamics under consideration. Based on the results of this
experiment, however, the C¥ criterion does not appear to have this general
application. S

5. 4 Correlation of Pilot Ratings with Equivalent Dynamics

In the HOS program (Reference 6), the response of each control-
system/short-period combination was approximated by an equivalent second-
order system plus a transport time lag. The frequency and damping ratio
of the equivalent system were generally very close to the short-period
characteristics because the frequencies of the control-system roots were

high relative to @, . Therefore only their low-frequency phase contri-
butions were important and they could be approximated by a time delay. In
this equivalent system analysis, the numerators of the n/4; and €/4,

transfer functions were unchanged from the values of the T-33. For each
airplane configuration evaluated, the pilot ratings and PIO ratings were then
correlated with a delay parameter which was the ratio of the equivalent

time delay to the period of the equivalent short-period mode.

Since the control system dynamics studied in the present experiment
significantly alter the shape of the airplane response to pilot inputs, deter-
mining an equivalent system is a more difficult proposition, For the config-
urations with simulated control system dynamics, the normalized
transfer function is:

6 (T 5+0(Ts+1).
) s 2%, st , 2%,
'_'-.Fs norm (—Q'i; * “—""‘wsp &+ ’)(ﬁ," T, ® ”) (7,8 + 1)

The €6 step responses from the above expression were generated for
each of the 51 basic FCS/short-period configurations. As described in
more detail in Appendix II, these time histories were then analog matched
using the following equivalent system:
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In most cases 7y was held fixed near the appropriate T-33 value of
%, . However, in a few cases 7; had to be significantly varied, in

addition to @, , @, and 3; , to achieve a reasonable match of the é time
history. This usually occurred for those configurations with appreciable
values of 7 in the simulated control system.

Attempts to correlate the pilot rating data with the delay parameter
2T
used in the HOS program, ——%’f— , where & = %, + Were not success-

ful. However, reasonable correlation was achieved by plotting the product

@, - 7, against the time delay 2, . These efforts are documented in
Appendix II and compared with similar results from the HOS program.
Several authors, Hall (Reference 7} and the Shomber and Gertsen {Refer-
ence 16} for example, have suggested the use of @Dy 7, as a longitudinal
flying qualities parameter, ' 2

Although the correlation of the PR data with this equivalent system
approach is reasonable, several limitations should be noted. There is
considerable artistry involved in certain parts of the analog matching pro-

cess. Accurate determination of the time delay, &; is often difficult;

and for time delays greater than 0.1 sec, small variations in a" can mean
significant changes in PR. In the region of low &7 values {say &7 <
2,5), large trade-offs between % and &, , or in some cases between

gg and & , can be made with little discernible difference in the accuracy
of the analog match achieved. In the present experiment, this problem
occurred for those configurations having é responses with little or no
overshoot {configurations with low wsp or large control system lags). In
a few cases, @ - 7, could be changed by factors of 2 or more and, with
compensating changes in gz and &, equally good analog matches could be
obtained {see Appendix II}. The important point to note is that this lack of
precision eccurs in an area of primary practical importance, since the
lower @i 7. boundary would represent a design limit on aft center-of-

£
gravity travel for many airplanes,
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Note that the &) %  versus @, boundaries of Appendix II apply

only for 3, > 0.4, Limits on damping ratio must be handled separately,
as is done in MIL-F-8785B.

In view of the practical difficulties asscciated with the equivalent
system approach, and the lack of correlation with MIL-F-8785B require-
ments on control-system dynamics or with the C* criterion, the pilot-in-
the-loop analysis described in the next section was undertaken.
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SECTION VI

PILOT-IN-THE-LOOP ANALYSIS

From the brief discussion of the pilot comments presented in
Section 5.1, it is cbvious that the pilots weighted very heavily their ability to
acquire a target quickly and track it precisely. As a matter of fact, most of
the pilot ratings given during the program appeared to be primarily deter-
mined by how precisely the pilot could control the airplane's pitch attitude,
Because of this, it was decided to see what could be learned through pilot-
in-the-loop analysis of pitch-attitude control.

The first step in this study was to examine the results of previous
attempts to apply pilot-in-the-loop analysis to pitch-attitude tracking tasks.
Considerable work of this nature has been performed by Systems Technology
Inc. (STI), and some of the basic principles of their approach are given in
References 17 through 20. After studying a number of STI reports, it be-
came apparent that there are certain basic elements which must be defined
in a pilot-in-the-loop analysis:

(1) A mathernatical model of the closed-loop tracking task.

(2) A series of performance measures describing a "standard of
performance" which the pilot tries to achieve when he adjusts
his characteristics to the airplane.

{(3) A method for converting open~loop characteristics to cloged-
loop characteristics,

{4) A method for determining how the pilot is likely to apply
compensation to achieve the "performance standards".

(5} A methed for relating tracking performance and pilot
compensation to pileot opinion,

All these elements are treated in STI's work, and their methods provide
interesting insights into various types of flying qualities problems. However,
the methods are not specific enough to allow direct application to the devel-
opment of control-system design criteria. Thus, the analysis described
below has the same bagic elements as STI's approach, but differs consider-
ably in the specific methods used,

The following subsections describe the mathematical model used,
the development of closed-loop performance "standards", use of the Nichols
chart in the analysis, and how the pilot compensation ia obtained. The
analysis techniques are then applied to two example configurations, and the
various parameters from the analysis are related to pilot opinion,
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6.1 The Mathematical Model

The form of the mathematical model used in the present analysis to
describe pitch-attitude tracking was taken from Reference 17. This model
is shown in Figure 16.

SIMULATED FCS
PLUS AIRFRAME

PILOT
E
Lpﬂ,o.ss(fp, s+f) s K, (%o, s+1) (@;0 6
2 i
’L’ﬁsd 5 (_.i_.-f-ggsp 5*1’) (_5T+ * .S-rf)-(’l';s-f—l)
@p  Dip @y @
Figure 16. Mathematical Model of Pitch Attitude Tracking

The model of the pilot consists of a variable gain ( K, ), a time
delay, and a variable first-order compensation network. The time delay
includes the time required for the pilot to sense a change in 4¢ , the time
required to decide what to do, and the neuromuscular lags. STI's work
suggests that this time delay may vary with the airplane's dynamics and will
usually lie between 0.2 and 0.4 seconds, For simplicity, a fixed value of
the time delay is used in the present analysis. The value of 0.3 seconds
chosen is an average time delay measured from records of the discrete-
error tracking task discussed in Section 4. 3.

It . should be noted that the block diagram of Figure 16 is known as
a compensatory tracking model, which means that the pilot operates only on

the difference ( 8 ) between the airplane's pitch attitude and the commanded
pitch attitude. In real life, of course, the pilot also derives information

from ¢ , 8, , and various motion cues. In a crude sense, however, the
compensatory model does describe what the pilot is trying to do with the
airplane, and it has the advantage that it is relatively simple to analyze.

In addition, it appears adequate to explain the more important aspects of
attitude tracking, as will be shown in Section VII.

With the form of the tracking model chosen, the objective of the

analysis will be to determine the pilot model parameters { £, , % €

’ )
' *y
and the closed-loop e/éc characteristics which represent how the pilot
actually flew each configuration evaluated in the experiment. To aid the

reader in understanding the téerminology used in the remaining subsections,
the following should be noted:
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(1) £ g the open-locop transfer function of the a;rplane

F’
, plus control system.

' ——g‘-— is the open-loop transfer function of the airplane
plus control system plus pilot.
é

& is the closed-loop transfer function of the airplane:
plus control system plus pilot.
{2) The terms "open-loop" and "closed-loop" are meant to

apply to the block diagram shown in Figure l6. Any FCS
loops around the airframe are always assumed to be

closed when computing the &% characteristics.

6.2 The Pilot's View of Good Tracking Performance:

The first step in the analysis is to identify the performance which
the pilot is trying to achieve when he "adapts" to an airplane configuration.
The pilot comments indicate quite clearly that he wants to acquire the target
quickly and predictably, with a minimum of overshoot and oscillation. The
question that remains is how to translate this observation into mathematical
terms. .

References 17 and 18 express tracking performance in terms of the
following open-loop and closed-loop parameters;

(1) The pilot tries to achieve a particular value of the open-
loop gain-crossover frequency, &), (the frequency at

which |9%]  =o0aB).

{2) The pilot tries to minimize any low-frequency, closed-
loop "droop" (hold |9/9c| as near 0 dB as possible, for
@< @)

(3) The pilot tries to maintain good high-frequency stability by
keeping the damping ratio of any closed-loop oscillatory.
modes greater than 0. 35, and by mamta:.nmg a phase margin
of 60 to 110 degrees,

These criteria are shown on the Bode plot of Figure 17.

The performance parameters of References 17 and 18 are well
accepted performance measures in servo analysis. For flying qualities
analyses, however, it seems more direct to express all the performance
measures in terms of what the pilot sees, i.e., in terms of closed- loop
parameters.

i
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The pilot's desire to "acquire the target quickly and predictably"
seems to be related to low-frequency performance (the Bode characteristics
— 1in the frequency range from 0.5 to 3 rad/sec,. roughly). In the terminology
of References 17 and 18, the pilot is trying to achieve some minimum value

of &, , while minimizing the closed-loop droop for frequencies below &} .

204 e, OPEN-LOOP (979;)

' um - CLOSED-LOOP (9/95 )

+10 4

AMPLITUDE o e ¥ 2035
~d8 ‘
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0 p— .
-+ N
\
PHASE I
~DEG
O = = — — — — — - — = —_—
T 110 DEG
-180 ¥
: _ @,
L0G @ —
Figure 17, Tracking Performance Parameters of

References 17 and 18.
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To express low-frequency performance completely in terms of closed-loop
parameters for the present analysis, a2 parameter called closed-loop band-
width (BW) is first defined: the frequency at which the closed-loop phase

" % 9/gc } is ~90 degrees. (For a simple second-order closed-loop

system, BW would be equal to the system's undamped natural frequency.)
Using this terminology, it is hypothesized that the pilot is trying to achieve
some minimum value of BW, For frequencies helow BW, he wants to min-
imize the closed-loop droop. Figure 18 shows these parameters applied to
the closed-loop Bode plots of Figure 17.

+204-
1 3%/ +1o:: l : jINIMIZE ’i—,n‘ -
*~ dB
0 I
T 1 :
104 MINIMIZE ]
DROOP :
0T 1
|
° I
¥() |
~ DEG .0
-180

LOG @ ——=

Figure 18. Tracking Performance Parameters Used
in thé Analysis.
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The pilot's desire to acquire the target "with a minimum of over-
shoot and oscillation"” seems to be related to high-frequency stability. In the
terminology of References 17 and 18, the pilot is trying to maintain a min-
imum damping ratio of 0, 35 for any closed-loop oscillatory modes (see

Figure 17). Because the clos.éd—loop Q/QC ‘responses are at least third-

order, however, the amount of oscillation which the pilot sees is a function
of more than closed-loop damping ratio alone. This can be seen in the
following sketches of closed-loop attitude response.

STEP 6, INPUT

_~SECOND ORDER

g
/
/4\- THIRD ORDER
/7
TIME —
BODE PLOT 6
(3 wax
8. —
g&
- dB SECOND ORDER

THIRD ORDER \

LOG o —

The oscillatory modes in both responses have the same natural frequency
and damping ratio ( ¥ = .28), but the oscillation in the third-order response

is smoothed by the presence of a first-order pole ( ¥ = 0.5 sec). Thus, it
would appear that the amount of oscillation which the pilot sees is better

described by the magnitude of the closed-loop Bode resonance, ’9/63 |Mnx s

than by damping ratio alone. For purposes of the present analysis, there-
fore, it is hypothesized that the pilot is trying to minimize the resonant

peak, \9/9 l

e pay (see Figure 18).
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To summarize, it is hypothesized that the p:l.lot is trying to achieve
good low-frequency performance (a reasonable bandw:.dth. with a minimum of

low-{frequency droop), plus good hxgh frequency stability ( |O/po' Cas
small as possible). '

6.3 Tracking Performance Standards

Section 6.2 described the various closed-loop performance param-
eters which are of importance to the pilot. The next step in the analysis is
to put numerical limits on these parameters, which describe the "standard
of performance" the pilot is trying to achieve in performing the required
tracking tasks.

A helpful guide in determining the performance standards lies in
the pilot comments concerning what the pilot does when he cannot achieve
good low frequency performance without causing oscillatory tendencies. The
pilot typically complains that if he flies the airplane as aggressively as the
task demands {i.e., keeps the bandwidth up), he gets overshoots or PIO
tendencies. If he backs off and flies the airplane smoothly, he can reduce
the oscillatory tendencies, but his performance is not adequate for the task.
When faced with such a trade-off, the pilot's ratings seem to be primarily a
function of the compensation required to achieve good low frequency perfor-
mance, and the oscillatory tendencies that result. In view of these con-
siderations, the following performance standards are assumed for purposes
of the present analysis:

(1) A minimum bandwidth (BW) . of 3.5 rad/sec( ¥ %4 > -90°
at «’ = 3.5). This value was determined by trying a few
values of BW in the analysis of a cross-section of configura-
tions, until the resulting values of '9/90 ‘ max COrrelated

qualitatively with the pilot comments concerning PIO tendencies.
It should be noted, however, that certain limitations of the

experiment apparently caused the pilot to use (BW)min = 1

3.0 rad/sec for the 250 knot configurations, as will be
explained in Section 7. 1.

(2} A maximum low-frequency droop of -3 dB was selected some-

_ what arbitrarily { IG/QGI_- -3dBfor w £ BW). (Fora
simple second-order closed-loop system with ¥ =0.7,
19/6.] =-3dBat w = BW),

These performance standards are summarized in Figure 19,
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‘Figure 19. Tra;:ki‘ng Performance Standards Used in the
Analysis, )

The remainder of the analysis is devoted to determining specific
values of Kp y Tf’f , ’l;gz which will achieve the performance standards
of Figure 19, with a minimum of high-frequency resonance {low values of

IQ/Q,./[max '}.7 The pilot ratings for each configuration should then be

functions of K‘p ) ?;,, ’ T.,g and 19/9.9] max’
£
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6.4 Use of the Nicholas Chart

To apply the performance standards of Section 6.3 in the closed-
loop analysis, it is necessary to have a method to convert the open-loop
9/98 ) Bode characteristics into the closed-loop ( 9/90 } cha.ra.cj:er-
istics, The ( 9/9:& ) transfer function is really nothing more than a

transformation of ( %e ) according to the following equation.

6 (6/6e)
6, = I+(%,)

One of the simplest and most illustrative methods for effecting this trans-
formation is to plot the ( 6/8, )} amplitude versus phase on a Nichols

chart. A Nichols chart is simply a plot showing lines of constant closed-
loop amplitude and phase on a grid of open-loop amplitude versus phase.
Figure 20 shows a Nichols chart, with the performance standards of Figure
19 transformed onto it,

6.5 Form of the Required Compensation

To determine specific values of Kp , ’l;,’

figuration, it is first necessary to determine the form of the compensation
which the p1lot will employ {i.e., whether lead compensation or lag com-
pensation is reqmred)

, Tﬁz for a given con-

To determine the form of the required compensation, it is logical
to see first what can be accomplished by adjusting the pilot gain alone,
without lead or lag compensation. The pilot's transfer function (see Figure
16) then simplifies to: '

F
5 ~-0.% 8§
- - er

If a transfer function or a Bode plot is available which describes the
dynamics of the complete FCS/airframe configuration, the open-loop Bode
characteristics of 6/92 {using the simplified pilot) can be obtained from

the following transfer function;

(_%T, k’ e-o.js (_:?)

-~
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{The star (*) will be used throughout the rest of the report to signifiy 9/99
characteristics of the form shown here, i.e., no pilot lead or lag compen-
sation. All %, characteristics without the star will be aasumed to
include pilot compensation.) 7)‘}3.':‘:
Rt
If the Bode arnplitude I@/Qei * is plotted versus the Bode phase
4 (9/93) * on a piece of transparent paper, the resulting curve can be
overlayed on the Nichols chart of Figure 20, The effects of changing Xp
can then be seen by sliding the amplitude-phase overlay vertically on the
Nichols chart. The value of Kp should be chosen so that the performance

standards are just barely met (the overlay should be positioned vertically so
that the amplitude-phase curve is just barely above the hatched boundaries
of Figure 20, for all frequencies less than (BW)min). If this is done, there

are three basic types of amplitude-phase overlays which can result, as
shown in Figure 21.

The form of the pilot's compensation for each curve in Figure 21 is
discussed below:

Curve A (limited by the bandwidth requirements alone).
In this case, the closed-loop resonance (+12 dB for this
example) can be reduced by using lead compensation:

B e (), %

= T
.;"'ﬂ“_\m . Se Toy S+1 ' f2

AN .4,:“"'”& Lead compensation will cause the lower part of the curve to

"- ' shift upward and to the right, and may cause it to flatten

Gﬁ)b L v i somewhat (curve A will become shaped more like curve C}.

¢
w 3\.\"“ The compensated curve can now be shifted downward to
N reduce the resonance without reducing the bandwidth below
(BW)min. The droop will increase, however. The amount

of lead resulting in the least resonance will occur when the
bandwidth can be made exactly equal to (Bw)min and the

droop exactly equal to -3 dB simultaneously (see discussion
of curve C).

Curve B (limited by the droop requirements alone).

In this case, the closed-loop resonance (+ 12 dB for this
example) can be reduced by using lag compensation:

Fs _ 'O.SS(,CP,S"’) _
63 - K_pe 'Z‘pzs*f ! T‘Pz > '2;'
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Lag compensation will cause the lower part of the curve to
shift downward and to the left, and will alsc cause it to
‘steepen (curve B will become shaped more like curve C},

This will result in 2 reduction in the resonance. The amount
of lag resulting in the least resonance will occur when the
bandwidth can be made exactly equal to'(BW}miﬁ and the droop

exactly equal to -3 dB simultaneously (sée discussion of

curve C).
Curve C  (limited by the bandwidth and droop requirements

gimultaneously). No value of the pilot's compensation in
the assumed form will reduce the closed-loop resonance

{(in this case, + 3 dB) without either increasing the droop or
decreasing the bandwidth. For example, lead compensation
will cause curve C to become shaped more like curve B, In
this case, the resonance will be increased if the droop is
held at - 3 dB. Lag compensation will cause curve C to
become shaped more like curve A, Again, the resonance
will be increased if the bandwidth is held at (Bw)min' ~ Thus,

- for curve C, -the pilot can be expected to use no compensation
at alls

E ) .
s er 0.5¢
2

Note that the pilot would probably not use lead or lag compensation for any
curve having a resonance of less than 0 dB,using K, alone.

With the form of the compensation determined for a given configura-

tion, it remains to determine the “optimum" choice of % and 'C,‘ .

6.6 The "Optimum" Pilot Compensation

To determine the value of 5, and %, for a given configuration,
it is first necessary to define what is meant by the "optimum" compensation.
In general terms, it is the compensation which will minimize the closed-loop ) g(
resonance, while still meeting the performance standards. The following
discussion defines it more specifically,

The "optimum" lead compensation will provide the most positive
increase in ¥ (9/93) for the least flattening of the amplitude-phase
curve, in the general vicinity of w = (BW)min. {Refer to discussion of
curve A, Section 6.5.) The flattening tendency is primarily related to the
fact that the increment in open-loop amplitude contributed by lead compen-
Jﬂ“te +

io .
sation, ' Jw’tﬁ =

» is positive and increases with @ along the curve.
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lwf +1

That is, AN dllog @) g positive for lead compensation, as can be
seen from Figure 22, Thus, the "optimum" lead compensation is that which

: wy

will provide the most positive ¥ (jaJ ”) for the least pos1t1ve value of
jRd, + R

a0 S (log @) , in the vicinity Of & = (BW)

jwfpldl min

Referring again to Figure 22, the variations in amplitude slope and
ph.ase with frequency can be seen, for any given value of ?:J,_ /2;,!
For both lead compensation { ﬁoz /f:';,’ < { ) and lag compensation
( p /'?;;’ >/ ), the iamplitude slope\and 1phase‘are shown to increase to

maximum values at some intermediate frequency, then decrease again as
& increases to infinity, The frequency at which both maxima occur is

centered (logarithmically) between Vf-pr and V’l;z s e, @ = (?;9’ #2) EC
These trends can be seen more readily if the amplitude slope is plotted
versus the phase for various values of ?bz /i;,’ » s in Figure 23,
From Figure 23, it can be seen that the most positive phase for a given
positive slope will always be obtained when ( %, /?;:’ ) is zero. Thus the

"optimum" lead compensation is pure lead ( ’?;,2 = 0).

The "optimum" lag compensation will provide the most steepening
of the amplitude-phase for the least negative increase in X %e , in the
general vicinity of @ = (BW)min. {(Refer to discussion of curve B,

Section 6.5,) The steepening tendency is primarily related to the fact that

b
d -“-’,-;—,:'—:—‘/d(foqw) is negative for lag compensation { see Figure 22). Thus,
Jarip, 4 .
the "optimum" lag compensation is that which will provide the most negative
RE iwT, +1
value ofd ﬁ"!— dflgw) for the least negative Sl Ml »in the vicinity of @ =
JWf& detpld" _
(BW) in® Referring again to Figure 23, it can be seen that the
most negatwe slope for a given negative phase will always occur at the
center frequency, & ={( Ty, 7, )”3. Since the primary area of
interestis @ = (Bw)min’ the following expression will be used to define

the "optimum" lag compensation;

(7, 7,)" < (8w)

2, min

This means that the lead and lag frequencies { f/?;,r and V?; )
2
should aiways be chosen so that (Bw)min is centered {logarithmically)
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Pilot Compensation.
Amplitude-phase curves for the

Figure 23.
cussed above are shown in Figure 25, for various values of {'L’;@JL /7;0, ).

Also shown in this figure is the amplitude-phase curve for "optimum"

hetween them, as shown in Figure 24.
lead compensation (T'Pz =0).
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Ueing Figure 25, the pilot compensation can be determined by

choosing the value of

%,

or {

7

LY

/

} which will cause the bandwidth
to exactly equal (BW) min and the maximum droop to exactly equal - 3 dB.

This will result in the smallest resonance, while still meeting the perfor-

mance standards.

The process can be accomplished very quickly by trial

and error, if the amplitude-phase curve of Figure 25 is graphically added

to the uncompensated amplitude-phase overlay (9/9:- = Kpe

few trial values of ’[p’ or ( TPz/TP; ).

It should be mentioned that the compensation described by
Figure 25 is "optimum" in a crude sense, so that it may be possible to

find a different combination of

7,

£ and

T 2

, for a given configuration,

-0 g
+

which would result in a slightly smaller closed-loop resonance.
ferences will be small, however, and Figure 25 has the advantage of pro-

viding a consistent and reascnably simple method for applying the compen-
sation, as will be shown in the examples of Sections 6.7 and 6,8,
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6.7 Example of a Configuration Having Low &sp

The first example chosen is a 250 kt configuration with a low

short-period frequency and good damping ( «,p = 2.2 rad/sec, 5'” =
0.69), with negligible control system dynamics (1D). A nominal elevator
gearing was used, sothat F,/»n =51lb/gand K, =.77 CE-%E/E-C .

The first step in the analysis is to adjust the pilot gain alone,
without lead or lag compensation. The pilot's transfer function (see
Figure 16) then simplifies to;

Pl

&
Y

The open-loop Bode characteristics for the example configuration plus the

simplified pilot are shown in Figure 26 (for K, = 1.0 I1b/deg).

The effects of changing Kp can be seen by overlaying a plot of
Ie/% | versus ¥ (9/6¢ )* on a Nichols chart. Such an overlay is shown
in Figure 27, positioned on the Nicheols chart in an attempt to meet the
performance standards.

It is obvious from Figure 27 that a bandwidth of 3 rad/sec can
never be achieved using X, alone, without driving the system unstable.
((BW)min is 3 rad/sec for the 250 kt configurations, as will be explained in
Section VII.) In this case, the pilot must use lead compensation to in-
crease the bandwidth.

Using Figure 25, the "optimum" pilot compensation can be deter-
mined by choosing the value of ’t’-:,,’ which will cause the bandwidth to

exactly equal 3 rad/sec and the maximum droop to exactly equal -3 dB.
This will result in meeting the performance standards with the smallest

resonance. An initial guess at the optimum value of %, can be made

from the following observations. Figure 21 shows that if the compensated
amplitude-phase curve is to have a low resonance, the compensated.

¥ 9%, at w =3 rad/sec will have to be somewhere near -130 degrees
(é.g.. curve C}, Figure 27 shows that the uncompensated & (%64)*  at
@ = 3 is roughly -190 degrees. Thus, the pilot's compensation should
provide about 60 degrees of phase lead at « = 3, Figure 25 shows that
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60 degrees of lead corresponds to T, & =171 or T, =.59 sec.
Using this value of ’t‘,"p » the compensated amplitude-phase curve can be

determined by graphically adding the amplitude and phase of Figure 25 to
the uncompensated curve of Figure 27.

The graphical addition process is illustrated in Figure 28. In
applying the process, the uncompensated amplitude-phase overlay of Figure
27 is positioned on the "optimum" compensation plot of Figure 25 so that each
of several frequencies, in turn, is located at the origin (the particular
position illustrated in Figure 28 is for w = 3 rad/sec, After the compensated
amplitude and phase are determined for each frequency, the complete
amplitude-phase curve from Figure 28 can be positioned on a Nichols chart
so that the performance standards are met forw 4 3 rad/sec, as in Figure 29,
Normally, an educated guess at a modified value of T, must be made and
the process must be repeated to simultaneously achieve a bandwidth equal to
3 rad/sec and a droop equal to ~-3dB. In this example, however, the initial

estimate of Tp, has achieved the desired result without modification {as
shown in Figure 29).

Comparison of Figure 29 with Figure 27 shows that the use of lead
compensation has allowed the pilot to reduce the resonance to a negligible
value, while maintaining a bandwidth of 3 rad/sec and a droop of -3 dB. A

summary of the open-loop and closed-loop characteristics for this configura-
tion is shown on the Bode plots of Figure 30,

6.8 Example of a Configuration Having High &,

The second example chosen is a 250 kt configuration with a high
short-period frequency and good damping ( &, = 9 7 rad/sec, 3;‘, =

0.63), with negligible control system dynamics {3A}. Agéin. Fe /7 =5 1b/g
and K, =.77 deg/sec :

The first step in the analysis is to see what can be accomplished
by adjusting the pilot gain alone, without lead or lag compensation. The
open- loop Bode characteristics for the example configuration plus the sim-

o¥* o8 B
plified pilot model { ol K e —— ) are shown in Figure 31 (for /6'
3

1.0 lb/deg).

The effects of changmg KP can then be seen by overlaying a plot
of }%e! versus X (0/9. on a Nichols chart. Such an overlay is

shown in Figure 32, positioned on the Nichols chart so that KP is just large
enough to meet the performance standards,
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Notice that iné.ch-if%i-ﬂé% droop vaf:-.% dR, a resonance (which is almost zero
damped) occurs at « = 6,3 rad/sec. Also notice that the bandwidth is
6 rad/sec. Obviously lag compensation can be used to reduce the resonance,
while still meeting the performance standards.

Using Figure 25, the "optimum" pilot lag compensation can be
determined by choosing the value of Tﬂz/’rﬂ, which will cause the band-
width to exactly equal 3 rad/sec and the maximum droop to exactly equal
-3 dB. An initial guess at the optimum value of 2;9‘ /?;," can be made by
observing that the uncompensated ¥ (‘9/55)* at w = 3 rad/sec is roughly

-100 degrees (see Figure 32). By analogy to the example of Section 6.7,
about 30 degrees of phase lag at @ = 3 can be used, Figure 25 shows that

this corresponds to 7p, /"}' = 3,0. Using this value of "Z'pzl’l;,j , the

compensated amplitude-phase curve can be determined by graphicaily
adding the amplitude and phase of Figure 25 to the uncompensated curve
of Figure 32, Overlaying the compensated curve on a Nichols chart, an

educated guess at a modified value of Tf’z /?;’r can be made which will

simultaneously achieve a bandwidth equal to 3 rad/sec and a droop of
-3 dB, The graphical addition process is illustrated in Figure 33, for
the final value of 7, /7, =2.5 (7, and T, can be found irom

Z s P ) 4,
Figure 24). In applying the process, the uncompensated amplitude-phase
overlay of Figure 32 is positioned on Figure 45 so that each of several
irequencies, in turn, is located at the origin, (The particular position
shown in Figure 33 is for @ = 6 rad/sec).

Figure 34 shows the compensated amplitude-phase curve irom
Figure 33 positioned on a Nichols chart so that the performance standards
are met for @ £ 3 rad/sec. Comparison of Figure 34 with Figure 32 shows
that the use of lag compensation has allowed the pilot to reduce the closed-
loop resonance to a negligible value, while maintaining a -3 dB droop and
a minimum bandwidth of 3 rad/sec. A summary of the open-loop and

closed-loop characteristics for this configuration is shown on the Bode plots
of Figure 35,

6.9 Factors Influencing Pilot Opinion

The parameters K, , T . T which the pilot would choose

in "adapting" to a particular configuration, together with the resulting
closed-loop performance characteristics, can be determined from the
preceding analysis, It now remains to relate the primary pilot opinion
factors, discussed in Section 5,1, to the various parameters determined
from the analysis. Based on a detailed study of the pilot comments
{Appendix I), the following relationships are offered:
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{1) PIO Tendencies It seems straightforward to relate the
pilot's complaints of oscillatory tendencies to the closed-loop

resonance [6/96/”,“

(2) Pilot Compensation It would seemn that the pilot's com-~
ments concerning his compensation are closely related to
whether he has to generate phase lead or phase lag {(over
and above the phase lag caused by his 0.3 second time delay).
Since the phase characteristics are most important for
frequencies in the vicinity of the bandwidth, it seems logical
to describe the pilot's compensation in terms of the following
phase angle:

T

~

N (J‘wt"p, rr)
Jje z'PJ.. v = (Bw)minf/——/

: £
~— £0

T — e

This phase angle can be deteFined from Figure 25 for the

~ particular value of ( TP,;/ TP, ) or Tp’ used, For the
example of Section 6.8, Figure 25 shows that X, is -25
degrees at @ = 3( Tp, /%, = 2.5). For the example of
Section 6,7, | Kpc, is + 60 degrees ( Tpf = .59, ?'pfm =
1,77 at @ = 3). ZXp.will be positive for lead compensation
and negative for lag compensation. Thus, when the pilot
complains of having to "overdrive" the airplane, %, will
probably be positive., When he complains of having to "fly
it smoothly"”, Xp, will probably be negative.

(3) Stick Forces During the experiment, the pilots often
complained of the incompatibility between the steady stick
forces and the initial forces {or forces required for tracking).
it is clear, from the comments, that the steady forces

‘referred to are related to the steady-state stick force per g
(F¢/n). The comments concerning tracking forces are
probably related to the pilot's gain; but since the pilot uses
the term "initial" forces, ¥p is clearly not the gain in ques-
tion since it is a steady-state gain. Because of this, it
would seem logical to use the pilot's gain at some inter-
mediate frequency (say, at « = (BW) ) as a measure

_ min
of the tracking forces. To this end, the following gain is
defined:

= R/
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| jwTe *!
- where I':s/egl = )Kp (3—‘0—%;—‘7)'

The easiest way to compute KB‘W is from the following

compensated open-loop characteristics;

e, | .| Fs x |8
l W= (EWJ,’,'" ee, & (BW)’”’-’, ‘ F:-." o (Bw)ﬂfﬂ
Kaw
P L P
aw l 8k |
w = (men

For the example of Section 6.8, Figure 34 shows that;

|9/ee| ., = -4.54dB = 0.60

and Figure 31 shows that (Figure 31 is basedon F¢ /7 =
5 1b/g):

]"/EL,:, = -3.5dB = 0.67 deg/lb

so that

Kaw = 0.90 lb/deg

As will be shown in Section 7. 2, ng

been a strong factor in only a few configurations evaluated
in the present experiment,

appears to have

If the value of £, is desired. it can be computed from

ksw as follows:
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jwt, 11~/

Bw

J°%, " ew= taw,,,

For the present example, the magnitude of the compensation
at @ = 3is -4 dB (determmed from Figure 25 with & =
- 25 desrpeb). or 0.64 in linear magnitude , Thus, e

1

Kg = 0.90 (0.64)7 = 1.4 lb/deg

The purpose of Section VII is to correlate [6/g, /ma.t , Fpe , Kg,

with the detailed pilot comments and ratings,
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SECTION VII

APPLICATION OF THE ANALYSIS TO THE
EXPERIMENTAL RESULTS

Each configuration evaluated in the present experiment was analyzed
using the techniques presented in Section VI. For each configuration, the
various parameters resulting from the analysis are presented in Appendix I,
along with the pilot comments. Appendix I also presents open-loop and
closed-loop time histeries and Bode plots for each configuration. In addition,
Tables II and III summarize the more important parameters {rom the analysis.

The purpose of Section VII is to discuss the results of the analysis,
beginning with a discussion of the importance of closed-loop bandwidth,
Next, the pilot comments are explained in light of the analysis and the pilot
ratings are correlated with the analysis parameters. Finally, the analysis
is applied to the results of some special T-33 flights and to the HOS data,

7.1 Effect of Bandwidth

One of the first things which became apparent during the analysis
was the importance of (B_W)min. To illustrate its importance, consider

configuration 6E. This configuration has a low short-period frequency{ Wyp =
3.4 rad/sec) with good damping, and considerable lag in the control system
( /T, = 3.3 rad/sec}.

If the analysis of Section VI is applied to this configuration, lead
compensation is required to achieve any reasonable bandwidth, A value
of ¥ pe equal to + 71 degrees is needed to achieve a (BW)min of 3 rad/
sec, and the resulting resonance ( 188, Imaz) is + 6 dB. (This would
correspond to ¥ 2 .25 for a simple second-order system.) If (BW)min
is 3.5 rad/sec, however, &g, of + 78 degrees is required, and the

resonance becomes very large (+ 12 dB). This appears to be a rather
dramatic change in the closed-loop resonance for a rather small change in
(BW)min. Before concluding that this is unrealistic, however, consider

two separate evaluations of the same configuration by Pilot M.

On Flight No. 1040, Pilot M complained of some tendency to PIO
during attitude tracking tasks, but the PIO's were not full-blown. He gave
the airplane a PR of 5.5, with a PIO rating of 2.5. On Flight No. 1071,
Pilot M complained that the airplane was PIO prone, with large amplitude
oscillations. He observed that any aggressive tracking or maneuvering led
to PIO's. He assigned the airplane a PR of 8.5 and a PIO rating of 5.
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It is clear that Pilot M was not striving for the same standard of
performance for both evaluations. The comments give the impression that
the pilot flew the configurations more aggressively on Flight 1071 than on
1040, This could be interpreted as meaning that he was striving for a higher
(BW)m.m. With these ideas in mind, a resonance of 6 dB (for BW = 3) seems

consistent with the PIOR of 2.5 on Flight 1040, while a resonance of + 12 dB
{for BW = 3.5) appears to explain the PIOR of 5 on Flight 1071.

The pilot comments for the two flights also indicate differences in
the IFR tracking tasks, On Flight 1040, Pilot M commented that he never
got into anything that approached a full-blown PIO during the IFR tracking
tasks. During Flight 1071, however, he said that he could get into beautiful
PIQO's when he tried to do the job. Typical IFR tracking records for the two
flights are shown in Figure 36, The discrete error records show that the
airplane initially reached the target sooner on Flight 1071, clearly indicating
a higher closed-loop bandwidth. A price is paid for reaching the target
sponer, however, in the form of more pronounced oscillations, The
random-error records show the same trend; Flight 1040 shows decreased
oscillations, but the low frequency performance is poor.

On the basis of the above considerations, it can be seen that the

closed-loop bandwidth the pilot is trying to achieve, (Bw)min' is a very

important flying qualities parameter, for two reasons:

(1) It has a very strong effect on PIO tendency (closed-lcop
resonance), as well as the pilot compensation required.

(2) [t is a very difficult parameter for the pilot to quantify,
The reason for this is that BW is simply a measure
of how aggressively the pilot feels he must initially move
the nose up to the target, and is based on his experience
and the task being evaluated. {The importance of
defining the task precisely in a flying qualities exper-
iment is obvious.) '

It is felt that these two considerations may be the major factors
responsible for the scatter in pilot comment and rating data which is char-
acteristic of many flying qualities experiments. In fact, it is remarkable
that pilots are able to perform evaluations as consistently as they do, in

view of the strong effects of (B‘W)min.

Aside from the influence of (Bw)min on scatter in the data, there

is one other effect in the present experiment which should be menticned.
One of the evaluation limitations discussed in Section 4.5 is that the buffet
boundary of the T-33 at 250 knots apparently caused the pilots to fly the
250 knot configurations somewhat less aggressively than the 350 knot con-
figurations. This would suggest that the pilots decreased (Bw)min for the
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Figure 36. Typical IFR Tracking Records for
Configuration 6E

low-speed cases., Analysis of the 350 knot data, using a (Bw)min of 3.5
rad/sec, resulted in values of ¥p. and Ié/é,_fm‘ which correlated very

well with the pilot comments. The pilot comments for the 250 knot configura-
tions, however, were not as severe as the results of using (BW)min =3,5

would indicate. A value of (Bw)min equal to 3 rad/sec was then tried for the

low speed cases, which resulted in good correlation with the comments.
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Therefore, to account for the fact that the pilots flew the low speed
configurations somewhat less aggressively, the following values of (BW)min

were used in analyzing the results of this experiment.

ind (BW) 1 in
250 kt 3,0 rad/sec
350 kt 3.5 rad/sec
7.2 Correlation with Pilot Comments

The purpose of this subsection is to interpret the pilot comment data
of Appendix I in terms of the various parameters resulting from the pilot-
in-the-loop analysis. The various comment categories from Appendix I will
be handled in the following way:

Stick Forces Stick forces, per se, and the selection of
elevator gearing will be discussed in detail only when
the forces appear to be a strong factor in the overall
pilot opinion. A more detailed discussion of stick
forces will be given in Section 7. 4.

Predictability of Response and  Attitude Contral/

‘Tracking Capability The comments under these two
headings are the primary pilot opinion factors for
virtually every configuration evaluated. They form the
core of the following discussions and will normally be
correlated with the parameters §,, and 18/62) may »

Normal Acceleration Control This will not normally be °
mentioned because the diificulties in g control are
usually similar to those of attitude control, but are less
severe. In a few cases, however, g control seems to
be equally as difficult as attitude control; these cases
will be discussed.

Effect -of Random Disturbances This will not be dis~
cussed unless it appears to be a strong factor.

IFR Problems These comments usually deal with prob-
lems encountered during the IFR tracking tasks., If
important, these comments will be incorporated into
the discussions of attitude controlftracking capability.
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Good Features and Objectionable Features These

comments summarize the specilic comments above,
and will be incorporated into the specific discussions.

To aid the reader in following the discussion of the pilot comments,

Figure 37 relates lQ/Oc | ax to the damping ratio of a second-order
m

system having the same  |8/0, | max

SECOND-ORDER SYSTEM
WITH SAME
Igfacl MAX ’! ” - ‘_G__’
e I Es-_lm
|4 |
V] ACTUAL SYSTEM .
~dB
0+ttt —
0.1 0.2 04 06 1.0 LOG&w —»
7 OF SECOND-ORDER SYSTEM
HAVING SAME |6/ | \ax
Figure 37. Damping Ratio of Simple Second-Order Systerﬁ

as a Function

of ' Q/QC’I max

This is a crude relationship at best because the actual system is not second
order, but it should give the reader some physical feeling for the parameter

|ofe.

max

Perha'ps a better appreciation for the physical significance of

IQ/Q can be obtained by referring to the closed-loop time histories
¢l max .

shown in Appendix I for each configuration.
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Configuration 1 (A to G), @%p =2.2, Xcp =0.69, n/a =18.5

The pilot-in-the-loop analysis predicts pilot lead compensation,
ch = + 60 degrees, for the base configuration for this group (Configura-

tion 1D) with no tendency to oscillate in pitch attitude tracking, |9/90 imax =

¢ dB. According to the pilot comments, the principal problem with this
configuration is centered around the slow initial response. The pilot must
learn to "overdrive" the airplane to achieve the desired initial response,
then quickly take out the input as the response develops in order to stop the
airplane on a target. He often describes the control inputs required as pulse-
like, In this situation, the final response ig difficult to predict and some
pilot effort is required to learn the correct control inputs to quickly and
accurately acquire a target. The initial forces appear heavy to the pilot and
lighten up dramatically as the response develops. The pilot must learn to
anticipate the airplane's response; in other words, he must introduce lead
compensation. Pilot W's comments indicate that he can learn to generate the
required lead compensation but only with some effort. Pilot M, on the other
hand, expresses difficulty in predicting the final response and complains of
overcontrolling or overshooting tendencies in g control, as well as in pitch
attitude control. The pilots refer to overcontrol in g as a "digging-in®
tendency which is bothersome. In summary, the pilot comments make no
mention of oscillations, which is consistent with the predicted resonance of
0 dB. However, there are complaints about overcontrolling tendencies. It
is apparently difficult for the pilot to consistently generate the considerable
lead compensation required to achieve the desired performance. This dif-
ficulty leads to poor precision of control, as shown by the pilot comments.

The closed-loop analysis indicates that the addition of moderate con-
trol-system lead to the base configuration is beneficial. For example, in
Configuration 1B, reduced lead compensation ( 2;1,0 = + 35 degrees) is pre-

dicted and the resonance is still very small (+ 0.5 dB). The pilot comments
are, in general, consistent with these values, There are no oscillatory
tendencies noted and Pilot W comments that a fast-pulse technique was used
with success, confirming that some lead compensation is needed. Minor
complaints are made about the airplane's tendency to "dig in" or overshoot,
which reflects the difficulty that the pilot has in accurately generating the
required lead, particularly in gross maneuvers,

With further increase in control-system lead, as in Configuraticn 1A,
the analysis indicates a + 7 dB resonance and the requirement iIor some

pilot lead compensation, X5, =+ 20 degrees. The pilot comments indicate

that the main problem is in pitch attitude control, although considerable
scatter exists in the pilot ratings and comments for this configuration. The
comments show that it is difficult to acquire a target, the response takes off,
and the final response is oscillatory with some PIO tendency in the IFR
tracking tasks. These comments are consistent with the trend predicted in
the analysis, although the + 7 dB resonance is perhaps more severe than the
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comments indicate. Rapid pulse-type inputs are used, correlating with the
predicted requirements for pilot lead compensation. The problems noted
for g control are similar to the pitch attitude control problems. The pilot
comments also indicate a problem with the stick forces which may have
influenced the pilot ratings. A discussion of the possible reasons for this
problem will be made in Section 7. 4.

For Configuration 1C, which has the same control-system lead char-
acteristics as 1B but with <@, = 16 rad/sec, the closéd-_loop analysis predicts
a + 2 dB resonance and the requirement for more lead compensation than for
IB( X, =+ 42degrees)., The pilot comments for Configuration 1C do

show increased problems with pitch attitude control and confirm the require-
ment for lead compensation,

The addition of control-system lag to the base configuration, as in
Configurations 1lE, F and G, resulis in increased problems with oscillations
in precision tracking and increased pilot lead compensation. In Configura -
tion 1G, for example, the pilot says the tracking capability is poor, prac-
tically nil, with PIO's occurring in tight tracking and that pulse-like inputs
are required. The closed-loop analysis adequately predicts the trend toward
large oscillationg in pitch attitude when tracking, as well as the large lead
compensation required to get the desired performance. For example, the

analysis predicts a zero damped oscillation for Configuration 1G, 19/9.; I'ma:i:=

00, and &, = + 80 degrees.

Figure 38 shows the 6, , Ff , and n time historieas from the

flight records for the discrete-error tracking task for Configuration 1G,
These records clearly show the pitch attitude tracking problems that the
pilot has in trying to follow the step change in pitch attitude commanded by
the tracking needle, The frequency of the zero damped oscillation in 6,

is 3 rad/sec {%0.2) which corresponds well with the resonance frequency
of 2,7 rad/sec predicted in the analysis, The very large, rapid £ inputs

substantiate the predicted requirement for pilot lead compensation.

Configurations 2 (A toJ), &%p=4.9, %, =0.70, n/e =18.5

The base configuration for this group, Configuration 2D, is described
as a nice airplane with good maneuvering characteristics, but with a slight
tendency to overshoot the target. The predicted resonance of + 2 dB and
4 pg = -5 degrees is certainly consistent with the pilot comments for this
configuration,
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Figﬁre 38, In-Flight Record of a PIO Occurring
During Discrete Error Tracking Task.
(Configuration 1G, Flight 106 1)

For Configuration 2A, which has considerable lead in the control
system, the pilots comment on a tendency to overshoot when flown aggres-
sively, Pilot W notes that with smooth inputs (lag compensation) the pitch
attitude control becomes quite accurate. The pilot comment that the forces
go from light to heavy is typical of configurations that require lag compen-
sation and further evidence of the type of compensation used in this case,

The analysis predicts a + 3 dB resonance and Jpq = -26 degrees, which

are consistent with the pilot comments,

The effect of reducing the value of @, from 63 rad/sec in Configura-

tion 2A to 16 rad/sec in Configuration 2B, is to increase the resonance to

+ 7 dB and leave Z,  nearly unchanged at -20 degrees. The pilot comments

for the last 3 evaluations of Configuration 2B, show increased concern with
overshooting the target and occasionally getting out of phase with the air-
plane response, The comments also describe the need for smooth inputs
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{lag compensation). These observations tend to correlate with the results
of the analysis. '

When first-order lags are introduced into the control system of the
base configuration, as in Configurations 2E, F,H, and J, the analysis pre-
dicts a resonance which is approximately constant a1+ 3 dB and the require-
ment for increasing pilot lead compensation as the lag effects are increased.
The pilot comments describe similar trends. As the control system lag is
increased, the pilot comments describe the heavy iqitial forces and the need
to "overdrive" the alrplane with greater regularity and emphasis, confirming
the need for increasing pilot lead compensation. , The comments on the pitch-
attitude control describe tendencies to oscillate, grqdually changing t0 com-
plaints of cwercontrollmg as the control system lag is increased. This
indicates that the pilots' preoccupation with the clos?:d loop rescnance is
giving way to poor predictability of the response . due o increased lead coms=-
pensation,

For the two configurations with @, = 16 rad/sec, in addition to a

first-order lag in the control system {Configurations 2G and 2I), the analysis
predicts increased resonances and more pilot lead compensation than for the

same configurations with @, = 63 rad/sec (2F and H). The + 6 dB resonance
and 4,5 =+ 35 degrees predicted for Configuration 2G are consistent with

the pilot comments, which complain of the tendency toward PIO's and the
heavy initial forces. For Configuration 2I, a resonance of + 7 dB and

Jpc = + 59 degrees is predicted. The pilot comments indicate PIO prob-

lems and complain about heavy initial forces, confirming that pilot lead com-
pensation is used. The PIO tendencies for both conﬁ‘guratmns appear to be
somewhat more severe than pred1cted by the analyam

Configurations 3 (Ato E) @i, =9.7, ¥, =0.63, n/a =18.5

The analysis predicts that the base Configuration (3A} will require

lag compensation ( 3, = -25 degrees) and the resonance will be negligible
¢ lef6| .. = - 1dB). The pilots comment that the airplane is initially

very abrupt and that it must be flown smoothly. This is consistent with
% pe = -25 degrees, However, there are comments that indicate over-

ghoots or "hobbling" tendencies on target, which are not consistent with a
resonance of -1 dB. Much of this tendency to oscillate is explainable in
terms of the lag compensation required, which pilots apparently do not like
to use. The problem with lag compensation is related to the fact that it is
difficult to apply smooth inputs consistently in the context of the fighter mis-
sion. For Configuration 3A, the 25 degrees of lag compensation is necessary
to prevent oscillations, so that oscillations will obviously result whenever the
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pilot inadvertently applies an abrupt input. Figure 39 illustrates the ex-
treme eifect of removing the lag compensation entirely (for constant pilot
gain Kp) It is important to note that this effect does not occur with lead

compensation, since the removal of lead compensation will not cause the
lower part of the amplitude-phase curve to flatten apprec1ably (it may even
cause it to steepen),

In addition to the difficulty of consistently applying lag compensa-
tion, the "bobbling" tendencies seem to be related to light initial stick forces.
The pilots complain that the airplane is sensitive, that the light initial forces
lead to unwanted inputs, and that the stick must be held rather lightly. The
effects of light initial forces will be described in more detail in Section 7. 4.
The tendencies to oscillate and boblle are accentuated by the random noise
disturbances (simulated turbulence), which cause the pilot to continually
force the nose back onto the ta'rget

It should be men!oned that when Configuration 3A was evaluated
early-in the program (Fhit& 1023 and 1024), there were problems with
coupling between the variable-stability system and the T-33's wing bending
modes. Other than to cause the pilots to select unusually high stick forces,
this coupling did not appear to have a strong effect. The coupling was
reduced on later flights by evaluating this configuration at lighter fuel
weights.

. As control-system lag is added to the base configuration, the anal-
ysis indicates that the required lag compensation lessens significantly, and
the resonance increases very slightly, For Configuration 3C, no compensa-
tion is predicted, and the resonance is + 2. S-JET_&TW_mnents indicate
some improvement over the base configuration, in that it is no longer
necegsary to use smooth inputs, and the initial forces are more reasonable.
The bobbling tendencies due to light initial forces for the base configuration,
however, are now replaced with slight overshooting due to the + 2.5 dB
resonance. : .

4
[

As the control-systerrr lag continues to increase, the analysis pre-
dicts that the resonance will become insignificant again, but lead compensa-
tion will be needed. For Configuration 3E, considerable lead compensation

is predicted ( ¥pc =+ 55 degrees), along with a negligible resonance
( ]9/9¢| max = -2 dB ). The primary complaints for this configuration

center around having to pulse the airplane and the fact that the stick forces
are initially heavy but lighten up as the response develops. This clearly
indicates the use of lead compensation. The comments indicate very little
tendency to oscillate, which is compatible with the small resonance. The
pilot also complains of some tendency to overshoot, which is probably re-
lated to problems with the predictability of the response due to having to
use lead compensation.
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Configurations 4 (A to E, and P) &% =5.0, %, =0.28, n/a@ =18.5

The analysis predicts large resonances (greater than 10 dB) for all
the configurations in this group, with Configurations 4A, B and C requiring
pilot lag compensation, while Configurations 4D and E require pilot lead
compensation. The pilot comments for the configurations with appreciable
lag in the control system, 4B to E, all indicate serious problems with pitch-
attitude control, including full PIQ's, and are therefore compatible with the
results of the analysis. However, the pilot comments for the base config-
uration, 4A, seem to indicate that the oscillatory tendencies are not quite
as severe as predicted by the analysis (a resonance of + 10 dB).

A range of pilot compensation from 3-,94, = . 28 degrees for -

Configuration 4A to  ¥-p. = + 57 degrees for Configuration 4E, is predicted

by the analysis. The pilot comments support this trend in general, although
specific correlations are not possible in every case. For example, in Con-
figuration 4A, the pilot describes the forces as going from light to heavy,

a consistent comment for ~ ¥pe = - 28 degrees. In Configuration 4E, ‘IPG:

+ 57 degrees is predicted, and the pilot complains of very heavy initial
forces, which dramatically lighten as the response develops, In all the
configurations of this group, the response to random disturbances is a prob-
lem, but the tracking characteristics of these configurations are generally
30 poor that this factor is not critical.

A sample of the in-flight discrete-error tracking records for Con-
figuration 4D is shown in Figure 40 to illustrate the pitch-attitude tracking
difficulties experienced by the pilot. The analysis predicts a resonance of
+ 10 dB with 4 ,. = + 31 degrees, The oscillation of 8, in Figure 40
appears to be cfose to zero-damped, which seems worse than a resonance
of + 10 dB would indicate. It must be understood, however, that the analysis
is intended only to predict PIO tendencies, and that the pilot's technique will
change when a PIO becomes fully developed. It is interesting to note, how-
evér, that the frequency of the oscillation is between 4.5 and 4. 8 rad/sec,
which is reasonably close to the predicted resonant frequency of 4. 3 rad/
sec. After studying Figure 40, the reader will find it interesting to refer
back to the C* response given for this configuration in Section 5. 3, which
falls completely inside the "satisfactory" C* envelope.

On Flight 1049, an electrical failure occurred, which caused the
T-33's variable-stability system to switch from stick force commands to
stick position commands. Thus, the base configuration (4A) was evaluated
with the feel system in series with the rest of the control system (as de-
scribed in Section 3.2), This configuration is designated 4P. Analysis
of Configuration 4P shows that the introduction of the feel-system dynamics
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into the 9/}3‘s transfer function causes the required pilot lag crompensa-
tion to decrease from ¥ p. = - 28 degrees to - 20 degrees and the

resonance to increase from + 10 dB to + 12 dB. The pilot comments
indicate that the oscillatory tendencies of Configuration 4A become more

severe with Configuration 4P (in fact, they are now called PIO tendencies),
The pilet rating increases froma 5 toa 7.

COMMANDED
CHANGE IN
PITCH ATTITUDE
o

F, {(PULLI

e 1 8EG ———

Figure 40. In-Flight Record of a P10 QOccurring
During Discrete-Error Tracking Task
{Configuration 4D, Flight 1057)

Configurations 5 (A to E) W= 5.1, 5_'5,; =0.18, n/a = 18,5

e e

The analysis predicts severe tracking problems for all the config-
urations in this group, i.e., resonances greater than + 12 dB. Pilot com=-
ments for all the configurations indicate PIO problems when tight tracking
is attempted, However, the comments on Configuration 5A do not seem to
indicate PIO tendencies quite as severe as predicted by the analysis. Pilot
lag compensation is predicted for Configurations 53A, B, and C and lead
compensation for 5D and E. The pilot comments confirm these trends
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in pilot compensation required. For example, in 5A the pilot comments on
the need for smooth control inputs (lag compensation), while in 5E the pilot
had to try to anticipate the response (lead compensation). The pilots con-

sistently complain about the effects of the random disturbances, but in the

words of one pilot, they just make a bad configuration worse,

Configurations 6 (A to F) gp = 3,4, 5_,;: = 0.67, n/@ =50

The analysis predicts that considerable lead compensation
(  %pe =+ 57 degrees) will be required for the base Configuration (6C),
<=7t 1.5 dB).

but the closed-loop resonance will be small { |9/9c| ma
The primary complaints are the sluggish initial response, having to
"overdrive" the airplane, having to use pulse-like inputs, and the fact that
the stick forces go from heavy to light as the response develops, These
comments certainly indicate that considerable lead compensation is being
used. There is no mention of oscillations, which is consistent with the
resonance of + 1,5 dB. There are complaints of overcontrolling tendencies,
however, which appear in g control, as well as in attitude control. The
pilots refer to overcontrol in g as a "digging-in" tendency, which is quite
bothersome. The overcontrolling tendencies are felt to be a direct result
of the requirement for considerable lead compensation, which seems to be
difficult to generate accurately. Thus, the final response is difficult to
predict with any degree of precision.

The analysis shows that the addition of a small amount of control-
system lead to the base configuration is beneficial. For example, the pre-
dicted lead compensation for Configuration 6B is considerably reduced

a pe = + 38 degrees), and the_ resonance bgcomes very small (+0,5 dB}.

The pilot comments indicate only minor problems., There was no indication
of oscillatory tendencies in tracking, which is consistent with a resonance
of + 0.5 dB. Pilot W mentions that the initial response seems a little bit
slow, which indicates that some lead compensation is needed.

If more control-system lead is added to the base configuration, the
analysis predicts that the effects will be degrading. For Configuration 64,

the compensation required becomes negligible { X,. =+ 11 degrees), but

the resonance increases to + ¢ dB. Pilot W complains that the attitude con-
trol is "bad" for large attitude changes, and that there is a tendency to
overcontrel in the [FR tracking tasks. These comments certainly indicate
some resonance, although the comment data is sufficiently sparse that it is
difficult to judge whether a + 9 dB resonance is reasonahble (Pilot M's com-
ments were lost due to a malfunction in the voice recorder).. Pilot W also
complains of a very abrupt initial response, which indicates that the initial
stick forces might be a little light. This latter effect will be explained in
more detail in Section 7.4 .

84



When control-system lag is added to the base configuration, the
analysis predicts that the required lead compensation will rapidly increase,
The pilot comments clearly substantiate

as will the closed-loop resonance.
For example, the analysis shows Configuration 6E to have

this trend.
= + 78 degrees and a resonance of + 12 dB. The pilots comment that

¥pe
the stick forces go irom heavy to light as the response develops and that a
pulsing technique helped, clearly indicating the use of lead compensaticn,

In addition, the pilots complain of strong PIO tendencies.

The first cycle

Configuration 6E on Flight 1071 .
when Pilot M tried to acquire a distant target and track it.
the + 12 dB resonance pre-
After the PIO is fully
It is also interesting

Figure 41 shows a special record made during the evaluation of
It documents a classic PIO which resulted

of the PIO has a frequency of about 4.4 rad/sec;
dicted by the analysis occurs at about 3.9 rad/sec.

developed, the frequency increases to over 5 rad/sec.
to note the rather large stick forces required to move the nose of the air-

This is further evidence that the pilot is "overdriving" the
It should be under-

plane rapidly.
airplane, i, e,, using conaiderable lead compensation.
stood that the exact nature of a PIO obtained from a given configuration is
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Figure 41, In-Flight Record of a PIO Occurring During
Visual Tracking (Configuration 6E, Flight 1071)
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somewhat dependent on how the pilot is flying the airplane, e.g., on the
bandwidth he is trying to achieve. For example, Figure 36 shows PIO's
obtained for Configuration 6E (also on Flight 1071} during the IFR tracking
tasks. The frequency of the PIO's shown on those records varies from
3.5 to 4.5 rad/sec,.

Configurations 7 (A to H) e = 7.3, %., =.73, nfa =50

7.4

The base Configuration (7C) should be a good airplane, based on
= 0 dB}). The pilot

the analysis { ¥p. =+ 13 degrees, IG/Gcl max
comments indicate a slight tendency to bobble on target. This may be
partially related to light initial forces, but seems to be minor., Overall,
the response was judged to be snappy -- good but a little abrupt.

As control system lead is added to the base configuration, the
analysis shows that the required compensation will change from lead to lag
and the resonance will increase somewhat, For example, the analysis pre-

dicts X,, = - 10 degrees and a resonance of + 3 dB for Configuration 7A.

Thus, Configuration 7A should be a reasonably good airplane, with a slight
tendency to oscillate. The comments indicate some inconsistency between
the two pilots for this configuration. Pilot W says that the airplane is a
little too snappy, but is quite good overall, He makes no mention of over-
shooting tendencies. Pilot M, on the other hand, complains of some over-
shooting in acquiring a target, and says that the light initial forces tend to
make the airplane sensitive to unwanted inputs. The light initial forces will
be discussed in more detail in Section 7.4. On the average, comments
seem to be compatible with the analysis.

As increasing amounts of control-system lag are added to the base
configuration, the analysis predicts that the resconance will gradually in-
crease to + 5.5 dB and the required lead compensation will rapidly increase
to + 80 degrees (for Configuration 7H). The pilot comments for Configura-
tions 7D through 7H do show an increasingly sluggish response, With tén-
dencies to dig in and complaints of having to overdrive the airplane, all of
which indicate that more lead compensation is required, The comments do
not indicate any increased tendency to oscillate as the control system lag is
increased. In fact, there is a gradual transition in the comments from
complaints of "oscillatory tendencies" for Configuration 7D to "overcontrol-
ling tendencies" for Configuration 7H. This may indicate that the poor
precision of control resulting from the large amount of lead required for
Configuration 7H overshadows the oscillatory tendencies. It is difficult to
understand, however, why the overall pilot opinion suddenly changes from
satisfactory (for the base configuration) to a pilot rating of 5.5 when a
small amount of control system lag is added (Configuration 7D), and then
remains between a pilot rating of 5 and 6 when large amounts of lag are
added (Configurations 7E, 7G, 7H).
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In addition to the somewhat peculiar pilot ratings for Configurations
1D, 7TE, 7G, and 7TH, the comments and ratings for Configuration 7F seem
to defy explanation, except to say that the two pilots wWeére Ilying the airplane
differently. Each pilot evaluated Configuration 7F three times., Pilot M
complained of having to overdrive the airplane somewhat and tendencies to
overshoot. His pilot ratings were very consistent; 3, 4, and 4. Pilot W
complains of having to use pulse-like inputs and PIO tendenciea during
tight tracking. His pilot ratings were also very consistent; three 7's.

Pilot W does comment that the PIO tendencies occur when he flies the air-
plane aggressively. This may indicate that he is striving for a higher band-
width than Pilot M, but why? Perhaps the explanation of all the peculiari-
ties in Configurations 7D through TH is related to the frequent pilot comments
that the responses for these configurations are "peculiar" and difficult to
describe.

The electrical failure on Flight 1049 caused Configuration 7C to be
evaluated with stick position commands to the elevator (designated Config-
uration 7P). Analysis of Configuration 7P shows that the required lead
compensation has increased Irom + 13 degrees for 7C to + 22 degrees for
7P. In addition, the resonance increases from 0 dB to + 2 dB. The com-
ments for 7P show that the pilot has to "take out some of the initial input in
order to achieve the desired response" and that there is an initial hesitation
in the response, which indicates that he is using noticeable lead compensa-
tion. The comments for 7C, on the other hand, indicate that the initial
response is snappy, with no indication of having to consciously overdrive
the airplane. In'addition 7P shows some tendency to bobble in tracking,
while 7C does not.

Configurations 8 (A to E) Glyp = 16.5, 332 =0.69, n/& =50

The analysis predicts a resonance of 0 dB with a emall amount of

lag compensation { ¥, = - 10 degrees), for the base Configuration (8A).

Thus, the base configuration should be a good airplane. Pilot W indicates
that it is basically a pretty good airplane, but he complains that the initial
response is too abrupt and the airplane is sensitive to inadvertent small
inputs. Pilot M comments that the stick forces are initially very light,
then heavy up as the response develops. He also complains that the air-
plane is "nervous" and bobbles on target. Certainly the comments indicate
the type of problems to be expected when lag compensation is needed, but..
the complaints seem more severe than a pilot lag of - 10 degrees would
indicate. Much of the problem appears to be related to the light initial
forces per se, as will be discussed in more detail in Section 7.4, Pilot M
also points out that control in the presence of random disturbances is no
good, although Pilot W does not mention this characteristic.

When control system lag is added to the base configuration, the
analysis indicates that the closed-loop resonance remains small (less than
+ 1.5 dB}, which seems consistent with the comments, When moderate
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amounts of control-system lag are present (Configurations 8B and 8C), the

analysis shows that very little pilot compensation is required { X, = 0,

+ 14 degrees, respectively), Thus, Configurations 8B and 8C should be

good airplanes, The comments indicate that this is the case, although there
are still minor complaints of light initial forces and bobbling tendencies.

As large amounts of control system lag are added to the base con-
figuration, the analysis predicts that the required pilot lead compensation

will become large ( 3‘p¢. = 4+ 38 degrees for Configuration 8D, and + 70

degrees for Configuration 8E). The comments for these configurations do
indicate a definite trend toward the use of lead compensation. The com-
ments on Configuration BE , for example, describe the response as sluggish
with a necéssity {0 overdrive the airplane. There is also an indication of
overshooting tendencies and problems with precision of control, which are
normally related to the difficulty of generating large lead compensation
accurately. However, the two pilots do not agree very well on the severity
of the problems for Configurations 8D and BE. FPilot M considers the prob-
lems minor, while Pilot W feels that the problems are severe enough to
make both configurations unsatisfactory. Thus, the pilots appear to be

flying the airplane differently, e.g., Pilot M may not be keeping his band-
width up.

Six Additional Configurations (9 to 14}

The six additional short-period configurations were evaluated
primarily by Pilot M, using stick position commands to the elevator. The
heavily damped, low frequency short-period configurations (9, 10, and 11)
were also evaluated with stick force commands, and neither the analysis
nor pilot opinion seem to indicate any significant effects of the feel system
dynamics on these configurations. It should also be mentioned that during
some of the repeat evaluations of these configurations, limits were imposed
on the elevator-to-stick-force gearing. However, these limits were
incorrectly set, so that the minimum stick force per g allowed was too
large (approximately 8 1b/g). The pilot complained that the stick forces

were too high, but the high forces did not appear to have any major effect
on the overall evaluation.

For the heavily damped, low frequency configurations (9, 10, 11)
at /@ = 18,5, the analysis predicts no oscillatory tendencies and the re-
quirement for moderate to large pilot lead configuration. Configuration 9

{ @sp =2.3, %56 =1.7) and 10 ( &p = 2.3, ¥, =1.2) havea
resonance of -1 dB and

Ypo %t 60 degrees. The pilot comments

emphasize the need to "overdrive" the airplane, with the resulting heavy
initial forces, and are therefore consistent with the predicted requirement
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for pilot lead compensation. The pilots do not comment on any oscillatory
characteristics but do complain that the airplane tends to "dig in" when
maneuvering, which causes problems in predicting the final response, [t is
apparently difficult for the pilot to accurately generate the lead compensa-

tion required for precise control. For Configuration 11 ( g = 3.3,
gsp = 1. 1), the analysis predicts a resonance of - 1.5 dB and ¥p =

+ 45 degrees. The comments indicate that the pilot has to "overdrive" the
airplane a little to get it moving initially (lead compensation} and that he

could acquire a target quite well with no tendency to oscillate (resonance =
- 105 dB)-

For Configuration 12 { a5, =10, %5, =0,45, nfae = 50),

the analysis predicts a + 4 dB resonance and no pilot compensation. The
pilot comments note some difficulty in acquiring a target, with 3 or 4 oscil-
lations about the target. These comments would appear to be a little more
severe than the predicted resonance would indicate, but the analysis does
point up some difficulty with pitch attitude tracking for this configuration.
As far as the pilot compensation is concerned, Pilot M comments that the
initial response is abrupt and that the stick forces go from light to heavy,

" which indicates the use of lag compensation, However, Pilot W also eval-
uated this configuration and commented that the initial response waa pretty
good. '

For Configuration 13 ( &}, =13, %, =0.34, »/a =50),

the analysis predicts a + 2.0 dB resonance and the requirement for pilot

lag compensation, ¥p = - 6 degrees. According to the pilot commentas,

unless the airplane is flown very smoothly (lag compensation), the tracking
capability is not good, For the tight control required during VFR tracking,
the pilot notes that it is a different airplane - you just can't track at all,
The pilot also notes a high frequency bobble around the target which can
eventually be eliminated., The bobbling tendency appears to be related to
comments about the airplane being "nervous" and abrupt. These latter
characteristics will be discussed further in Section 7. 4.

The analysis predicts a resonance of + 1 dB and the requirements
for pilot lag compensation, ¥poe = - 10 degrees, for Configuration 14

( @ =15.6, ¥, =0.23, »/a =50). The comments give no clear

indication of the pilot compensation used, which probably rmeans that the
compensation is slight, However, the comments do indicate difficulties in
acquiring a target and oscillations about the target, which are not consistent
with the predicted resonance. This can be partially explained by referring
to the Bode plots and time histories which accompany the pilot comments

for Configuration 14 in Appendix I. The closed-loop Bode plot ( }G/O¢[ )
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shows a second resonance at high frequencies, which is poorly damped.
The residue of this additional low-damped mode is large encugh that it
appears in the closed-loop time history of pitch attitude to a step attitude -
command. The high frequency resonance is attributable to the high <o, . -

and low ‘55,, , which cause the open-loop Bode amplitude ( /.9/6'5{ |
to still be large on the second pass (at high frequencies) of the amplitude-

phase curve across the Nichols chart (Figure 42). Other aspects of the
oscillatory tendencies will be discussed in Section 7. 4.

In all these high frequency Configurations (12, 13, 14) there is

evidence from the comments that the response to external disturbances is
a problem and, no doubt, is a factor in the pilot rating.

7.3 Summary of Correlation with Pilot Comments

Based.on the detailed study of the pilot comments presented in
Section 7.2, it is seen that the trends in the pilot comments, for various
combinations of short-period and control-system dynamics, can be nicely
explained in terms of the parameters %, and Ie/ao l max’ Of course,
there are aspects of the comments for individual configurations which are
not completely explained, but it must be remembered that the purpose of
the analysis is to explain the causes of the more important piloting dif-
ficulties, not to show exactly how the pilot flies the airplane. With these
ideas in mind, the following summary is presented of the pilot comments

associated with various combinations of 4‘% and /9/9@/ max’

¥%p¢ % 0 (no pilot compensation)

i |e/e, |

with small #,. is normally a good airplane. The pilot describes it as a

max is small (e.g., less than + 2 dB), a configuration

responsive airplane, which makes it easy to acquire and track a target,
Pilots seem to prefer an airplane which requires a small amount of lead
compensation to one which requires a small amount of lag compensation.
In other words, he prefers to overdrive the airplane somewhat than to fly
the airplane smoothly. As the size of the resonance increases, the pilot
first complains of overshoots, then tendencies to oscillate, and finally,
strong PIO tendencies. o

¥ pe Positive ( pilot lead compensation)

As previously mentioned, small amounts of lead compensation

appear to be no problem for the pilot to generate. When X,, is large
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. (and positive), however, the pilot complains that the response is sluggish,
which causes him to "overdrive" the airplane or use "pulse-like" inputs.
Becduse he has to overdrive the airplane, the stick forces appear very
heavy initially and then lighten up as the response develops. If the closed-
loop resonance is small, the pilot will not mention any tendencies to oscil-
late, but will complain of tendencies to overcontrol and "dig in". The
overcontrolling tendencies apparently result from the difficulty of gener-
ating large values of lead accurately, so that the pilot has difficulty in pre-
dicting or anticipating where the nose will end up. These tendencies are
particularly bothersome to the pilot when making large attitude changes or
attempting large pullup maneuvers, because of the unexpectedly large g
levels which occur. The term " digging in" is descriptive of the unantici-
pated amounts of g obtained,

As the resonance increases (with X ,, large), the complaints of

overcontrolling tendencies are gradually replaced with tendencies to oscil-
late, and eventually, with comments on strong PIO tendencies.

¥pc Negative ( pilot lag compensation)

Unfortunately, no configurations were evaluated in this program
which required la'rge_ amounts of pilot lag compensation. However, the

values of tJgp and control-system lead which caused pilot lag compensation
to be needed were fairly extreme values, so that perhaps practical airplanes

are unlikely to require more than moderate amounts ot pilot lag.

When pilot lag compensation is required; the pilot comments that
the initial response is abrupt, which forces him to fly the airplane smoothly.
Because he has to fly it smoothly, the stick forces appear very light ini-
tially and then heavy up as the response develops. Even if the closed-loop
resonance predicted by the analysis is small, there will quite often be
complaints of oscillations or "bobbles" on target, This is largely due to
the difficulty of consistently applying smooth inputs, in the context of the
fighter mission. As shown in Figure 39, the closed-loop resonance can
become quite large if the lag compensation is reduced slightly (the pilot
forgets to smooth his inputs).

There are other factors which can contribus to bobbling tendencies.,
For example, the discussion of Configuration 14 in Section 7.2 (Figure 42),
shows that a high frequency resonance can be present. In addition, the
large initial abruptness or sensitivity, in itself, can cause inadvertent stick
inputs which make the airplane feel "nervous", These latter effects will be
discussed in Section 7.4.

Asg the size of the closed-loop resonance increases, of course, the
pilots begin to complain of increasing tendencies to oscillate and PIO, In
addition, all the problems associated with configurations requiring pilot
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lag compensation can be aggravated by the presence of external disturbances,
such as turbulence.

Figure 43 presents the above pilot comment summary in a more
compact form. The effects of pilot gain, which have not been discussed in
detail, will be explained in Section 7. 4.

PIO Tendencies

It is interesting to note that for the reasonably large ranges of

@y and ’/T;z evaluated in the prese'nt experiment, both the é,naly'sis
and the pilot comments clearly indicate the lack of any strong PIO tenden-

cies when g” is good and the control-system dynamics are negligible.

The reason for this is that some form of the pilot's compensation can be
found which allows the performance standards to be met with very slight
closed-loop resonance. The flying qualities may be degraded because of

the extreme values of X.m » but not because of strong PIO tendencies.

When £, is reduced, the PIO tendencies rapidly increase, as
the pilot comments for Configurations 4A and 5A clearly show. The in-

crease in PO tendencies with decreased 559 is less pronounced when

@, is high, as can be seen from the comments for Configurations 12,

13, and 14. The results also indicate some PIQ tendencies when extreme
values of control-system lead are combined with low @gp (Configurations

1A and 6A), and when low-frequency,second-order control-system modes

are present {(Configurations 2B, 2G, 2I). The most serious PIO's which
occurred during the present experiment, however, are attributable to the

addition of large amounts of control system lag ( 7, } to configurations
with low ¢&Jsp or low 9., (Configurations IF, 1G, 4B to 4E, 5B to 5E,
6k, and 6F).

7.4 Effects of Pilot Gain and Control Sensitivity

As can be seen irom the pilot comments of Appendix I, the pilots
often comment that the selection of elevator gearing is a compromise
between the initial stick forces (i.e., the forces required tc initiate a
maneuver) and the steady forces (i.e.,Fg /7 ). As explained in Section

6.9, the pilot gain at & = (BWY_:0 is a logical parameter to describe

the initial forces:
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K (Jw'l;,'vl)l
P | . 1
Jw?'-o&' f w'mW)m'n ‘

The values of K, (and KP) for each configuration evaluated in
this experiment are shown with the pilot comments in Appendix I. To
determine these parameters, values of KB‘H and l(f, were first calculated
for each configuration by the methods described in Section 6.9, using /4

Bode characteristics based on a value of Fg/n equalto5lb/g(K,= \/57; 9
. r LFs/n
from Appendix IV}. The total loop gain, k&, = L/e /‘“/1" » wag then computed.

To hold the closed-loop characteristics fixed for a given configuration as
the pilot changes the elevator-to-stick-force gearing, he must adjust his

gain to keep £, constant {in addition to holding his compensation fixed).
Thereifore, /"/p {and .Km‘,) are inversgely proportional to .E‘ and directly

proportional to F, /¥ . Thus, the values of KIH and K_P shown in

Appendix 1 were computed from the Fg /7 = 5 values for the configuration

and the actual Fg /o selected, as follows:

de on/x (KBW)S.o

i}

£ = f:/_”(z,,

L - 5.0 >s'o

In addition to the values shown in Appendix I, nominal values of
KBW {based on the average F4 /# for each flight condition) are shown in
Table III. Because 'ds

W
Kgy shown in Appendix I for any given flight is related to thervalue shown

is directly proportional to Fg /# , the value of

for that configuration in TableIII, as follows:

Fo/n Vg = 250 kT
v - '('35_—0—) Kow)rusie i
8w -
Fa Vipg = 360 ¥T
:/:.7 Ko rosse 7+ nd
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To obtain a feeling for the range of satisfactory values of KBW’

the pilot comments were again examined. Unfortunately, since the indepen-
dent variation of elevator-to-stick-force gearing was not part of the present
experiment, it is not possible to clearly separate the effects of KBW’ per

se, from the effects of pilot compensation { X‘pc }y. The reason for this
is that the largest values of KBW are usually associated with large amounts

of lead compensation, so that it is difficult to tell whether the pilot is com-
plaining about the heavy initial forces alone (due to large KBW] or the fact
that the forces go from heavy to light as the response develops {due to
large, positive igc ). Conversely, the smallest values of KBW are

usually associated with lag compensation, so that it is difficult to separate
the pilot comments related to light initial forces alone {due to low KBW)

and those resulting from the forces going from light to heavy ( ¥ 5o Neg-
ative).

By examining the pilot comment data for small values of &,

(- 5 to + 25 degrees), it would appear that K per se, did not have an

BW’
important effect on the configurations evaluated in fhis experiment,
However, the pilot does begin to comment on the light initial forces when

Kgy becomes approximately 1.0 lb/deg. For values of Kpy @s bigh as

2.5 1b/deg, the pilot is still describing the stick forces as comfortable,

For a number of configurations, notably 3A, 3B, 8A, 8B, 13, and
14, the pilot comments indicate tendencies to oscillate or bobble on target
which are more severe than the analysis predicts( }9/90/ max less
than + 2 dB). In addition, the pilots feel certain that the frequency of the
bobble is two or three times that of the larger-amplitude PIO's commonly
observed. These comments are usually accompanied by complaints of
sensitivity to inadvertent control inputs., One possible explanation of the
bobbling tendencies is that the high pitch-acceleration sensitivity of these
configurations is causing high-frequency inadvertent inputs. If this control
sensitivity is defined in terms of the peak Bode amplitude }é/ﬁl max’ it
can be computed from the 6/F; Bode plots of Appendix I for each config-

uration, using the following expression:

=] - ot |
3 2
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The values of }5/;,} max for each configuration are shown in Table III,

based on an average value of Fg /7 for each flight condition. It can be

seen that the control sensitivities for the above mentioned six configura-

| 2
tions are all greater than 0.5 rad/sec’

Whatever the exact cause of the bobbling tendencies and senmtw-

ity to unwanted inputs, values of IQ/F'; / max greater than 0.5 rad/sec’

seem to contribute to it. Of the configurations having control sensitivities
greater than 0.5, the pilot comments indicate that roughly half (3A, 3B,
84, 8B, 13 and 14) were downrated somewhat because of this tendency."

It is interesting to note that Configurations 8A, 8B, 13 and 14 all
have a high frequency "bump' in the closed-loop Bode }9/90/ plots shown

in Appendix I, indicating a high frequency resonance. The cause of this bump
is illustrated in Figure 42 for Configuration 14. For Configuration 14, of
course, the bump is large enough to appear as a bobble in the computed
closed-loop time history (also shown in Appendix I}). The bumps for the

other three configurations are not large enough to appear in the computed
time histories. The discrete-error tracking records for all four configura-
tions, however, often show bursts of low-amplitude, high-frequency oscillations
riding on the pitch attitude traces, which is consistent with the pilot
cornplaints of bobbling tendencies.  The frequency of these observed bobbles
is close to the frequency of the burmnp in the Bode plot for each configuration,
Thus, it would appear that high control sensitivity somehow causes an
increase in high-frequency pilot gain, which increases the size of the bump
over that predicted by the present analysis,

7.5 Correlation with Pilot Ratings

The discussion of the pilot comments in Section 7. 2 has shown
that the two most important factors in determining the pilot rating of a
configuration are: the oscillatory tendencies occurring during attitude

tracking, represented by Ia/ec] max ’ and the amount of pilot compensa~

tion required to achieve the desired standard of tracking performance, &, .
‘This section will discuss the correlation of these two pa.ra.rneters with the
pilot rating data.

The pilot rating data of Pilot M and Pilot W for the basic FCS/
short-period configurations {lA to 8E) are presented in Figures 44 and

45. These plots of pilot rating against IG/Q&’ max and ¥-ﬂe_ contain
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all the evaluations performed in this part of the experiment, excepf for the
7 evaluations not used in the data analysis for reasons noted in Appendix I.
The closed-loop parameters for the configurations evaluated at high speed

{ n/a‘ = 50) are based on (Bw)min = 3.5 rad/sec, while those for the low-

speed configurations ( n/a: = 18,5) are based on (VB'\fV)rm..n = 3,0 rad/sec

{see Section 7. 1). For convenience, Figure 46 shows the configuration
numbers for each closed-loop-analysis data point.

Note that pilot lead compensation was somewhat arbitrarily limited
to Xx,, =+ 80 degrees for the analysis because values greater than + 80

degrees do not significantly improve the closed-loop performance. This
restriction on 4 ,, reduced the BW achieved for Configurations 1G and

6F, and reduced the low-frequency droop for Configurations 1¥, 1G, &F,
and 7H,

Also note that the tOP of the IQ/9¢{ max sgale'in the figures shows a

discontinuity between + 12 dB and c¢ . Reference to a Nichols chart (e.g.,

Figure 20) shows that any value of }9/%, max greater than + 12 dB is

very close to being unstable and is difficult to measure. Therefore, the
data points in the figures were distributed hetween + 12 dB and ¢°
on the basis of open-loop gain margin, Figure 20 shows that \/6/96/ max

= o¢o corresponds to a gain margin of 0 (fel 9,_] =0} and le/g':[max =

+ 12 dB roughly corresponds to a gain margin of 2 dB { }9/92 ’ = - 2 dB}.

The 3.5 and 6,5 pilot rating boundaries shown on Figures 44 and 45
are based primarily on the ratings of both pilots, although additional factors
were considered, In determining the boundaries, for example, more weight
was given to those configurations which were evaluated several times and
received consistent pilot ratings and comments. Thoge configurations with
additional problems, such as high control sensitivity (flagged symbols), or
those rated by only one pilot and seemingly inconsistent relative to the
other configurations within the same short-period group, were given less

weight, Note that the flagged configurations (3A, 3B, 8A, 8B) IQ/FJ ma.x>

0.5 rad/sec’ (Table III) and the pilot comments indicate that major
~16 :
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complaints about the configuration appear to be related to the high pitch
sensitivity (see Section 7.4), The pilot rating data separates quite nicely
into 3 regions, consistent with the pilot rating boundaries shown, and there-

fore correlates with the closed-loop parameters, /9/ 6, / max and X,

Considering the large variety of configurations represented on these flgures
and the potential sensitivity of the data points to the manner in which the
pilot performs the required fighter tasks, the correlation of pilot ratings
with the closed-loop parameters is considered good.

There are some data points which violate the pilot rating bound-
aries; but in most cases, the ratings of the other pilot tend to offset any
discrepancy with the boundary. For Configuration 7F, with a resonance of

t 4dB and X ,.= 57 degrees, Pilot W gave a rating of 7 on three separate ,

evaluations, while Pilot M rated it a 3, 4, and 4 on three evaluations.
Based on the ratings of both pilots, the location of the data point relative to
the boundaries appears reasonable. More discussion of this particular
configuration can be found in Section 7.2, Another example of inter-pilot
rating differences which are difficult to interpret is Configuration 8E

{ ~0.5dB and + 70 deg). Pilot W gave a PR = 5 which agrees well with
the pilot rating boundary, However, Pilot M rated the configuration a 2.5
and 3. Configuration 7D { + 1.5 dB, + 23 deg), which Pilot M rated 5.5,
clearly violates the 3.5 boundary. In this instance, the pilot rating seems
a bit severe relative to the ratings for Configurations 7C and 7E, as men-
tioned in the discussion of the pilot comments (Section 7. 2).

Aside from these specific observations, comparison of Figures
44 and 45 indicates that Pilot M averages about 1 rating unit better than
Pilot W when ‘}"po is large and positive. In addition, Pilot M rates con-
figurations with negative . ¥ oo about 1 rating worse than Pilot W. Thus,
it would appear that Pilot W has a slight preference for more responsive
airplanes than Pilot M.

The pilot rating data for the six additional configurations are pre-
sented in Figure 47 and compared with the closed-loop pilot rating bound-
aries established in Figures 44 and 45. The three low &J,, , high gsp
configurations {9, 10, 1l) correlate well with the 3.5 boundary. However,
of the three high &, , low X , configurations (12, 13, 14), only Con-

figuration 12 { + 4 dB, O deg) correlates with the boundaries. The other
two configurations (13 and 14) clearly violate the 3.5 boundary. These
configurations are flagged since the values of control sensitivity are very
high { Table III), and major complaints in the pilot comments appear to be
related to the high pitch sensitivity (see Section 7. 4).
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In summary, the correlation between the pilot rating data and the
closed-loop analysis parameters is generally good, Sections 7.6 and 7.7
will compare the pilot rating boundaries established using the closed-loop
analysis with the results of two somewhat similar fighter control-system
experiments.

7.6 Application to Data From Special T-33 Flights

The data used to draft the short-period requirements for MIL-F -
87858 (Reference 12)wereobtained using various types of airplanes, having
various types of contreol-system dynamics, To better understand the influ-
ence of the control-system dynamics on the short-period data, two special
flights were piggybacked on the T-33 experiment of Reference 8, It is
interesting to see how the results of the six configurations evaluated on
these flights compare with the present analysis.

The pitch attitude response to pilot inputs for the six configurations
can be represented in the following form:

SIMULATED FEEL ULATED AIRPLANE PLUS FCS
S ETEM  SIMULATED A
Fs 062 8 10.8 (To,5+1) 6
N |
s 2{08 ‘ £ (08 ) & 2%, ) DEG >
LB — et §+] IN S5+ + ——r g1 + 5+]
D &y S{‘(‘ ) (F; Dy G%‘P @yp.

The following parameters were held fixed for all six configurations.

V., =550 ft/sec Wep = 5.5 rad/sec
/@ =22 g/rad %, =0.6
f/?;z = 1.3 sec™ ! K/n =5 1b/g

Various combinations of &%, , Y%, , and @, were then evaluated by

Pilot § of Reference 8. The evaluation tasks performed were those of
Reference 8, which are quite similar to those used in the present experi-
ment.

The present analysis was applied to the six configurations, using
(BW) o equal to 3 rad/sec. The flight condition for these configurations

is similar to the 250 knot condition in the present experiment, with similar
limitations on the maximum g available for maneuvering. The results of
the analysis and the pilot ratings for each configuration are presented below.
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Fit. No. | % | @ | | pr |pror | ¥ec | |98l
950 41 | 6.3 o0 7 4 +30° | +9.5dB
5 7 3 +50° | >12 dB
! 2 7.5 4 +68° | >12 dB

951 25 | 63| oo 1 -4° | +4 4B
5 4 1 +26° | +5 dB

2 5 2 +55° | +5 dB

Figure 48 shows that the data agree quite well with the boundaries on 'lﬂ
and ',8/651 max established using the results of the present experiment,

7.7 Application to the HOS Data

For a comparison of the flying qualities data from different exper-
iments to be meaningful, the tasks performed, as well as the performance
standards used by the pilots, must be similar. It is a well known fact of
life in flying qualities work that very different pilot ratings and comments
can result from two pilots flying the same task with different performance
standarde. The discussion in Section 7. 1, for example, shows the effects
of flying the same configuration with different values of BW, the perfor-
mance measure used in the closed-loop analysis. Before proceeding with
the application of the analysis to the results of the HOS program (Reference
6), therefore, some of the differences between that experiment and the pre-
sent one will be discussed.

The fighter evaluations in the HOS program were performed at a
flight condition which is very similar to the low-speed flight condition in
this experiment (for the HOS program, n/a = 22 g/rad, f/?‘,‘ = 1,25 sec 1,
and Vo= 565 ft/sec). The fighter evaluation tasks performed in the HOS

program are, in general, similar to those performed in this program.
There are, however, some indications that high-load-factor maneuvers were
not stresesed to the same extent as they were in the present experiment.

For example, the levels of Fg /n given to the pilot were higher in the HOS
program. Excluding those cases where Fg /)y was intentionally increased,
the average Fg4 /2 values used were 8 to 13 1b/g, depending on the pilot
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and the particular configuration. This contrasts with an average A/n
selected by the pilots in this experiment of 6 lb/g. Perhaps more important
than the difference between the average Fg /n values is the fact that pilot

ratings better than 6.5 could be obtained for values as high as 17 lb/g; in
fact, one configuration was considered satisfactory (PR < 3,5) with 17 1b/g.

Such high values of £ /n are not compatible with good overall fighter

maneuverability. These observations tend to indicate that the pilots flew the
tasks less aggressively than in the present experiment. Further weight is
given to this assumption by the fact that there were very few satisfactory
airplanes evaluated in the HOS program. In fact, 60% of the evaluations
were rated worse than 6.5, Because of this, the pilots may have become
accustomed to not flying the airplane aggressively. In addition, the eval-
uations were all performed at one flight condition and the pilots did not have
the benefit of flying at higher speeds where the T-33 buffet boundary does
not restrict maneuverability. In the present experiment, the evaluations at
350 knots served as a constant reminder to the pilots of the desired perfor-
mance standarde for the fighter task.

In the present experiment, a (Bw)min of 3 rad/sec was used iﬁ

the closed-loop analysis for the low-speed flight-condition data, in recog-
nition of the limitations imposed on the low-speed evaluations by the T-33
buffet boundary (see Section 7.1). For the HOS program, however, a

{Bw)min of 3 rad/sec resulted in values of IQ/GO{ max which were

larger than the pilot comments on PIO tendencies indicated. Values of 2,5
and 2,0 rad/sec were also tried. The value of 2.5 rad/sec produced the best
correlation with the pilot comments, and was therefore selected as the
appropriate value for the HOS experiment. Use of this lower performance
standard is felt to be justified in light of the above evidence that the pilots
flew the tasks less aggressively than in the present experiment.

The portion of the HOS program related to the "combat" phase
of a fighter's mission looked at the effects of adding a variety of higher-
order lag dynamics to three combinations of &p and 5,,, « To retaina
reasonable basis for comparison with the results of the present experiment,
only those evaluations having Fg /# values consistent with good overall
maneuverability were analyzed, The basis for determining reasonable
values of Fg /7 was MIL-F-8785B. Thus for configurations with PR <3.5,
only the evaluations with Fg/#7 < 10 lb/g are used, and for those configura-
tions with a PR between 3.5 and 6.5, only the evaluations with Fg/n# <16 1b/g |
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are used, The table on the following page summarizes the HOS data sélected
in this way and lists the closed-~loop parameters calculated for each config-
uration., Figure 49 shows the HOS data compared with the boundaries
determined for the present experiment.

The correlation of the rating data with the boundaries is certainly
not perfect but, considering all the factors involved, it seems reasonable.
The fact that the majority of the configurations evaluated in the HOS pro-
gram had very poor dynamic characteristics no doubt made it difficult for
the pilots to establish a consistent performance standard, which possibly
accounts for some of the scatter in the data.

Considering the analysis of the HOS data as a whole, there is an
interesting observation which should be made. Referring to the table of
HOS data, it can be seen that there is a general trend for a given set of con-
trol*system-lag dynamics to degrade configurations with medium a@,, more

than configurations with low &g, . For example, Configuration A{F)-5(2.5)
{ Wep = &.7) has pilot ratings of 5 and 4, while Configuration C(F)-5 {2, 5}
(same control system dynamics, but wgp = 5.1) has ratings of 8, 9, 7, 8
and the comments indicate severe PIO problems. The analysis shows

f a/eclméx = + 8 dB for the A configuration and + 11.5 dB for C, which are

consistent with the ratings.

The reverse trend is apparent {for the present experiment, i.e.,
a given first-order control-system lag is more degrading for low &gp
than for medium g . For example, Configuration 1F { eo, . =2.2
rad/sec) has pilot ratings of 8 and 8 and the comments indicate severe
PIO problems, while Configuration 2H (same control system dynamics, but

axp = 4.9) has ratings of 5, 6, 5.5, The analysis shows |9/9c[‘ max

+ 12 dB for Configuration 1F and only + 3 dB for Configuration.2H, which
are consistent with the ratings. Thus, it can be seen that a very fundamen-
tal difference between the HOS results and those of the present experiment
is accounted for by the analysis. '

108



Config. @y £, - PR ¥pe |6/0c| 0,
Number (rad/sec) Pilot B/Pilot H (deg) © (dB)
A(F)-2(10) 2,7 0.55 4/ 2,1.5,4 +29 +3
A(F)-2(2.5) 3/ 3.5 + 34 +5
A(F)-2(1) 7,6/ 7.5,7,4.5  + 45 > 12
A(F)-4(2.5) 4,4/ 6 +42 +8
A({F)-5({2.5) 5/ 4 + 45 +8
A(F)-5(1) 9/ 10 + 60 )
A(M)-2(10) 5/ 2.5,3.5 + 37 +6
A{M)-2(2.5) 5/ 6 + 42 +8
A{M)-4(2.5) 4/ - + 47 + 12
A{S)-2(10) 5/ 4 + 45 +9
A(S)-2(2.5) 7/7.5,6.5,10 + 47 > 12
A(S)-4(2. 5) ' -/ 8.5 + 50 >12
B(F)-2(2.5) 0.24 5/ - -6 > 12
B(F}-2{1) 8/ 7 0 * (2. 3)
B{F)-4(2.5) 6/ 6 -6 * - oo (2.4)
B(F)-5(2.5) 7/ 1.5 -8 % o0 (2. 3)
B{F)-5(1) -/ 10 +22% o0(2. 2)
B(S)-2(10) L ! -/8 -6 * 00(2. 3)
C{F)-2(10) 5,1 0.43 = 4,2/ 4, 4.5 - 17 +4
C(F}-2(1) 7.7.9/ 7 +9 + 10,5
C(F)-4(2.5) 7,7/ 1.5 0 > 12
C(F)-5(2.5) 8/9,7.8 +9 +11.5
C(F)-5(1) 10/ 10 + 37 > 12
C(M)-2(10) -7 - 10 +8
C(S)-2(10) y v 7/ 7 +8 +11

* For these configurations, a (Bw)miri_' 2.5 rad/sec could not be

achieved without driving the airplane unstable, The pi.lot'

compensation used is that which produces the"large:._st BW for

[e/6.| max

= o0 , and the BW achieved is shown in brackets.
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SECTION VIII

PROPOSED DESIGN CRITERIA

As shown in Section VII, the pilot-in-the-loop analysis technique
developed in this report can be used to explain, in considerable detail, the
flying-qualities problems associated with a wide variety of short-period and
control-system dynamics. The purpose of this section is to summarize the
analysis techniques in a form useful for design purposes, and to present a
simplified version of the criterion which will be useful in the initial stages
of a FCS/airframe design,

8.1 Criterion for Fighter Maneuvering Dynamics

The acceptability of an airplane's maneuvering dynamics to perform
a given job can be stated in terms of the pilot compensation required to
achieve some minimum "standard of performance' with the least possible
tendency to oscillate or PIO. The standard of performance is dictated pri-
marily by the mission requirements. For the combat phase of a fighter's
mission, precise control of pitch attitude is a fundamental and critical task.
-Control of pitch attitude can be crudely modelled in the following way:

AIRFRAME
PILOT PLUS FCS
% K &% ‘—“*—%"l) ENpR ¢
+ 4 Tos*! Fy
- i I

Using this model, the following terms are defined:

Bandwidth (BW): Bandwidth is defined as the frequency for
which the closed-loop Bode phase, 4'(9/90) » is equal

to -90 degrees. It is a measure of how quickly the pilot
can move the airplane's nose toward the target,

Droop: Droop is defined as the maximum excursion of-
cloged-loop Bode amplitude, Igfécl . below the 0 dB

line for frequencies less than BW. In the absence of large
oscillations, droop is a measure. of how slowly the nose
settles down on target. :

Standard of Performance: A minimum bandwidth, (BW)

of 3.5 rad/sec, and a maximum droop of 3 dB:

for w less

X (9/95) greater than (-90) degree
} than 3.5

and fe/ac[ greater than (-3) dB

I
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PIO Tendency: The tendency to oscillate or PIO is
defined in terms of the Bode magnitude of any closed-loop

resonant peak,. [9/90[ max ’ that results from the pilot's

efforts to achieve the performance standards,

Pilot Compensation: The pilot's physical and mental workload
required to achieve the standard of performance is defined

in terms of the phase of his compensation at © = (BW)

x (Jw 'Cp’ + )
3 = ;_ —mj__
P jw sz e (oW},

min

Thus, by analogy to the way in which the pilot controls pitch attitude,
the designer's job in analyzing a given configuration is to select values

of H‘P‘ Tp , and ’2;,1 which will minimize {a/ecj max’ while maintaining
a minimum bandwidth of 3.5 rad/sec and 2 maximum droop of 3 dB. The
values of QFP,, and }9/9.-,) max determined in this way can then be com-

pared against the boundaries of Figure 50 to determine the acceptability of
the airplane's maneuvering characteristics.

The details of how ¥, and Ja/ebl max 2P be_ determined for a
given configuration are explained in Sections 6.5 through 6.8, and are sum-
marized below.

(1 Obtain the Bode amplitude and phase' characteristics of the
airplane's pitch-attitude response to stick-force inputs

(including the effects of the FCS), Fe(j'_r:; nd ¥ é((jfi))
G(

These characteristics can be obtained from computed -£

s
transfer functions or from in-flight frequency responses

(see Section 8.4). The frequency range of interest is from
about 0.5 rad/sec to at least 10 rad/sec.

{2)  Obtain the complete open-loop Bode amplitude and phase

characteristics for the airplane and pilot delay at some
nominal K, (say 1.0}

(9)* ) !O-a.ss {9]
0. ¢ A

This can be accomphshed by s1mply addmg the 0.3 sec time
delay to ¥ &/F :
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, X (%,)% - 3%, +57.3(0.3)w (deg)
*
|Yee|” - lerg,| (dB)

{3) Plot ye/ég_l * versus & (9/e¢ l_* and overlay the re-

sulting curve on a Nichols chart,‘ﬂ,positioning the curve
vertically so that the performance standards are just
barely met (see Figure51l}.

4 1 |9/,

required (lead compensation is needed for the example shown
in Figure 51), The compensation can be determined by adding
the amplitude and phase of Figure 52 to the uncompensated

max 18 greater than 0 dB, pllot compensation is

amphtude phase curve, for several trial values of T
or /Tf;, . Thevalue of ¢ or 2;92 /Tﬂf resultmg
in the smallest value of |9/9¢ max will be that which

'causes the bandwidth to exactly equal 3.5 rad/sec and the
maximum droop to.exactly equal -3 dB, as shown in Figure 51.

(5} | 9/9‘._} max can then be obtained from Figure 51 and ¢P¢'-

can be read directly from Figﬁre. 52 {(for & = 3.5 and the

particular value of 7, or 2;,3'/’['% used).

P

8.2 ' Simplified Criterion,

The design criterion discussed above seems to satisfy all the re-
quirements mentioned in Section I. It relates directly to the pilot's dif-
ficulties in performing the mission, it is applicable to airplanes having
complex FCS dynamics, and is not dependent on how the control system is
mechanized. However, it would be desirable to have a "quicky" method
for making initial design estimates. Referring to Figure 51, it.can be seen
that the amount of compensation that the pilot will apply is related to.the
open-loop phase of the uncompensated pilot plus airplane, at @ = (BW)

This phase angle, which is the phase of the a1rplane plus pilot delay, is
defined as follows:

X v ¥ [£e%%) o w-(ew,, (e

It can also be seen from these figures that the slope of the compensated
amplitude-phase curve in the vicinity of @ = ‘Bw)min is a crude measure

of how large the closed-loop resonance will be; a large positive slope will
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produce no resonance, and a small or negative slope is likely to produce a
large resonance. Notice that the slope of the compensated curve is related
to the slope of the uncompensated curve at @ = (BW)min and to the amount

of compensation needed. That is, lag compensation will tend to make the
slope become more positive and lead compensation will tend to make the
slope become slightly less positive. The slope of the uncompensated curve
is defined as follows;

AT ¢| & e 0%e|
adX/ad d (;__f,. e-o.SJw) at @ = (BW)min (dB/deg)
%

" Thus, it would appear that the pilot compensation required and the closed-
loop resonance are determined, in a crude sense, by the parameters ¥ad

These two open-loop parameters can be easily determined by making
three measurements from the G/Fs Bode plots at @ = (BW)

|e/ﬁ,|/d (logw)  (in dB/decade), 4 (* %)/d (lyw) (in deg/decade), and

¥ Q/Fs {(in degrees). The relationships between these three measure-
ments and ¥4 and (d4R/d¥),4 can be derived as follows:

;ai:

degrees

min }

¥ (8'0'5J'w)rsm,,,,-,. - T e
. |
Yau © [* o, 172 (W], ooy

[48/d %),y

d{¥ e
(._._(_._.,._.__2) = -39.6 (8W), deg/deca,de
d{log @) (8,0, _

& 05 any L.
(i (4 ?‘ e 4 )) - [(d (} Fa)) - 394 (smmr'n ] dgg/&cc.dde
dllog @)  Jigw,. d(log @)/ gw), . .
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2] —0.5'.'4» ;] :
(d I?s ¢ |) = (di:_.l_) ) dB/decade
a(log@) (8w, . d{leg @) Jigw),,.a

Rin

(d . [ d Iri, e-a.s.jwl/d (fp_g.w)
)ad

i d (% ) dligw) ]fsw-)m,-,.

. [[ (41 El/alleg o), ] et

( —3/d(toq “’]csm ~39.4 (sw)m

Using the _abéve expregsions, the parameters %, and {d“/d’l-)ad

were computed from Bode plots for each FCS/short-period configuration
evaluated in the present program. The pilot ratings associated with each

combination of ¥,; and (dn/!”‘)ad- are shown in Figures 53 and 54, As

with the more general criterion, it was necessary to use (Bw)min of 3.5
rad/sec for the hig}i-speed data and 3.0 rad/sec for the low-speed data.
Boundaries were drawn on the plots, which separate the data very nicely
into three bands of pilot ratings. These boundaries form a simple design
criterion. In applying the criterion, it is recommended that (BW) min =
3.5 rad/sec be used;

*ad (Fs)w 1.5

(4::) [ d——/d(loqa))! . as ]
Py (T /P
To illustrate the computations inyolved, consider Configuration 6C from the

present experiment. From the open-loop 8/17' Bode characteristics given
in Appendix I, the following measurements can be made

d¥/, } =-28 dB/decade
d(log _(0)' ey

[d(?ﬁ %j} - -135 dea/decade
d(log @) Ve %5

(/F"‘)m 15 130 deg
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Thus,

(_d_.n;) H -8 - -28 = +, 102 d3/deg
4% lgg -35-139  -274 |

> SR =130 - 0+ -190 deg

It should be mentioned that the simplified criterion doea not take .
into account as many details of the airplane's 6 /F; dynamics as the more
complete criterion. For this reason, the simplified criterion is probably
not as generally applicable., Nevertheless, Figures 53 and 54 do show what

characteristics a good airplane should have: 5y # - 120deg( ¥ @ [Fy =
- 60 deg at = 3.5 rad/sec), plus a high positive value of (dﬂ/d;.)‘d.

8.3 Additional Considerétions

Although the criteria discussed in Sections 8.1 and 8. 2 adequately
describe the more important aspects of fighter longitudinal flying qualities
{for the "combat" flight phase), there are some other factors which must
be considered separately.

For example, the elevator-to-stick-force gearing must be selected
to provide good values of F¢/» without causing difficulties due to tracking
forces or control sensitivity., The appropriate values of F; /n for a fighter
are adequately set by the high »/«¢ requirements of MI1.-F-B8785B
(Reference 12). For high n/a , the requirements show a range of 3,5to
9.3 lb/g for satisfactory values of F. /7 (based on a limit load factor of
7.0g).

Control sensitivity, ]5/!’-‘5] » can cause difficulties if it becomes

max
too large, as explained in Section 7.4. Although not well documented, values

of sensitivity greater than 0.5 rad/sec®  are likely to cause ?roblems.

It should be noted that for an airplane with &%, > ’/T,é s good 55, '

a linear control system, and negligible control system dynamics, sensitivity
is related to F; /» in the following way (as shown in Appendix IV):

§ @y
A

me @)

As also explained in Section 7.4, Kgy, can become a problem. '

However, because the effects of Kaw are so closely related to the effects

of ¥pe , the present experiment gives little guidance in establishing limits
on KBW' ‘ '
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Another factor which is not handled by the criteria is the airplane's
respense to atmospheric turbulence. Since turbulence is a complex subject
in itself, its effects were not treated in detail in this experiment. The sub-
ject is only mentioned to remind the designer that there are many ways to
achieve the desired #/F, dynamics (prefilters, feedback loops, compen-
sation networks, etc), and a partxcular design which has good &/F; char-
acteristics will not necessarily result in good response to turbulence. For
example, use of a first-order prefilter lag will often improve the &/F;
characteristics of an airplane having high @, ., but will not affect the
airplane's abrupt pitching response to vertical gusts.

8.4 Flight Test Measurements

It is evident that the usefulness of the criteria discussed in Sections

8 1 and 8.2 is dependent on the availability of 6 /F, Bode characteristics
for the airplane being considered. Since the criteria are primarily intended
_for design purposes, these characteristics can easily be computed from the

©/Fs transfer function, which can be derived by combining the airirame

characteristics (Appendix IV ) with the FCS dynamics. For flight test
purposes, generation of the Bode characteristics is a bit more complicated,
but can be accomplished.

The most straightforward way to obtain in-flight frequency-response
data is to have the pilot pump the stick at various frequencies, while re-
cording stick force and pitch attitude (or pitch rate}. One technique for
accomplishing this is described in Reference 21,

For fly-by-wire control systems, i.e., systems with no direct
mechanical link between the stick and the elevator, the frequency responses
can be obtained by feeding an oscillating electrical signal inte the control
system at the stick-force transducer. This technique was applied several
times during the present program with good results. The technique was
not used as the primary method for identifying the dynamic characteristics
evaluated in this program, because the particular mechanization of the
dynamics in the T-33 made it easier to use a combination of ground and in-
flight measurements {(see Appendix V). '

Whatever in-flight methods are used to generate frequency-response
data, there is one essential element in the data reduction techniques which
must be accounted for., The records from which the data is reduced include
the effects of sensor .dynamics as well as the airplane's dynamics. Thus,
the dynamics of rate gyros, attitude gyros, filter networks, etc, must be
identified and subtracted from the raw data. Even if the sensor dynamics
have natural frequencies as high as 50 rad/sec, they can have a significant
effecton ¥ #/F; in the frequency range of interest.

One last point should be mentioned. Since rate gyros are generally
more available than attitude gyros, it is quite acceptable to measure pitch
rate instead of pitch attitude. The & /Fs i{requency response character-
istice can then be obtained from the #€/¥s characteristics as follows:

guw) | _ 1 |84y«

RUDT - w 1w

(G(Jw)) = % ( U“’)) ~90 degrees
¥ rfiw F, ( j4)
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(1)

(2)

{3)

(4)

(5)

(6)

(7)

(8)

SECTION IX
CONCLUSIONS

For the "combat" phase of a fighter's mission, those taska which
require precision control of pitch attitude will usually be the most
critical, from the standpoint of longitudinal flying qualities.

When allowed to select the elevator-to-stick-force gearing, neither
pilet in the present experiment was willing to compromise the
ability to pull high load factors with reasonable stick forces, Thus,
it would appear that Fsfp is more of a periormance parameter .
than a flying qualities parameter, in the sense that it forms a pre-
requisite to good flying qualities,

The results of this experiment concerning short-period dynamics
are consistent with the requirements of MIL-F-8785B (paragraph
3.2.2.1), with the exception of the low 3, , high @,, region.
In this region, the data indicates that the MIL-F-8785B require-
ments may be too lenient. :

The results of this experiment show that the dynamic modes of the
flight control system can cause serious flying-qualities problems,
but the data does not correlate with the control system require-
ments of MIL-F-8785B (paragraph 3.5, 3). In addition, the C%
criterion does not adequately account for control-system dynamics.

The results also show that low 3,;, can cause PO tendencies,
which are stronger at moderate values of &, than when &%, is
high. The strongest PIO tendencies, however, are obtained when
control-system lags are added to configurations having low 5‘,,

or low &,

The pilot-in-the-loop analysis techniques presented in this report
can be used to effectively describe the pilot's difficuities in pre-
cision tracking and to provide insight into the manner in which the
pilot flies the airplane. These techniques are shown to be applicable
to a wide range of control-system and short-period dynamics.

A criterion, based on the pilot-in-the-~loop analysis, can be used
for the design of good fighter maneuvering characteristics. This
criterion appears applicable to airplanes having high-augmented
flight control systems, as well as unaugmented airplanes,

A simplified version of the criterion, based on open-loop param-
eters, can be used to provide the flight control system designer
with a "quicky" method for estimating the effects of his control-
system design on the airplane's flying qualities.
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{9)

{10}

(11).

(12) -

The performance standards used by the pilot in performing the
required tasks can have a strong influence on the evaluation results.
Clear definition of the tasks to be performed is necessary before
meaningful flying qualities data can be obtained.

More data on the effects of high @., is needed, to better under-
stand what the pilot describes as high frequency "bobbling" ten-
dencies. In particular, the influence of control sensitivity and
low ., on configurations having high «,, is poorly under-
stood, -

A better understanding is needed of the effects of pilot gain, per se,
on flying qualities.

The techniques and criteria developed in this report should be
applied to the rather considerable amount of existing data from
other sources, concerning the influence of short-period dynamics
on fighter flying qualities.
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TABLE I

SUMMARY OF EXPERIMENTAL RESULTS (PILOT M}

NUMBERS IN BLOCKS REFER TO THE FOLLOWING: ‘

CONFIGURATION NO.

F
FLIGHT uo.lralnonl—,{-

SHOKT PER10D CHAN

ACTERISTICS

CONTROL nfa = 18,5 of rad afe = 50 glred
SY3TEN Ty, v 125 aee”! g, = 2.4 wwe!
CHARACTEN13TICS Y = 480 fifaec Ve = 078 fifeec
ol L Wgplyy A 1 0h o gpl¥yy
V) g ey | £, s.9/0.70 9.7/0.83 5.0/0.28 §.1/0.18 5.4/0.87 1.3/4.73 B0 08
. 0.7% . ' 1 \
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1033/8/2/8.8
1| 24 '
| TN/, 8/2/5.0
1af 1 ] 1
1087/2.5/1.8/2.8] voua {8 2/2.?
1W0r811/8.4 1076 8/2{0.1
[T} 2¢
oW/ 31,586
(L [
L 10un/3/ 18101
oo | oo | 75 [0,67 ) T 1 [T} [ 1t M
102142121%.9 10217513/ 10.8 1092/5,5/2.5/0,7[1028/7/3/10,0 | 1028/n/2.5/8.5 |1022/3/2/8.8 1038/8/2.8/8.3
IONS/2,6/1§3.7 | IONMINT 1 5 5.8 J0sR//2f1.0
e | a3 Jours L] "
10875, 5/2/3,0 | 1008/3.8/1.8/3.1
13 € [ [} 50
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1 ) 40 e "
1OIN/5, 812, 6% 9] 10804 13/8.1 1088/3.8/218.7
[ W 3 [T 5 ’
1008/3)115,5 | 10a5/%/2/7.2 1087 /8. 5/8{8.9  |vose/9/6/7.2
.3 i €, ™o "R
1080 /5. %/2.6/1, 2| 1012} k2 /8.0 wu\{:]m.l
1071 8.5/8/8,7 | 1067 /0]2/N. 8 i
10861812108
] m n i [T " F
1022/6/2.5/0.2 | 1058)%/2/6.) 1040/8/3.5/3.9 wam.mhl.of Ionfﬁill.l
1040/8/2,5/4.% ] 1057 [9/5/5.9 105T/8/ 86,4 A
0.4 oF ™ [T i
w0 1e/n.8/7.8 — |tossfanie.e
1070/8/4/8.7 . LR
0.5 2 3€ U 5E S
] SUJS_MM osa/ali.sje:s (L1087 5igl3s Liosofe/uje;s
5 1w |ere T
waﬂz.s!l.m.u
1o84/8/2.5/6.0
1048/8/3/4.6
oo { g 2
| 1083/7/4/5.%
} 2 1
1096 /874, 5/4.8
1% ADOETVONAL CONFIGURATIONS: STICK POSITION COMMANDS USED (SEE SECTIONS 3,2 AND 1.1)
W 1Ty 14y | % Lgplyp o Lakd 4
so | 75 {0.47 1.3/1.2 A 10/0.45 130 16.4/0.23
0 1] 12 [F] 1y
1076/4/1.5/8.2 [ 1088/3/1]T.8 1052/5/2.8/4,9 1 1083/7/9/6.0 105278, 5/2/5.8
: 10716025754 | 1068/8,. 612, 0, 1) ioRie]afRN
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NUMBERS IN BLOCKS REFER TQ THE FOLLOWING:

TABLE [ (cont.)

SUMMARY OF EXPERIMENTAL RESULTS (PILOT W)

CONF [GURATION NO.
F
FLIGHT HO.IPRIPiORI-?F

SHORT PENIOD CHARACTERISTICS

CONTROL nl = 18,8 gfred afe =8 gird
) 1Ty, = 1,25 auc”! 1/Tq, = 2.4 sec™
CHARMCTEKISTICY ¥r = 480 ftfeec, Yr o =678 ftfeee
LT “gpl Ty
HE LTy |« | % 1.2/0.89 W.gjo.70 %.7/0.43 5.0/0.28 s 0f0.1 3.4/0.47 7.5/0.79 18,5/0,69
0.5F 2 |43 0TS b
Wouy f2/1/6.0
VOTH/%/2/7.2
6] 83 (7}
1088/6/3/3.5
1 5 i Y
1074/3/1.5/8.8 | i081/Nj2/8.1
13| o [T I
107efe{1.6/6.0 | 1o7ef2/1/n,2
| 2 %
» ™
s Y S
ea | oo |75 f0.67 |0 H) 1 1) 1} [ 7 1)
oM fafi/e.3 1001/2.6/1/5.9 | 1029/8{1/11.8 1041/8/2/8.3 lozefsl1.6/8.3 || 10 f2.801/0] o2z e 100 {81 14,0
1007 /uj2/4.0 1072/%/1.5{8.7 1081 /8138, 8 1072/5/2/6.% 1002/1.5/1/8.7
1% | sy 0TS W — .1 J——
12 2 » [T TS
J— i 100211 415.¢ 1082/744{7.1
] “® TE a
—_— 1066/5/2/8.8 1051/8/H2.9
5 I ¥ 3t [ L
e — 1088/9/1/5.1 — 108877 {%/7.3
8.9 [T3 7F 1]
1073/7/8/6.4 1024/7/-/6.0 108%/%214.8
1043/7/3.5/8.2 )
108874 /4,7
2 I¥ m ® w 0 74
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0.5 [ ™ [
1021/8,5/4/3.0 | 1081/8/2/%.7 1087/5/2/%.8
1067/10/5/5.4

0.6 19 Y 3¢ E $E

Y T V08178, 5/8/6.¢ | 1060/8/2/4.9 | 1081781 /4,8 — 1041 /814 /4.4
2 5 | o | H
1038/4/1.5/8.0 | 10%8/8/1.6/4.9
1072/6/2.5/8.9
oc 5 20
‘ 1 F
| 1038/0/%4.9
SIX ADDITIONAL COMFIGURATIONS: STICK POSITION COMMAKDS GSED (SEE SECTIONS 3.2 AND 3.3)
Wn G Lwg| & dypl Fyp
oo | o= | 78] 0.07 10/0,46
[}
* ‘ & # 1973/4/3/8.9

* THESE RATINGS NOT USED IN DATA ANALYSIS (SEE DISCUSSION IN APPENDIX I)
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NUMBERS IN BLOCKS REFER TO THE FOLLOWING:

TA

BLE II

SUMMARY OF PILOT-IN-THE-LOOP PARAMETERS

CONFIGURATION NO.

.9..' /.;pc/.?'__l_
B¢ | MAx P /TPy

. SHORT PERIOD CHARACTERISTICE
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1| 130 70 "
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+8) TfL. 00 [ +8. 5/0a8[0 00 | -1feref 10000
5 3 ¥ ”® [ ¢
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2 1] 7] 0 [T} 5 ]
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0.8 18 24 3} [ [
¥ | o-/e0/.S0/0% | +3.8/478f0.0/0 | -2.0/+88/2.1/0 [i+r0f+87/2.0/0 | > 12/+s0f2.8/0
1|8 slere] it 2 ) .
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w2 | § %
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‘ 2 1
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$10 ADGITIONAL CONFIGURATIONS: STILK POSITION COMMANDS USED (S€E SECTIONS 5.2 aND 3.3} .
IR ED W ygley wnﬂ!
oo [ oo | 78] 0.87 2,307 2.3/1.2 [RTIN 1070, 46 13/0. 9% 15,4/0,13
‘ l ] 18 " 12 1 I
‘ # Sl 0451 Bfem| <1, 0/+83/1, 5)me | -1, 8/ 445/, 0/ e Wfejvefon 2.0/-8/0.8/2.0 | 1.0/-10/8.1/3.0
*(B¥)pin = 2.7 RAD/SEC FOR CONFIGURATION 1a
. .
*(8W)g1n = 3.3 RAD/SEC FOR CONFIGURATION 6F
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TABLE III

SUMMARY OF AVERAGE CONTROL SENSITIVITIES AND PILOT GAINS

CONFIQURATLON RO,

NUMBERS IN BLOCKS' REFER TO TNE FOLLOWING: l
s nAx
'WHERE 8 /Fg o, AND Kgy ARE AVERAGE VALUES BASED OM THE FOLLOWING:
F/n = 6.0 LB/g USED FOR CONFIGURATIONS WITH nfx = 18.5 g/RAD
F/n = 4.5 LBfg USED FOR CONFIGURATIONS WITH nfac = 50 g/RAD
© SHORT PERIOD CHARACTENISTICS
alee - = 10,5 girmd nfex = 50 glred
C;'::.J ey, = 128 we”! Uzy, =04 e
CHARACTERISTICS (M}, = 3.0 redfeec {OR)pip = 3.5 rad/vec
“yp g Wypléyy
Hry |1ty | uy | 5y 2.210.68 4.9/0.70 5.7/0.8 6.0/0,28 5.1/0,18 5.4/0,07 7,3/0.78 18.5/0,89
.5 2 |83 |07 Hh
0.02/098
0.0 (3.9 A
0.21/1.9
] 18 HY
4.10/1.¢6 0,810,090
3318 13 Th
0,115/2.9 0.52/ 1.0
[ LH 2 )
0./1,1
b e ™
1 0.48/2.0
a0 | eo f7p |o.87 0 L un W 5 [ 7 1)
0.044/2.8 6,22/1.8 0.88/1.1 0.43/0.92 0.47/0.80 0.068/3.1 0,2%/2.0 1.18/2.1
1w e lo.ms 7o L1
| . o.19/2.2 0.70/1.2
12 2t [0 [0 [
[RZIK] 0.83/1,1 0,390,088 0.60/0,8%
s 1 7E at
. G454, | 0.1%0{2.% 0.97/2.1
b 1€ HH 3¢ we %
0.036/4,0 0.1211.7 R IFIN ] o 21.2 /1.1
1.3 [ TF [
0.083/6.0 0.070/3.8 0.17/2,8
2 IF M [T} [T [T ’ 79
0,024/8.7 0,058/2.4 0,18/2.0 0.15{1.7 R TIN] 0.043/4.8
[N} oF ol M [
[T 0.019/11.0 0.042/8.%
0.6 18 EYl [3 [5 [
1 | 0.008/18,8" 0.016/8.0 0,095/6.4 0,041 /5.4 0,006/4.4
H 5[5 (078 ] 1]
0.0M/1.7 0057094
80 | § 2
| [ RHIR
‘ 2 ‘ 11
0,058/2.8
51% ADDITIONAL COMFIGURATIONS: STICK POIITION COMMANDS USED {SEL SECTIONS 3.2 AND 3.3}
1 Mo [y [Fy “aplSyy “yplfar
oo | a0 | 78 | D47 2.31.? Ly/1.2 8.301.1 10/0.4B 13/0, 9 18.6/0.2)
{ J ‘ { ] 0 1] 1t 13 "
0,035 /u. ¢ 0,041/3.8 0,07@/2.2 . 0.41/2.0 0.08/1.0 LB

*(BW)piq = 2.7 RAD/SEC FOR CONFIGURATION 16
**(BW)p1s = 3.3 RAD/SEC FOR CONFIGURATION 6F
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TABLE IV
SUMMARY OF PARAMETERS FOR SIMPLIFIED CRITERION

CONFIGURATION NO.

o/t

Pt

NUMBERS IN BLOCKS REFER TO THE FOLLOWING:

SHONT PERIOO CHARACTERISTICS
CONTROL ofa =105 glrm ale = B0 gfred
AT4TEM Weg, = 026 sac”! Ty, = 2 ac”
CHANACTERISTIES (W) = 5.0 rag/ame (B0, « 0.6 reafuee
“epl Ty “pl T
AR A 2.2/0.08 %.9/0.10 9.7/0.88 5.0/0.28 5.1/0,18 s.4fo.01 7.3/0.78 C16.3/0.49
MIEBEICEE
0.088/-170
XIER) o
: 0.002/-1¢1
B T 2
0.008/-1858 -0,002/-108
s s “" i
0,082/-169 0.008/-119
s 12 ] 2
0.021/-118
D i ]
0.0301-128
oo | vo 115 [o.87 T Y [Ty WA A o 7t "
0.19%/ . 102 0.033/-132 0.022/~101 0,048/ -108 -0.000/-08 ©,102/-100 0. 088/- 140 0.080/- 118
1% {43 |07 ] : »
0.0M8/-152 0.082/+)28
12 2€ n 1] 5
0.082/-1%7 0.022/-118 -0,036/-121 -0.062/-111 :
] ) [ »®
0.08/-21% 0. 050/« 148 0,080/ -1%0
5 e 2 1€ ue 5¢
0. 1481228 0.084/- 164 0,038/-193 -0.014/-19 -0.097/-128 ‘
[ [ ¥ "»
0,120/-238 0.078/-180 0.008~163
2 1¥ " 7 W T ™
0.183/-381 0,000/ 100 0.074/-150 0.014/-184 o/-154 0.088/-203
0.8 oF ™ 13
o.150/.20%" | o uzspe1n 0.140/-103
I lo 1a N Y] 3 uE SE
! ! 0.217 /174 0.108/-213 0,122/-182 0.087/-187 0.022/-177
1|8 e [tTe 1 3
0.088/-17% -0.002/-118
o | & ]
\ : 0.041/-178
‘ 2 2
J 0.084/-202
*(BW)pin = 2.7 RAD/SEC FOR CONFIGURATION 1@
"(“')mn = 3,3 RAD/SEC FOR CONFIGURATION 6F
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