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ABSTRACT

The results of a flight test program to investigate longitudinal short
period frequency requirements and PIO tendencies are presented and
discussed. Short period frequency requirements were investigated with a
damping ratio ( %5, ) of approximately 0.7 at three fixed values of 773 /o
(16.9, 30.4, and 63.4 g/rad). PIO tendencies were investigated with various
values of the parameter 2 ¥,, &sp/4, . The feel system dynamic character-
istics were held essentially constant throughout the program. A variable
stability T-33 airplane was used as an in-flight simulator. Approximately
150 configurations were evaluated by two experienced test pilots. Each
configuration was evaluated as a fighter in "up and away'' flight. The
evaluation pilots commented on each configuration and rated each numerically.
An analysis of pilot ratings and pilot comments was made, and these in turn
were related to various handling qualities parameters. In the analysis and
interpretation of the handling qualities results, feel system dynamics and
pilot-selected stick force gradients (F,_s/ﬂ} ) were also important considerations.
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This report was prepared for the United States Air Force by the
Cornell Aeronautical Laboratory, Inc., Buffalo, New York, in partial ful-
fillment of Contract AF 33(615)-2536.

The flight test program reported herein was performed by the
Flight Research Department of the Cornell Aeronautical Laboratory under
sponsorship of the Air Force Flight Dynamics Laboratory, Research and
Technology Division, Wright-Patterson Air Force Base, Ohio, as Task
821905 of Project No. 8219. Flt. Lt. T.M. Harris and Capt. J.R. Pruner
were project engineers for the Flight Dynamics Laboratory.

This report is also being published as Cornell Aeronautical
Laboratory Report No. TC-2083-F-1.
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This manuscript was released 7 April 1967 for publication as an RTD
Technical Report.
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Airplane pitching moment coefficient

Cm, = 2Chm /Fu » Nondimensional airplane pitching moment curve
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damping derivative with respect to angle of
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Section I

INTRODUCTION

A number of experimental, longitudinal handling qualities investiga-
tions of short period frequency requirements have been made in the past in
both fixed-base and in-flight simulators (Refe rences | through 9)' These
handling qualities results, when interpreted in terms of undamped short
period frequency (&sp) and damping (&,) requirements for satisfactory handling
qualities, show considerable differences. More recent examinations of these
data indicate that 7”3/ or Z, may be the important parameters which will
explain and resolve these discrepancies (Reference 5, for example).

Flight test results (References 1, 2, 3, and 4), although limited at
high frequencies, also indicate that there is an upper limit on the short period
frequency that is acceptable to the pilot, but this trend has not been substanti-
ated by ground simulators (Reference 6). The ground simulator results lack
some important pilot cues, especially pitch motion.

An additional area of interest is those factors which contribute to
pilot-induced oscillation (PIO) tendencies during demanding tasks such as
tracking, formation, and low-level flying. This problem is obviously concerned
with a more precise understanding of the closed-loop pilot-airplane com-
bination. The dynamics of the control system are also important factors.
References 10 through 15 examine various aspects of the PIO tendencies
problem. A detailed analytic treatment of PIO tendencies is contained in
Reference 10. With good control system dynamics, it has been postulated
that PIO's can occur only when2¥,,4,,< £, . This postulate is based on the
assumption that the pilot acts as a pure gain controller and is responsive only
to @ in a single loop compensatory tracking situation.

These short period, longitudinal handling qualities problems were
investigated in a flight test program conducted by the Flight Research Depart-
ment of Cornell Aeronautical Laboratory (7~ L) during the summer of 1965,
and the results of this study are presented in this report. The USAF/CAL
variable stability T-33 was used in the flight simulations. Both Air Force
and CAL evaluation pilots participated in this program,

A total of 64 evaluation flights was flown, and 177 configurations were
evaluated; 136 of these configurations investigated short period frequency
requirements as influenced by 77, /o or <» at a damping ratio of approximately
0.7. Three essentially fixed 77 /« values (16.9, 30.4, 63.4 g/rad) were
investigated through a range of short period undamped frequencies (&Wspe= 2 to
16 rad/sec). The remaining 41 configurations were concerned primarily with
an investigation of PIO tendencies with essentially fixed control system



dynamics. The PIO configurations were simulated by varying the airplane
damping ratio ( ¥5,= 0.1 to 0.7) at reasonably fixed undamped frequencies

(wspo®2, 4, and 6 rad/sec). The L, values during these tests were essentially
fixed at 1.36, 1.78, and - 3.07.

In the analysis of pilot rating and pilot comment data, feel system
dynamics and pilot-selected stick force gradients were also important handling
qualities considerations.



Section II

EVALUATION PROGRAM

2.1 GENERAL DISCUSSION

For a number of years, the Flight Research Department of Cornell
Acronautical Laboratory has been engaged in variable stability and handling
qualities rescarch, Part of this research has been concerned with longitudi-
nal, short period handling qualitics requirements of a variety of aircraft
performing specific tasks under specified flight conditions. Much of this
short period research was concerned primarily with the frequency and damp-
ing requirements. The research was done using variable stability airplanes
performing in-flight simulationandis documented in numerous reports (e.g.,
References 1, 2, 3, and 4).

As a result of this research, boundaries of frequency and damping
with various degrecs of acceptance (iso-opinion lines) have been established.
Good, satisfactory, and unsatisfactory boundaries have been delineated based
on pilot ratings and pilot comments. Some of the boundaries or iso-opinion
lines were not well established at higher frequencies. Indications were that
these boundaries would close at the higher frequencies even with satisfactory
damping (5.2 0.7), but this conclusion was tentative. In Reference 3, reason-
ably accurate simulation of short period response was limited to short period
frequencies of 0.78 cps. In References l and 2, the limiting frequency was
approximately 1. 15 cps. Variable stability equipment limitations made higher
frequency simulations questionable because of the significant influence of the
variable stability system on the character of the airplane short period response.
More recent research in a ground-based simulator (Reference 6) disagrees
with these "tentative" in-flight results., The "G-seat" in which the ground-
based simulations of Reference 6 were performed was capable of vertical
movements and, thus, simulation of normal acceleration. However, it lacked
the pitch degree of freedom of an airplane in flight. In References 1, 2, and
3, pilot objections at high frequencies were directed at the abruptness of the
initial pitch response. One of the purposes of the present flight test program
is to further investigate this problem in flight. The USAF/CAL variable
stability T-33, with an improved elevator servo, is capable of simulating
longitudinal short period tfrequencies of 2 cps or better.

Discrepancies exist between the iso-opinion (""thumbprint'') boundaries
of References 1, 2, 3, and 4. Frequency and damping are denominator
parameters that enter into the transfer functions of the various airplane
responses to control inputs. But the magnitude of any given response and the
rclation between amplitude and phasing of the responses will depend on other
variables such as true speed ( ),Zq«, andMg,_ of the airplane. The parameters
bg andMse appear in the numerator of the pitch angle transfer function., All



three parameters appear in the normal acoeleration transter function, A
ground simulator program was conducted { elerence 5) to determine the

probable effect of these variables on shot I handhing qualities,  The
results of Reference 5 indicated that gl | opinton lines are also
associated with another parameter, th cimtion of normal acceleration with
angle of attack (?%/a). This pavameter in e luted 1o wnd /2 o by the relation-
ship ”’/d 'Vo lﬁfg. The results of Rel ljl T nedteate that the maost
satisfactory ratings occurred (o "y w ' betweon 5 and O g/rad,

The importance of L, and velocity (1, ) i arrplane handhng qualities
has also been investigated more recently by others (References 7, 8, and 9),
Methods have been suggested for relating 1so-opinton lines or "thumbprints"
for various size and types of airplanes (fighters, bombers, transports). All
of the suggested parameters involve relationships betweenw, ., 8., 2,4 -
and v, . The present flight test program was undertaken to study some of
these problems with the proper pilot cues ina more realistic physicel
environment.

Some investigators have pointed out the importance of the initial pitch
acceleration, pitch velocity, and the shape of the response curve on the short
period handling qualities (References 7 and 16). The importance of pitch
acceleration, and the pilot objections associated with it are also described
much earlier inthe in-flight investigations of References 3 and 4. In
Reference 16, the author points out the importance of CAP (control anticipa-
tion parameter) in longitudinal handling qualities. CAP is the ratio of the
initial pitch acceleration (6, ) to the steady-state normal acceleration (7735s)
following a step elevator input from trimmed level flight (CAP =6, /7 ). It
is suggested in Reference 7 that the pilot is responsive to a blend of normal
acceleration, pitch rate, and pitch acceleration of the airplane. The
handling qualities results of the flight test program presented in this report
are interpreted in the light of these suggested handling qualitiecs parameters.

The effect of feel and control system dynamics and stick forces on
the closed-loop pilot-airplane handling qualities has been recognized for some
time, (See References 3, 12, 13, and 15.) No attempt was made in the
present program to determine the effects on handling qualities of different
feel system characteristics. A set of essentially fixed feel system character-
istics that were acceptable to the pilot was simulated in the variable
stability T-33 for this flight test program. However, the attenuation effects
of the feel system on the initial response of the airplane were significant and
have been accounted for in interpreting the results and relating them to pilot
ratings and comments as a function of airplane frequency. It is worth noting
that the feel system in the present test is in series with the control servo
and the airplane elevator control. In References 1, 2, 3, and 4, strain gauge
force commands from the stick were used to actuate the control servo
directly, This arrangement essentially eliminated the attenuating effects of
a slow feel system on the airpiane initial response, but not the attenuating



cffects of the control surface servos. Obviously, a proper comparison and
interpretation of past and present handling qualities results can only be made
if such differences are adequately considered.

The pilot was also allowed to select what he considered to be an optimum
stick force per g (ch/”}) for every configuration simulated. The stick force
selected, its variability, and the pilot's reasons for the selection become an
important aspect of this longitudinal short period investigation.

A rather extensive review and analytical investigation of pilot induced
oscillation (PIO's) is presented in Reference 10. A study of the conditions
for PIO requires an intimate understanding of the complete closced-loop pilot-
airplane control system. Some aspects of the PIO tendencies in airplanes
arc also discussed in References 6, 11, and 14. For a lincar system, with
negligible effects of control system dynamics, it is postulated in Reference 10
that longitudinal PIO can occur if 28, «w,, <<, . Itis this condition of PIO
tendencies that was investigated in this flight test program. The feel system
frequency and damping simulated for this investigation were the same as
those used in the longitudinal chort period investigation (a4 - 23 rad/sec,
Zrs = 0.66). Since the pilot was also allowed to select the elevator gearing
or stick force per g for the PIO simulations, the effects of stick forces on
PIO tendencies became a part of the investigation.

2.2 SHORT PERIOCD FREQUENCY REQUIREMENTS

The effects of £, and ¥, , or 73 /a , on short period handling qualitics
requirements were investigated by both a CAL pilot and an Air Force evalua-
tion pilot. A total of 136 configurations was investigated; 76 of these were
evaluated by the CAL pilot, and 60 by the Air Force pilot. Some of these
ecvaluations were repeat evaluations of the same configuration.

The short period investigation was at essentially constant damping
ratio (%,=0.7), as a/s, was varied at essentially three fixed values of £
(1.36, 1.78, and 3.07). The variation in «, was obtained by flying the T-33
variable stability airplane at indicated airspeeds of 220 kts, 300 kts, and
365 kts at 5500 feet pressure altitude. The true airspeeds were 238 kts, 324 kts,
and 394 kts, and the corrcsponding values of 773/o< were 16.9, 30,4, and
63.4, respectively.

The primary factor responsible for small variations in the fixed values
of £, and »74 /x during the in-flight simulation was variation in airplane weight
as fuel was consumed., These cffects were kept to a minimum by simulating
and evaluating three different configurations during cach flight with the 220 kts
simulation first, the 300 kts sccond, and the 365 kts third. 'The minimum £ 4
simulated (¢« = 1.36) was determined by the minimum speed at which the
evaluation pilot could pull 2 g's without entering stall buffet. The evaluation



pilots felt that a maneuver of at least 2 g's was required to adequately evaluate
a configuration. The high speed and high £, was determined by the maximum
speed at which sufficient excess thrust was available to permit fighter
maneuvers.

The degree of variation possible in the simulated natural frequencies
is determined by the elevator servo frequency (#e= 63 rad/sec) and elevator
gain setting limitations. The highest airplane frequencies could be simulated
at the highest velocity flown (365 kts IAS). Variations in damping ratio from
a ¥s,0f 0.7 were a function primarily of the accuracy to which airplane gain
setting could be estimated to vary the frequency and keep the damping ratio
constant.

The range of variables tested and the standard deviation of those
variables held essentially constant are summarized in Table I.

2.3 INVESTIGATION OF PIO TENDENCIES

PIO tendencies were investigated by simulating PIO configurations
under the same flight conditions (V, £, and”3/a) used in the investigation
of short period handling qualities. The mission, tasks, comments, and
ratings associated with the short period handling qualities investigation were
also the bases fox the PIO investigation. Since the conditions for PIO are
not clearly understood, the pilots evaluated all configurations for PIO
tendencies and were not aware of which configurations were specifically
simulated to induce PIO's,

Only PIO tendencies with fixed control system dynamics were investi-
gated during this flight program. Configurations with PIO tendencies were
simulated based on the PIO criterion 2¥,,4,,.<4,. Thus, configurations with
2¥,, ws, somewhat larger and smaller than /, were simulated for three
fixed values of £, (1.36, 1.78, and 3.07). Variations in 2%,, &g, at a
fixed £, were obtained by simulating various ¥s.below 0. 6 at three essentially
fixed values of short period frequency (2, 4, and 6 rad/sec). The pilot was
allowed to select the stick force per g that was most acceptable for the PIO
configurations. PIO tendencies were thus attenuated by the pilot-selected
stick forces and this effect is also reflected in the PIO ratings and comments.

Table XIII shows all the short period configurations simulated with
damping ratios < 0.6. These configurations were obtained from Tables VII,
VIII, and IX. A few of the configurations listed in Table XIII have short
period frequencies considerably higher than 6.0 radians per second, and
some of these also show PIO tendencies. Listing configurations in Table XIII
with %, _ <0, 6as PIO configurations is obviously somewhat arbitrary. The
range of PIO variables investigated based on Table XIII is summarized in
Table II. Most of the configurations in Table XIII, a total of 41, satisfy the
condition «/;,<6.0 radians per second and %¥., = 0.6. Of these, 21 were



evaluated by the CAL pilot, and the remainder by the Air Force pilot. Of the
total PIO configurations simulated, only 24 satisfied the criterion 2%, @sp < £ .

Some of the PIO configurations were repeats of previously simulated con-
figurations.



Section lII

IN-FLIGHT SIMULATION

3.1 GENERAL DISCUSSION

The USAF/CAL variable stability T-33 airplane with standard 230
gallon wing tanks was used as the simulation and test vehicle., The simulation
capabilities and limitations of the airplane, and the characteristics of its
variable stability system are presented in Reference 17.

The lateral-directional characteristics of the airplane were augmented
at cach of the three test speeds (220 kts, 300 kts, 365 kts) to levels deemed
satisfactory for a fighter by the CAL evaluation pilot. The lateral-directional
characteristics (Table VI) were then held fixed throughout the program.

The center stick and rudder pedals were used to control the airplane
for this program. The control feel and control authority for rudder and
aileron controls were selected by the CAL evaluation pilot at the beginning of
the program and remained constant throughout the evaluation {Table VI).

The spring rate of the elevator stick ( A4s /8,5 ) was set at 30 lbs/in.,
and the control gearing ( 5, / 5,5) was optimized by the pilot at the beginning
of the evaluation of each configuration,

The simulation included random disturbance inputs to all three controls
(ailerons, rudder, and elevators). A tracking task was also a part of the
evaluation., The tracking error was presented to the pilot on an ~ll-attitude
indicator,

The longitudinal short period frequency and damping of the airplane
were variedthroughthe variable stability elevator gains as a function of angle
of attack and pitch rate (a/a,gé/d, and 5, /6).

Each of these factors is discussed in the sections that follow,

3.2 SIMULATION OF SHORT PERIOD FREQUENCY AND DAMPING

Assuming negligible velocity changes, #nd negligible elevator lift, the
longitudinal short period equations of motion for an airplane can be written as:

-&*Z«a+é-0 (3.1)
My O+ My -6 * Mg é*M;e Se =0 (3.2)
gl Motg 3.3
773—92’—9(960 (3.3)
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Equation (3. 3) is not an independent equation of motion but simply 2 relation-
ship between normal acceleration in g (774), flight path angle rate (7), and the
pitch and angle of attack rates { & and « )7 In terms of the dimensional deriv-
atives in Equations (3. 1) and (3. 2), defined in the List of Symbols, the
undamped natural frequency (&,) and damping ratio (¥,,,) of the short period
assume the following form:

I 2 _ s, 0
“)JP = Za Mé Ma (3.4)
25'5Pa)s,,= "Za—Mé —Ma' (3.5)
- (2ot Mg+ M)
Ssp = 2 (3.6)

2Y2, Mg-M,

By varying the values of the derivatives in Equations (3.1) and (3. 2), it is
possible to vary the longitudinal short period undamped frequency and damping
ratio. It is not possible to vary Z _, of the variable stability T-33 independ-
ently of the other derivatives; that is, Z, can only be varied by varying the
airplane flight condition which also varies the other derivatives. The T-33
elevator lift capability (25.) is negligibly small. Neglecting Z5_, it can be
shown that the other derivatives can be varied independently by changing the
gain settings to the elevator of the T-33 airplane.

.

Mg = (Mg )7-33 +(2£) (Mé'e)r,” 37
I

e = (), sy +(2)(0)

T-33

e 3

Mg =(Mg), 4 * T)(MJG>F” (3. %)
The quantities &, /o , §, /. and 5, /6 are the constant static gain settings to
the elevator as a function of the airplane« , &, and 6 responses. The
derivatives in Equations (3, 7), (3.8), and (3. 9) are the T-33 derivatives for
a given flight condition. By varying the simulated derivatives through the
gain settings, the simulated frequencies and damping ratios can be varied.
It is interesting to note that larger derivatives and larger frequencies can be
simulated for the same gain settings when the T-33 derivatives are larger,
especiallyMg The derivative 475, for the T-33 is larger when the airplane
is flying at a %igher free stream dynamic pressure. Assuming no gain limits
as a function of flight condition, the highest frequencies simulated occur for
the flight condition with the highest IAS, 365 kts.



Equations (3.7), (3.8), and (3.9) are true only when the elevator
servo frequency is very high compared to the simulated frequencies and the
lags of the sensors of the airplane are negligible. In actual fact, the problem
is more complex, and each derivative is not an independent function of only
one gain setting. Once the required gain settings are determined analytically,
they are checked out through calibration flights., The frequency and damping
ratios simulated in flight for various gain settings are determined from
oscillograph traces of the actual airplane responses. The results of the
calibration flights are used to determine gain settings to simulate particular
frequencies and the damping ratios for each flight condition of the airplane.

The results of these calibration flights were used to determine gain
setting curves at essentially constant damping ratio (55,.~ 0. 7) with varying
frequency for each of the flight conditions (220 kts, 300 kts, and 365 kts IAS).
These curves were uced in the simulation of a spectrum of short period
frequency configurations at three fixed values of £, (1.36, 1.78, and 3.07).

In the simulation of PIO configurations, it was necessary to vary the
damping ratio at three nominal values of frequency (@sp = 2, 4, and 6 rad/sec)
for each of the flight conditions. Similar calibration flights were run to
determine gain setting curves to simulate a spectrum of damping ratios for
each of the flight conditions.

3.3  SIMULATION OF Ly AND#5 /i

As previously stated, it is not possible to vary £« (or- Z,) independ-
ently in the variable stability T-33 airplane. The variable stability system
does not incorporate variabhle lift as a function of angle of attack. The
parameter £, was varied by varying the indicated airspeed (220 kts, 300 kts,
and 365 kts) at 5500 féet pressure altitude. The reasons for selecting these
speeds were discussed in Section 2. 2. The relationship between £, and 75 /&
is therefore fixed and determined by the equation, 773 jae= ¥, £, /9. Some small
variation in £, and ?73 /xoccurred for each flight condition due to variations
in fuel remaining for the T-33 airplane.

3.4 SIMULATION OF STICK FORCE PER g

The variable stability T-33 has a completely separate feel system whose
characteristics can be varied independently from the airplane parameters
simulated.

A spring rate (£Acs/5-s ) of 30 lbs/in., was selected as satisfactory
by the evaluation pilot during the calibration flight. The spring rate, with
a few niinor variations. was held constant throughout the evaluation flights.
The control gearing (5, /5,<) was selected by the evaluation pilot for each
configuration simulated. By changing the control gearing. the pilot could
vary the SC/FES . By this means, the pitch response of the airplane to stick
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force input could be changed, but not without a corresponding change in F,s/ﬂ}
of the airplane. A reduction in gearing results in a reduction in pitch
sensitivity and an increase in the steady-state 45,7753 . The actual airplane
pitch response is, of course, a function also of the feel system and airplane
dynamics.

For several configurations simulated, it was not possible to give the
evaluation pilot the control gearing that he desired because of practical
limitations in the simulation procedure. For these cases, the spring rate
was changed slightly to give the pilot the desired 5., /As. Table IIl shows
the spring rates actually used for the various flights.

Elevator stick position commands ( s )from the feel system were used
to operate the elevator through the elevator servo. Pilot force commands
at the stick are aot felt immediately as elevator stick commands to the
elevator servo because of the design characteristics of the feel system (see
Reference 17). The elevator stick ( §.5) to stick force ( A4 ) transfer function
can be represented as a second order system.

R [ dps
o (%
Ss /s) 3 s s (3.10)
Lo (sl,«zs;s(.),ssfwf;

The numerator contains the constant steady-state spring rate gain, #nd the
denominator contains the feel system frequency and damping. The feel system
frequency and damping simulated for the spring rate of 30lbs/inare &/jg= 23
rad/sec and ¥.5 = 0,66, The feel system characteristics for the other spring
rates are shown in Table III.

The method for determining the feel system characteristics is discussed
in Appendix II. The effect of the feel system characteristics on the initial
pitch response of the airplane is discussed in Section VI. The effect of the
feel system onthe pilot's evaluation of the simulated configurations is discussed
in Section VII,

3.5 SIMULATION OF TRACKING TASK

A tracking task was included in the evaluation of each configuration
simulated. The task was presented to the pilot by means of a cross-pointer
on the all-attitude indicator (Figure 1), The pointer was driven by the difference
between the command signal (8. ) from the filtered random noise generator and
a signal obtained from the pitch angle gyro. The display to the pilot thus
consisted of the attitude error ( 6,) together with the actual attitude of the
airplane (6 ). At the beginning of the tracking task, before the random noise
was turned on, the gyro position, the airplane, and the cross-pointer could
all be adjusted so that they coincided in trimmed level flight. Thus, the
tracking errnrs and the airplane pitch angle displayed were plus and minus
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angles from the trim attitude. The pilot's tracking task was one of reducing
the error by getting the horizon and cross-pointer to coincide. The pitch
angle error displayed on the indicator (Figure 1) was magnified with respect
to the actual airplane pitch angle displayed. One inch of movement of the
cross-pointer represented 5 degrees of change in attitude error. One inch

of movement of the gyro horizon with respect to center-line represented
about 20 degrees of airplane pitch attitude change. This magnification of
tracking error was selected as reasonable by the e¢valuation pilot for tracking.

The level of pitch angle command that results from the random noise
source v :ries with time. A realistic and reasonable root mean square (RMS)
level was selected by the CAL evaluation pilot during the calibration flights
for eac. flight condition of the airplane (220 kts, 300 kts, and 365 kts). The
levels of pitch command gains remained constant for ecach flight condition
throughout the evaluation program, Some typical RMS values of §, and 6. were
measured for two evaluation flights at each flight condition during the pilot's
performance of one minute of tracking. These RMS values are shown in
Table IV,

The random noise source u-ed for the tracking task was the same one
used for random noise inputs to the controls. The output of the random noise
source was filtered before it was used s an input to either the tracking task
or the airplane controls. The amplitude versus frequency of the random
noise filter is shown in Figure 2. The amplitude of the high frequency content
of this filtered noise, although satisfactory as a random noise input to the
controls, was unsatisfactory as a pitch angle tracking error. The random
noise input to the tracking task was therefore filtered a second time using a
low pass filter with a corner at 0.5 cycle per second. The modification of
the filter frequency response resulting from this low pass filter is also shown
on Figure 2. This modification made the tracking task appear reasonable to
the evaluation pilot. There were still some complaints during the evaluation
flights by both pilots that the frequency content of the pitch attitude error
was high.

3.6 SIMULATION OF RANDOM NOISE

Each configuration simulated was also evaluatea with random noise
inputs to all three controls (ailerons, rudder, and elevators). Reasonable
random noise levels were selected by the CAL evaluation pilot during the
preliminary calibration flights,

The random noise levels to the ailerons and rudder remained fixed
for each of the three flight conditions during the evaluation. This is based
on the fact that the lateral-directional characteristics remained essentially
fixed for each flight condition as discussed in Section 3. 7.
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Satisfactory values of random noise inputs to the clevator required
that these inputs be a function of the simulated longitudinal short period
frequency. A stiffer airplane (high &s,) is more difficult to disturb with
the same elevator inputs. During the preliminary flights, a pilot evaluation
of acceptable levels of random noise inputs to the elevator, as a function of
the short period undamped natural frequency, was determined for each of
the three flight conditions. These functional relationships were used through-
out the evaluation program and are shown in Figure 3.

Some scatter exists in the curves of random noise level shown in
Figure 3. The explanation is as follows: The short period frequencies
plotted are the best estimates of the simulated frequencies determined by the
analysis of flight test data after the completion of the flight test program.
This analysis is based on parameter identification and correlation techniques
explained and presented in Section V and Appendix I. The random noise level
inputs to the elevator used during the evaluation flights were based on
estimates of the frequencies being simulated during a particular evaluation.
These estimates were in turn determined from gain setting curves based on
flight test data obtained from calibration flights. With a few exceptions,
which will be discussed later, the deviations of the points from the faired
curves are not large.

3 57 CHARACTERISTICS OF THE LONGITUDINAL PHUGOID

No attempt was made to alter the longitudinal phugoid. The phugoid
undamped natural frequency (4, ) and damping ratio (%) for a given flight
condition are essentially those of the T-33 airplane. For the three flight
conditions under investigation, measurements of the phugoid characteristics
were made during one of the evaluation flights. The phugoid has a period
in the vicinity of one minute for all three flight conditions and is lightly
damped (see Table V).

3.8 LATERAL-DIRECTIONAL CHARACTERISTICS

As stated previously, the lateral-directional characteristics of the
variable stability T-33 airplane were augmented at each of the three test
conditions to levels deemed satisfactory for a fighter by the ev. luation pilot.
Satisfactory values of ailerun and rudder gearing and cileron stick 2nd rudder
pedal force gradients were also selected by the CAL evaluation pilot and
remained unchanged throughout the evaluation.

The lateral-directional characteristics selected by the pilot were
measured in flight and are shown in Table VI. These characteristics
included Dutch roll undamped frequency («)). damping ratio (5,), roll mode
time constant (2 ), aileron 2nd rudder gearing (8,,/%s,5,/5¢s). 2nd aileron
stick ¢nd rudder pedal spring rates (£,5/5,s, Fer/5er ): The values shown
should only be considered as representative values, since some variation in
the lateral-directional characteristics occurs for any flight condition due to
variations in fuel remazining. The effect of fuel remaining on the lateral-
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directional characteristics is more pronounced than the cffect of different

fuel conditions on the longitudinal characteristics. This is because of the
significant changes in the lateral-directional moments of inertia (Zyand 73)

as the tip tank fuel is consumed (see Reference 17). These inertia effects
were kept to a minimum during the flight test program by always simulating
the three different flight conditions during cach flight in the following sequence:
300 kts, 220 kts, and 365 kts IAS.
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Section IV

IN-FLIGHT EVALUATION

4.1 GENERAL DISCUSSION

In-flight evaluations of longitudinal short period frequency
requirements and PIO tendencies were made by both the CAL and Air Force
evaluation pilots. The handling qualities parameters simulated for both
pilots covered the same range of variables.

For each flight, a different configuration was simulated at each of
the following flight conditions; 300 kts, 220 kts, and 365 kts IAS at 5500 feet
pressure altitude. The sequence of flight conditions was the same for each
flight in order to keep the effects of variations in fuel remaining to a minimum.

Each configuration was simulated by variable stability gain settings
of the T-33 airplane. These gain settings took the form of variable stability
system knob settings that could be adjusted by the safety pilot in the rear
cockpit. The evaluation pilot in the front cockpit was not told the configuration
being simulated. Short period frequency configurations with ¥, 0. 7 and PIO
configurations were sometimes simulated during the same flight.

After performing maneuvers to select the "optimum' gear ratio for
a specific configuration, the evaluation pilot was asked to perform specific
tasks, and any other tasks he thought appropriate o properly evaluate the
configuration. The evaluation pilot was supplied with a comment check list,
the CAL rating scale, and a PIO rating scale. His comments and ratings
were recorded as part of the flight records.

Oscillograph records were taken of the airplane response to specific
inputs, to properly identify the handling qualities parameters actually
simulated. One minute of tracking performance was also recorded for each
configuration. In a few cases, records were taken of the evaluation pilot's
selection of Fgg /M3 . The evaluation pilot was not aware that these records
were taken. The records were later analyzed for stick pumping and are
discussed elsewhere in the report.

4.2 EVALUATION MANEUVERS

.For each configuration, the pilot first performed whatever maneuvers
he thought necessary to properly select the elevator gearing. The elevator
gearing was varied by the safety pilot in the rear cockpit in response to the
requests of the evaluation pilot.
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After selecting the gear ratio, the pilot was asked to perform the
following maneuvers which include the compensatory tracking task previously
discussed. During these maneuvers, the configuration was evaluated as a
fighter in '"'up and away' flight,

Evaluation Maneuvers (Smooth Air)

l. Trim airplane.

2. Straight and level flight, including small pilot-
initiated disturbances about level flight.

3. Heading changes maintaining constant altitude.
a. Small bank angles
b. Large bank angles (up to 60°)

4. Symmetrical pull-up and push-over to specific

normal acceleration.
Climbing and descending turns.
6. Tracking task,

7. Maneuvers with random noise inputs.

4.3 PILOT COMMENTS AND PILOT RATINGS SCALES

During and after the performance of the ¢valuation mancuvers, the
pilot commented on the configuration. These comments, as well as the com-
ments on the selection of the gear ratio, were recorded on a wire ' recorder.
To aid the pilot in making comments, he was provided with the following
comment check list:

Pilot Comment Check List

1. Is the airplane difficult to trim?

2 Is attitude control satisfactory?

3. Is normal acceleration control a problem?

4 Is holding altitude a problem?
a. Straight and level?
b. Turns?

e What is maximum usable bank angle?

6. Is maintaining airspeed a problem?

7. Are there any problems associated with the tracking task?
a. How well can you accomplish the task?
b. How much fatigue is involved?
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8. What are the effects of random noise inputs on
handling qualities?
9. Are special piloting techniques required for the
configuration? What are they?
10. What instruments are used the most?
11. Are any of the instruments inadequate for this
configuration?
12. What are the good features of the configuration?
13. What are the bad features of the configuration?
14, Pilot rating - adjectives - number - why?
Comments on question 14 were based on the standard CAL rating
scale.
CAL RATING SCALE
ADJECTIVE DESCRIPTION NUMER!CAL
CATEGORY WITHIN CATEGORY RATING
EXCELLENT 1
SATISFACTORY 600D 2
FAIR 3
ACCEPTABLE (ASK THAT IT BE FIXED)
FAIR ¥
UNSATISFACTORY POOR 5
BAD 6
(WON'T BUY IT)
sa0® 7
FLYABLE VERY 8ADP 8
DANGEROUS® 9
UNACCEPTABLE {(WON'T FLY IT)
UNFLYABLE UNFLYABLE 10
— re————

SREQUIRED MAJOR PORTION OF PILOT'S ATTENTION
bCONTROLLABLE ONLY WITH A MINIMUM OF COCKPIT DUTIES.

CAIRCRAFT JUST CONTROLLABLE WITH COMPLETE ATTENTION.
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One objective of the in-flight evaluation program was the investigation
of PIO conditions with fixed control system dynamics. A PIO rating scale
was established for this program for the purpose of defining categories of
PIO tendencies for all the configurations simulated (PIO configurations and
short period frequency configurations). The PIO rating scale supplements
the comment data and the CAL rating scale and is defined as follows:

P10 TENDENCY RATING SCALE

DESCRIPTION NUMERICAL
RATING
NO TENDENCY FOR PILOT TO INDUCE UNDESIRABLE 1
MOTIONS .
UNDESIRABLE MOTIONS TEND TO OCCUR WHEN PILOT 2

INITIATES ABRUPT MANEUVERS OR ATTEMPTS TIGHT
CONTROL. THESE MOTIONS CAN BE PREVENTED OR
ELIMINATED BY PILOT TECHNIQUE.

UNDESIRABLE MOTIONS EASILY INDUCED WHEN PILOT 3
INITIATES ABRUPT MANEUVERS OR ATTEMPTS TIGHT
CONTROL. THESE MOTIONS CAN BE PREVENTED OR
ELIMINATED BUT ONLY AT SACRIFICE TO TASK PERFORMANCE
OR THROUGH CONSIDERABLE PILOT ATTENTION AND EFFORT.

OSCILLATIONS TEND TO DEVELOP WHEN PILOT INITIATES 4
ABRUPT MANEUVERS OR ATTEMPTS TIGHT CONTROL. PILOT
MUST REDUCE GAIN OR ABANDON TASK TO RECOYER.

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

DISTURBANCE OR NORMAL PILOT CONTROL MAY CAUSE 6
DIVERGENT OSCILLATION. PILOT MUST OPEN CONTROL
LOOP BY RELEASING OR FREEZING THE STICK.
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4.4 TURBULENCE CONSIDERATIONS

The response of an airplane to atmospheric turbulence is an
important aspect of handling qualities research. Much of the turbulence
effect on airplanes is associated with the gust induced angle of attack changes
and their effect on the riding and handling qualities. Unfortunately, the
variable stability T-33 is not capable of simulating variable lift due to angle
of attack at a fixed flight condition. Such a capability would be required for
simulating gust induced angle of attack changes. In this flight test program,
the effects of turbulence were judged from natural turbulence and the pitch
response of the airplane to random noise inputs to the elevator. Random
noise inputs to the elevator are only an approximation of the pitching motion
that will result from gusts.

4,5 IN-FLIGHT DATA RECORDS

In order to properly identify the handling qualities parameters
simulated and the pilot's closed-loop performance, oscillograph records
were taken of the airplane response to specific control inputs or control
tasks for each configuration simulated. These records were analyzed during
and after the completion of the flight test program. Oscillograph records
were taken under the following conditions:

Oscillograph Data Records

1. Variable stability system engage at each speed
(flight condition).

2. Response to automatic elevator doublets, pulses,
and steps.

3. Response to manual elevator stick doublets, pulses,
and steps.

.

One minute of tracking of pitch attitude command.
Rapid and precise 1 and 2 g pull and hold.

Pilot initiated attitude changes of the airplane.

~N O W

Selection of elevator gearing (on four flights only).
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Section V

IDENTIFICATION OF SIMULATED PARAMETERS

The oscillograph records of the airplane response to specific inputs
were used to identify the longitudinal short period parameters actually
simulated for each configuration evaluated by the pilot. Doublet, pulse, and
step responses were used to identify &Jgoand ¥;,. The short period frequency
investigation at various values of L, was conducted at essentially fixed
damping ratio ( ¥4, # 0.7). For these well damped configurations, frequency
and damping were generally identified using the so called "time ratio" method
for a second-order response. For the low damping configurations when

Tsp < 0.5, the "transient peak ratio" method for a second-order response
was used. Both methods are nresented and discussed in Reference 18.

From the airplane response to various fixed control inputs, it was
possible to identify a number of steady-state parameters such as VL /-}_-,-/n}.

”}/d' and “gs/5gs -

There are some problems associated with the identification of short
period characteristics. For well damped high frequencies, the airplane
response is very rapid, and it tccomes difficult to determine frequency and
damping ratio accurately by the ''time ratio' method. In addition, the shape
of the response is not quite that of a second-order system because of the
distortion due to sensor and servo lags. However, under such conditions,
measurements of steady-state parameters are quite good. At the low short
period frequencies simulated («wg,.= 2 rad/sec) the airplane response is slow,
and measurements of frequency, damping, and steady-state parameters are
contaminated by the effects of the phugoid association with velocity changes.
The stick ""bobweight'' effect (that is the inertia ¢ffects of the free stick in
response to airplane dynamics) also somewhat alters the measurements of
frequency and damping. Bobweight ¢ffects on the measurements were minimized
by properly selecting records to be analyzed.

At the completion of the flight test program, methods were devised
for correlating the measured parameters to the gain settings used in the
simulation. These correlations determined the degree of consistency and
accuracy in the measured parameters. In addition, un the basis of these
correlations, it was possible to establish alternate methods of identifying
questionable parameters, especially at the high and low frequencies simulated.
The correlation and alternate parameter identification techniques are d.scussed
in Appendix I.

The parameters simulated for each of the three flight conditions are
shown in Tables VII, VIII, and IX. The PIO configurations simulated at low
damping are also shown in these tables. The ""measured'' values in the tables
were obtained from the oscillograph records of the flight using the techniques
previously described. The least-squares-fit (LSF) values were determined
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using the least-squares-fit correlation techniques of Appendix I. The '"best
estimate'' values represent the best estimate of what parameters were
simulated. In some cases, the '"best estimate' value is simply the directly
measured value using the oscillograph traces. This is the case when the
""measured' and '""LSF' values are in good agreement. In some cases, the

'"best estimate'' values were determired by other methods, such as determining
short period frequency indirectly from measured steady-state values of a/8.¢
and the least-squares-fit value ofMg“ , as discussed in Appendix I. ''Best
estimate'' values determined indirectly as discussed in Appendix I are identified
in the tables by a double asterisk, In a few instances, the ''best estimate'
value is simply considered to be the least-squares-fit value.
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Section VI

EFFECT OF FEEL SYSTEM DYNAMICS ON
AIRPLANE PITCH RESPONSE

6.1 GENERAL DISCUSSION

The importance of the magnitude of the pitch response of an airplane
to control inputs, and the effect of this response on the closed-loop handling
qualities, have beenrecognized for some time, Assuming velocity changes and
elevator lift (Z5_ ) to be negligibly small, the short period longitudinal equations
of motion of the ‘airplans are represented by Equations (3.1) and (3.2). These
equations are equally valid for the variable stability T-33 simulating another
airplane, when the simulated derivatives are described by Equations (3.7),
(3.8), and (3.9). These same results can be obtained from Equations (I. 5)
and (L. 6) in Appendix I by neglecting the small terms containing elevator lift
(2s,). Thus, in terms of simulated derivatives, and control stick inputs
(85 ), the two-degree of-freedom equations of motion become:

-—x +Z, ax +6 =0 (6.1)

Ma'. Q.'f' M“Q’_é.-"Me'éJ-Md; (;:——s) JES;O (6.2)

Under these same assumptions, the transfer functionsé€ ‘)/%S(S)and”;fs)/é‘;sfs)

assume the following form in terms of the simulated frequency and damping
ratio:

&S,
ais) Mfé(é)(s-z“) (6. 3)
dgs(s) 5(5%+ 28, wsp S+uf)
Vo Ja
)72(5) - - 3 Zp Mg, (J—n) —
Is(s) s2+2 §,p WspStadsp® )

These expressions can also be obtained from Equations (I.8) and (1. 10), using
Equa:ions (I. 19) and (I. 20) of Appendix I.

It is assumed in Equations (6. 3) and (6. 4) that the elevator-to-stick
gain ( 5,/ Ses ) is independent of frequency. This is reasonably true at the
simulated airplane frequencies since the elevator servo frequency is relatively
high (63 rad/sec). This assumption is less true under transient conditions,
such as the airplane response to rapid stick inputs.

An even more important factor in the simulations of this program is
the response of the airplane to stick force commands. The response of the
elevator stick to stick force commands is determined by the following transfer
function for the variable stability T-33 feel system:
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2 Jn)
Fes () _ “rs | s /ss

= (6.5)
FES (S) 52 + 2 g-;s “JFS 5_,,“)’53

The feel system characteristics that were used in this program are
summarized in Table III. These characteristics were determined as indicated
in Appendix II based on ground and in-flight records. The eclevator servo
characteristics are also analyzed briefly in Appendix II,

The following section discusses how the elcvator and feel system
characteristics affect the initial pitch response of the airplane to stick force
inputs.

6.2 AIRPLANE TRANSFER FUNCTIONS AND RESPONSE CHARACTER-
ISTICS INCLUDING FEEL SYSTEM

The pitch response and normal acceleration response of the airplane
to stick force inputs (including elevator servo and feel system characteristics)
can be written as follows: »

6(s) _ 6(s)  Sals) Sps (5) (6. 6)
Fes(S) 8. (5)  Sps(s) Fps ()
() M) gu(s) s (3)
Frs(S) & (s) Sgcl(s) Frg(s)

(6.7)

If the sc(s)/g;sas)transfer function can also be represented as a second-order
system (Appendix II), then:

e (s) _ g (?éi‘) (6. 8)

S5 (s) stz X, dp s+vg

Substituting Equations (6. 3), (6.4), (6.5), and (6.8) in Equations (6.6) and (6. 7)
results in the following transfer functions:

&rs) éj:s A M&“ g SE:;)ss (3_‘:5 )SS @'z“)

fas(s) " s (8% 28, Wep8rewy b)(s%+ 25, wes8rtips)(s+25, 4 5+4y")

”ﬁ (s) -N,-; g (‘g_zd Mac)(%)ﬁﬁgfi)" (6.10)

‘as(s) (s"+2 ¥, dsps *“Jsf‘)(slfz s W S *wF;)(shz Yo%t *‘de‘)

(6.9)
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The subscript ss refers to the gain values under steady-statc conditions, or
the asymptotic value at low frequencies. Assuming the elevator servo
frequency (4),) is high compared to the feel system frequency (Aeg), the
transfer functions can be reduced to the following:

O6) _ _ Wrs” Mue («&s/ss_ Fes ss/s_z_‘_z (6.11)
Fes (5) s(s*+ 24, quPS+aJs:)(52+2$'FS aJFSS+a)F52)
17 Jg Sas
77}/5) - -UF“:(/?.‘.ZQ MJ_)_/i:)ss(_li)-‘g__ 6 12)
Fes (s) (s2+28,,wWsp S+ Wsp)(st+2 8 o apg s+aJF5*) (6.

The initial pitch response of the airplane was analyzed using the
transfer functions of Equations (6.9) and (6. 11). The results were nearly
identical, indicating little effect of the elevator servo lags on the transient
response. This is attributabie to the high elevator servo frequency compared
to feel system frequency (63 rad/sec compared to 23 rad/sec).

Based on Equation (6. 11), the pitch velocity and pitch acceleration
transfer functions can be written as follows:

. o,
0 2 & ES
9(5) - “)FS MJQ(Jgs )55 (FIS)SSK;-ZQ) (6. 13)
Feg (S) ($2+ 26, aep Stagp)(s*+28, Wpg S+ wpel)
. 2 / Je JFS) e
e (5) - “rs M‘fe (d'ss)ss Fes/ss (5= zk) (6.14)

3 a2
F.-ES(S) (5‘*'2;-5/’ “sp S""JSF)(SL"'Z;FS “JFss*ajF:)

Without feel system dynamics included, the pitch acceleration transfer
function, @rs)/4s(s)becomes:

.. e _iy )
6(s) - Mé'e/"}:)ss &ES ss_s /5-2’/
F 2

es(s)  (s*v28, w5 rawg,?)

(6.15)

For a step stick force input (Fes ) where fzs(s) = Fes/s, the airplane initial
pitch acceleration can be found from Equation (6. 15).

. A é(s) 2 & (s)
9 = < S FES(S) = c -

°© " s+o0 Fos(s) swo00 F__(s) £5

— J, d‘A'S
- Mcfe /?e_) ) /es

ES7ss FES $s

(6.16)
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The actual pitch response of the airplane to a step stick force input,
with feel system dynamics included, can be found from Equations (6. 11),
(6.13), and (6. 14).

U“ J s )ss /F ss ‘4 )

a(s)

s*s*+2¢,, w Ps+aJs,,2)(s +z$‘ ), snuFS‘) (6.17)
Ses
sy o st (i ) -
s (s? 128 a5t WY 5% 28,05+ a)?) '
2 g
o(s) = “s Md'e( )ss (Ffi .ss 55/5 2 ) (6.19)

/S +2§‘ é),.S‘*-USP (5 + 2 g}sﬁj/:ss"wfs)

The actual airplane response to a step stick force input can be related
to the initial pitch acceleration response without feel system dynamics,
Equation (6. 16). Dividing Equations (6.17), (6.18), and (6.19) by &, or

M&o(sc/‘s:s ss (5;5//25),, fe» We have,

2/s-2
Opy(s) = —— rs™(*"%a ) (6. 20)
s(s *+ 2$;F Wy p s+a}5P‘)(s"z}nU,_, s;w,;‘)

6y () “es' (5 2a ) (6. 21)
S(57+28,p WopStawsp?)s*+ 28,5 Wps Sraps?)
6,y (s) = “ps (5 22 ) (6. 22)
e (s* r28 Wop S+agpo®) 5t 28, Wps Srapg?)
where

Se (6. 23)

6pd = )ss/ ;ﬁ
= G/M / )ss ( ) (6. 24)
sk J;s)ss /Jﬂ) (6. 25)

The expression 8,,is a nondimensional pitch acceleration. It is the ratio of
pitch acceleration, including the effects of feel system dynamics, to the pitch
acceleration at time £-0’, excluding feel system dynamics, following a step
stick force input.
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Without elevator or feel system dynamics, the maximum pitch
acceleration following a step stick force input occurs at time zero and is
equal to & =My (5,/5,s)ss(%es/as)ss Fos - With feel system dynamics included,
the pitch acceleration response is defined by Equation (6.19). At time zero,
the pitch acceleration is zero, and the maximum occurs at some time after¢-o.

It is difficult to determine analytically from Equations (6. 19) or (6. 22)
the time at which maximum pitch acceleration occurs and its magnitude. By
transforming Equation (6. 20) to a differential equation in the time domain and
performing a step by step integration with time, it is possible to obtain a time
history of 6,y , 6,4 , and 6,4 . From these time histories, it is possible to

determine maximum values of €,y and 8,4 . Then 6,,, and G,., can be
determined from Equations (6.24) and (6. 25).
0 3 de Ies
= (6 M —) ( —) Fe !
Crrax ( "‘,2\1,4)( de (JES o5 5/ 2 £S (6. 26)
. .. Se s bt
rrax (8”‘! )MAX e (Z's ).xs (/‘;_-5 )55 = .

The 6,4 response, and therefore (Qnd),mu and (é,,,/)m, , are a function
of the feel system frequency and damping, simulated airplane frequency and
damping, and the value of Z, . When the feel system frequency and damping,

Zp s and the airplane damping are fixed, then the pitch response 6,,y to a step
stick force input is only a function of the airplane frequency.

Plots of (é,,d)MAx obtained from time histories of the pitch response
are shown as Figures 4, 6, and 7. Figure 7 examines the effects of elevator
servo lags as well as feel system lags on the maximum pitch acceleration.
This figure should be, compared to Figure 4 with only feel system lags included.
The effect of the elevator servo on the maximum pitch acceleration is
negligible. Figures 4 and 6 show the effect of slightly different feel system
characteristics on the maximum pitch accelerations. The differences are not
large, and should not significantly affect the pitch acceleration response of the
simulated airplane. The different feel system characteristics used during
some of the simulated configurations are indicated in Table III, It is evident
from Figure 4 that the feel system dynamics used in this flight test program
caused very significant attenuation on the pitch acceleration response of the
airplane, especially at the higher frequencies simulated.

The steady-state value of pitch velocity, éss , following a step stick
force input, can be obtained from Equation (6. 18).

Je J;,)
my (22 (28) £ &
. . . eld ) F, €5 Tx 6.28
Bss = 500 I6(5)= - TN (6.28)
)sp
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From Equation (6. 21),(9'"4)55 = 'zd/“’s:‘ Obviously éss and(6,,),,are related

by Equation (6. 24).
dc JES
Jes /.ss /F ) Fes (6.29)

ES /ss

. pa
655 = snd)gs Md" /

From Equations (6. 26) and (6.29), we have:

a.MAx _ (éna')MAx (6 30)
955 /énd)ss

Plots of pitch velocity overshoot ratio are shown as Figure 5 following a stegp
stick force input. These curves include the attenuating effects of the feel
system.

6.3 ATTENUATION OF AIRPLANE RESPONSE DUE TO FEEL SYSTEM

Once the attenuating effects of the feel system are known, as presented
in Figures 4 through 7, then the airplane pitch response with feel system
effects included can easily be determined.

The feel system dynamics had no effect on the steady-state parameters
of the simulated airplane, such as .(fjes/ﬂ,)ss and . (73/a)s, - Fr:om Equations
(I.18), (I.19), and (I. 22) in Appendix I, 1t is possible to determine these param-
eters, provided it is assumed that terms containingz; are negligibly small,

e

2

/ﬁ/ _ “sp (6.31)
(7:2‘55 5 = ; 2, (6.32)
Substituting in Fquation (6.16), we can derive the following expression:
og 2
= ) ) .
ss '3 /ss

Equation (6.33) is the initial pitch acceleration per unit step stick force input
at time Z=0", if the lag of the feel and elevator servos are ignored. The
maximum pitch acceleration per unit step stick force including feel system
dynamics can easily be obtained from Equations (6.27), (6.16), and (6. 33),

s a .o
Omax _ “sp /ena/)MAx

Fes (7’3) Fas
7 Jss \ 7 ke
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It is interesting to note that maximum pitch acceleration per unit stick force,
Equation (6. 34), involves the feel system dynamics and all the parameters

varied in the short period handling qualities investigated in this report. The
parameter £ /773 was selected by the pilot for each configuration simulated.

Bihrle's control anticipation parameter, CAP, Reference 16, can
easily be derived from Equation (6. 33):

CAP "( )( O v (6. 35)
" "5 ) 755 i (ZZ) .

CAP, including the effect of feel system dynamics (CAP)', can be obtained
from Equation (6. 34).

(CAP) ( Fssl)

It has been suggested that ém, /é,, may be of some importance in
defining the shape of the desired pitch response to step control inputs, and
therefore of some significance as a handling qualities parameter. It is evi-
dent from Figure 5 that pitch velocity overshoot is a strong function of Z,
as well as simulated Wse . The question naturally arises as to whether
e,.,.‘/e,s and (CAP)' are really mdependent parameters. Figure 8 is a
plot of ©um. /Oss versus (CAP)' for various fixed values of Z, . Figure 8
was obtained from Figures 4 and 5. It is evident from Flgure 8 that a func-
tional relationship does indeed exist between these two parameters. Within
the range of Z4 's and W sp 's simulated for this flight test program, the
two parameters are not really independent. It is interesting to note that

em,/Fu , Equation (6.34), is an independent parameter from QM,,./ess
since it is inversely proportional to ng/”

(6. 36)
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Section VII

HANDLING QUALITI®ES RESULTS

7.1 GENERAL DISCUSSION

Pilot rating data and pilot comment data are presented and discussed
in this section for both the investigation of short period frequency requirements
and PIO tendencies.

Pilot numerical ratings for the short period frequency investigation
are related to various short period frequency parameters such as 4/, ,73 Ja
CAP, (CAP)', Guax/Fes » and F;s/ﬂ . These pilot ratings are also mterpreted
in terms of the pilot comments.

Pilot numerical PIO ratings for the PIO configurations investigated
are interpreted in terms of several parameters that have becen suggested, such
as 2% 4, . 2%, &, /i, » and F;-S/n} . The PIO ratings are also related to the
pilot comments

It became apparent in the flight test program and in the analysis of
pilot ratings and pilot comment data that the pilot-selected steady-state stick
force gradient formed an important part of this handling qualities investigation.
This is true of both the short period and PIO configurations. By his selection
of stick force, the pilot tended to optimize the short period frequency response
requirements and minimize the PIO tendencies. This optimization was often
a compromise of conflicting requirements; that is, one requirement could
be improved only to the detriment of one or more of the others. The pilot's
compromise was not always an easy one, and it did differ from time to time
for the same configuration. The variability in pilot-optimized stick force
gradients accounts for some of the variation that exists in a given pilot's ratings.
In addition, the optimization of stick force gradient differed in some cases
between the CAL pilot and the Air Force pilot. This fact also accounts for
some of the variation of ratings between pilots.

One of the handling characteristics of importance to the pilots was
the initial pitch response to control inputs. The attenuation of this response,
due to the feel system characteristics simulated, was also accounted for in
the interpretation of pilot ratings and pilot comments.

The results for the two pilots are compared and interpreted in terms
of the simulated handling qualities parameters and the pilot comments.

Comparisons are made between the results of this flight test program
and previous results obtained in fixed base and in-flight simulation of longitudinal
short period requirements and PIO tendencies. Some of these earlier results
were obtained by the Flight Research Department of Cornell Aeronautical
Laboratory under previous programs.
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7.2 SHORT PERIOD FREQUENCY REQUIREMENTS

Figures 9 and 10 are plots of pilot rating as a function of frequency
for fixed values of 73/« (16.9, 30.4, and 63.4 g/rad). These ratings are for
a short period damping ratio ($¢,.) of approximately 0. 7.

7.2.1 Ratings and Comments of the Air Force Pilot

The ratings and comments of the Air Force pilot will be discussed
and interpreted first, It is evident from Figure 9 that, with ¥ = 0.7, pilot
ratings do indeed become worse at high as well as low short period frequencies.
It is also evident from the figure that the rate of deterioration of pilot ratings
with frequency from the optimum frequency is largest at the lowest 273/«
(16.9 g/rad). This makes the satisfactory frequency range (PR < 3,5) largest
at the largest ﬂ}/a tested (63.4 g/rad). Based on the faired curves of Figure 9,
the satisfactory frequency range for the Air Force pilot can be tabulated as
follows:

73/ Range of Satisfactory Frequencies (“y)
PR < 3.5
16.9 2.41t06.9 rad/sec
30.4 2.7to 9.0 rad/sec
63.4 4.1 to 13.9 rad/sec

In this program, the pilot was allowed to optimize /s, /”} by adjusting

5; 5s . The stick gradient, with a few exceptions, was held essentially
constant ( A5/5,5 = 30 lbs/in). At the higher frequencies simulated, the pilot's
continual complaint was of the abruptness or sensitivity of the airplane for
small control inputs about trim. He stated that this sensitivity or abruptness
could be reduced by lowering 5, /5,, ., which ¢f course increased the steady-
state F}_:s/ﬂ} . The eclevator gearing ratio selected was therefore a compromise
between an acceptable level of sensitivity and the high steady-state maneuvering
forces.

The manner in which this compromise was made is shown by the Q—S/’n}
selected by the pilot as a function of &ke at a fixed 73/« (Figure 9). It is
evident from the figure that the pilot-selected "optimum'' As/7; increased
with an increase in short period frequency and a decrease in #7454 . It is also
evident from the selected /-:55//’; at ¥/ = 365 kts IAS (?73/x = 637 4) that the
airplane did not feel too sensitive to the pilot, even though the simulated
short period frequencies were quite high («%s = 16 rad/sec).

There is reason to believe, as will be explained later, that the
sensitivity or abruptness of which the pilot complains may be primarily related
to the pitch acceleration response of the airplane to control inputs. The max-
imum pitch acceleration response, @uar , following a step stick force input is
described by Equation (6.34), which is repeated here for convenience.
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Ouax Wsp (60d) arax (6. 34)

Fes ( 73 ) (FES )
[e 4 sS ”} ss

Equation (6. 34) contains many of the essential handling qualitics parameters
that enter into the longitudinal short period simulations under discussion. It
is evident from the equation that the "sensitivity, " or maximum pitch accel-
cration response of an airplane, varies directly as MSPZ and inversely as ﬂ}/d.
The highest pitch acceleration or sensitivity thus occurs at high frequencies
and low values of 723 /¢ . This pitch acceleration per unit stick force can be
reduced with a higher steady state #:5/7; . This explains much of the reason
for the pilot's "compromising' with higher stick forces as the short period
frequency increased and ”}/d decreased (Figure 9).

Equation (6. 34) contains a factor (Gnd ) praxr » Which accounts for the
feel system attenuation of the maximum pitch acceleration response following
a step stick force input. This factor is a result of the feel system dynamics
explained in Section VI and shown on Figures 4 and 6. The relatively low
"optimum'' stick force gradients selected by the Air Force pilot at the highest

73/« appear to be due to the high ”}/d and the pronounced attenuation effects
of the feel system,

At the low frequencies simulated, the pilot objected to the sluggish
or slow response of the airplane. This was also described as a ''digging in"'
quality; that is, the initial response was slow, causing the pilot first to
increase his input. The pilot was next aware of a buildup in pitch velocity
which was difficult to check in order to obtain a desired new attitude position.
The result was an unsatisfactory and highly objectionable overcontrol tendency
which caused the pilot to downgrade the configuration,

In many respects, the low frequencies involve a threshold-of-perception
problem for the pilot. It is evident from Equation (6.34) that, for a given 4 /74,
the same pitch acceleration response will occur at a lower frequency, provideg

73/« is reduced. This is evident from the pilot rating curves of Figure 9.
Good pilot ratings occur at lower frequencies as ?3/« is reduced. The decrease
in pitch acceleration response (6,,,, /A5 ) with a reduction in frequency is
more rapid at lower fixed values of 773/« . This fact probably accounts for
the more rapiddeterioration of pilot rating with a reduction in frequency below
the optimum frequency when ”}/d is small (Figure 9).

Equation (6. 34) also indicates that @amas/%s can be increased at low

frequencies by reducing (Fes/7 )ss . But such a procedure results in an air-
plane with objectionable light maneuver forces and a strong overcontrol tendency.
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Some scatter does exist in the pilot rating and pilot-selected stick
force data of Figure 9. The scatter in PR and .5 /73 at the higher frequencies
with 773/« = 30, 4 is associated with the excitation of the T-33 structural modes
at these simulated frequencies. The structural excitation occurred when the
wing tip tanks were essentially full of fuel. The 300 kts IAS configuration was
always the first configuration simulated during the flight. The pilot commented
on and objected to the structural mode excitation, and later examination of
oscillograph traces of a wing tip accelerometer confirmed that the excitation
was present. The excitation is probably associated primarily with wing bending,
but may also be a result of some wing torsion. The structural modes tended
to increase the sensitivity of the airplane at these frequencies. This some-
what erratic change in sensitivity colored the pilot-selected (F;s/ﬂ;)s, to
correct for the sensitivity. The result was an increased variability in pilot
rating. The pilot ratings in this region are open to some question and are
shown as solid points on Figure 9.

For the flight condition of 220 kts IAS, certain pilot ratings and stick
force points that deviate significantly from the faired curves are also shown
as solid points. The flight number for each of these points is also indicated.
The poorer pilot ratings for flights 583, 588, and 614 arc probably associated
with the marked deviation of the pilot-selected steady-state /zs/73 from the
"optimum'' curve. On flights 583 and 588, the pilot commented on the excessively
high steady-state stick forces, and that this fact entered into downgrading the
configuration., Flight 581 was the Air Force evaluation pilot's first evaluation
at this flight condition, and this fact may account for the low rating.

For the configurations simulated at 220 kts IAS, the evaluations were
somewhat limited since the airplane was only capable of pulling one incremental
g in maneuvers before the onset of maximum lift buffet. Both pilots often
commented on this limitation. It may be that the pilot-selected optimum stick
force gradient is somewhat high because of it, The optimization was probably
weighted more on the basis of attenuating the sensitivity around trim because
of the limited maneuverability at this flight condition.

On flight 602 at 300 kts IAS, the pilot stated that he liked the configu-
ration, but he still objected to the amount of longitudinal sensitivity. As a
result, he downgraded the configuration,

On flights 584 and 616, for V = 365 kts IAS, the pilot complained oi
a lag in control response, sluggishness of the configurations, a tendency to
overshoot, and the heavy forces required to get the airplane to respond. He
gave both of these configurations poor ratings of 6 and 7. On flight 588, the
pilot also spoke of the low frequency of the configuration and the overshoot
tendencies, but he liked the handling characteristics. He said the stick forces
were good and rated the configuration 3,0, The only explanation that can be
offered for this discrepancy is that pilot rating is very sensitive to small
changes in frequency in the low short period frequency range below optimum
frequency.
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7.2.2 Ratings and Comments of CAL Pilot

Figure 10 is a similar presentation of pilot ratings and pilot-sclected
stick force gradients for the CAL evaluation pilot. The data show many
similarities to those of the Air Force pilot and some significant differences.
Based on the faired curves of Figure 10, the satisfactory frequency range for
the CAL pilot can be tabulated as follows:

773 /& Range of Satisfactory Frequencies (4 )
PR < 3.5

16.9 3.7t0 6.5 rad/sec

30.4 4,2to 7.5 rad/sec

63.4 6.0to 11 rad/sec

The CAL pilot also downgraded the high as well as low frequencies.
The deterioration of pilot ratings with increasing frequency from the optimum
tends to be larger at lower values of 73 /a. The trend is also for the acceptable
frequency range to be largest at the greatest value of 73 /& (73/a = 63.4). The
optimum short period frequency also increases with an increase in 73 /x .
The deterioration of pilot rating with a decrease in frequency below the optimum
is also greatest for the lowest 73 /@ simulated (16.9 g/rad). At frequencies
above the optimum, the CAL pilot also compromised on higher stick force
gradients to reduce the sensitivity or abruptness of the initial response of the
airplane., The CAL pilot comments about the handling characteristics of the
configurations in the various frequency ranges were similar to those of the
AF pilot, and the explanations previously offered for the Air Force pilot also
apply for the CAL pilot.

There are some significant differences between Figure 10 and
Figure 9 that bear closer examination in the low frequency range below
optimum frequency. The CAL pilot also complained of the slow or sluggish
response and the tendency to overcontrol. This concern with overcontrol,
and the possibility of overstressing the airplane, led the CAL pilot to select
higher stick forces at the low frequencies. The CAL pilot's "optimum' stick
force gradient curves are therefore parabolic in shape, with the minimum
stick force of the 6 to 8 lbs/g occurring at the frequency for best pilot rating.

The higher scatter in the pilot-selected stick force gradients as a
function of frequency reflects a greater difficulty for the CAL pilot in optimizing
his stick force gradient. The compromise between excessive abruptness or
sensitivity and excessive steady state Fzs, /73 was not always an easy one to
make. This is especially true of the flight condition of V = 220 kts IAS
(73/¢=16.9). The greater scatter in pilot-selected F:s/”} is reflected in the
larger scatter in pilot ratings. It is interesting to note that optimum pilot
ratings at the optimum frequency were always poorer for the CAL evaluation
pilot (3.0 rather than the 2,0 given by the Air Force pilot).
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Frequency ranges in which structural modes were excited are also
indicated in Figure 10. The CAL evaluation pilot commented on this excitation
and indicated that it was difficult to determine how much of the excitation
was structural and how mwuch was due to the high short period frequency
simulated. The structural excitation was again substantiated by an examination
of the oscillograph trace of a wing tip accelerometer. Considerably more
scatter exists in the pilot rating data in this region. The scatter is undoubtedly
influenced by the degree of structural excitation that was present during the
evaluaticn, and by the pilot's ability to attenuate the excitation by proper
selection of stick force gradient,

Some of the other pilot rating points that deviate significantly from
the faired curves (for explainable reasons) are also shown as solid in Figure 10.
Pilot comment data were examined to determine the reasons for these deviations,

An examination of pilot comments for V = 220 kts (773 /4= 16. 9) leads
to the following explanations. On flight 577, the pilot commented that the
configuration felt ''loose, ' and the pilot's tendency was to overcontrol and
overdrive the airplane. He also commented that the configuration was sluggish
and tended to ''dig in.' He felt that the stick force gradient (A4 /7;) was a
little high, and he rated the configuration as 7 because of its poor“tracking.
The only explanation that can be offered for the scatter in pilot rating in this
low frequency range is that the rating is very sensitive to small changes in
frequency. No explanation exists for the poor pilot rating of 5 for flight 595;
the pilot comment of poor tracking and sluggish response is inconsistent with
the comments for other configurations in this frequency range. The large
variation in pilot ratings in the frequency range of 8.3 to 10. 6 rad/sec is
undoubtedly due to the excitation of some structural modes in the T-33 airplane.
The pilot often commented that the sensitivity of the airplane was probably
a combination of aeradynamic and structural factors. The degree to which
the structural modes influenced the pilot ratings is not known. On flights 564,
576, and 579, the pilot complained of the existence of some noise in the
variable stability system, as well as the excitatinn of the airplane's structural
modes.

The pilot comments for V' = 300 kts ("73/0( = 30. 4) leads to the following
explanations for some of the more significant deviations in pilot rating. On
flight 578, the weather was quite poor, and the pilot commeiited that a satis-
factory evaluation of the configuration was not possible. Structural modes
were excited in the frequency range of 9. 0to 11,5 rad/sec. On flight 565,
the pilot commented that the structure seemed to be excited by the airplane's
short period frequency, and the ''bobble' tendency of the configuration made
tracking poor. Also, there was a PIO tendency. On flight 577, the pilot did
not feel confident about rating the configuration because of the significant
structural excitation. On flights 624 and 626, the cvaluation pilot first
commented on the structural excitation, and then tried to rate the configuration
assuming the structural excitation did not exist.
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At the flight condition of V = 365 kts (773,a= 63.4), several of the
pilot rating points show marked deviation from the faired curves. On the
first cvaluation flight, flight 564, the pilot was somewhat rushed because of
a shortage of fuel. During this flight, the pilot also questioned his subjective
weighting of tracking and maneuverability in arriving at a final evaluation and
numerical rating, The evaluations of flights 570 and 596 were also rushed
because of a shortage of fuel. The pilot did not feel confident about either
evaluation. In addition, on flight 570, the weather was poor, and on flight 596,
the stick force gradient selected was high (Fj,s/n}z 11.7 lbs/g). No satisfactory
explanation can be offered for the poor rating on flight 592. The pilot com-
plained of PIO tendencies and that the damping was less with the pilot in the
loop. Based on the poor tracking and PIO tendencies, the pilot rating was 6. 5.
On flight 575, the pilot stated that the tracking performance was quite
satisfactory. He stated that a slight PIO tendency existed and that the air-
plane was somewhat abrupt in response. The rating of 4.5 was based
primarily on the slight abruptness of response and the somewhat heavy stick
forces. The discrepancy in rating between flight 575 and 592 cannot be
explained except to note that the pilot-selected stick force gradient is different --
9.3 as compared to 6. 8 for flights 575 and 592, respectively.

e s 3 Initial Pitch Response and Handling Qualities

The importance of pitch response on longitudinal handling qualities
has been recognized for some time. Special attention has often been directed
at the characteristics of the early part of the pitch response, especially that
portion which includes the maximum pitch acceleration and maximum pitch
velocity following an abrupt control input. Just how these initial aspects of
the response influence the pilot, and how they can be defined by one or more
simple handling quaiities parameters, is at present not clearly understood.

It has been stated in Reference 16 that a pilot will resort to stick
"pumping' when performing precise maneuvers such as landing, tracking,
or formation flying. By pumping the stick, the pilot is able to sense the
longitudinal responsiveness of the airplane under a given flight condition, and
he is able to establish confid»nce in the level of control available. It is further
stated that stick pumping will occur at a frequency that results in a maximum
pitch acceleration response for a given control input. Under this condition,
the pitch acceleration and control input are in phase.

In the present flight test program, both pilots did indeed resort to
stick pumping as a means of sensing the sensitivity or sluggishness of the
pitch response of the airplane. Stick pumping was resorted to by both the
Air Force and CAL pilots in selecting the optimum or best compromise of
stick force gradient, As observed by the safety pilot, stick pumping was used
especially by the Air Force pilot. This may explain the greater consistency
in the stick forces sclected as a function of frequency by the Air Force pilot
(compare Figures 9 and 10).
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In order to further establish the importance of pitch acceleration
response as a pilot cue, oscillograph records were taken of stick pumping
during selection by both pilots of the optimum stick force gradient. These
records were taken by the safety pilot without the knowledge of the evaluation
pilot. From these records, pumping frequencies were measured.

Figure 11 shows frequency response plots of the /) /45 (s) transfer
function for those configurations in which pumping frequencies were measured.
This transfer function, including feel system dynamics, is defined by
Equation (6.14), repeated here for convenience.
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Feel system frequency and damping for various flight conditions are presented
in Table III. The airplane frequencies and damping are shown on Figure 11 as
defined in Tables VII, VIII, and IX.

The range of measured pilot pumping frequencies is spotted on each
of these frequency response curves. It is evident from Figure 11 that stick
pumping, with stick force as the control input, does indeed occur at a frequency
where pitch acceleration is a maximum and the pitch acceleration and stick
force are essentially in phase. The small deviations from the conditions for
maximum pitch acceleration indicated on Figure 11 are not considered significant.

The importance to longitudinal short period handling qualities of the
maximum pitch acceleration during the initial pitch response of an airplane can
be further illustrated by examining the time history of pitch response following
a step stick force input, as defined by Equation (6.22). The nondimensional
pitch acceleration response is a function only of the feel system frequency
and damping, and the airplane frequency, damping and 2, . Time histories
of Opgy +H,y » and 8,4 wWere obtained by integrating Equation (6. 22) in the time
domain using a digital computer. The actual pitch response as a function of
time is then related to these time histories by equations analogous to Equation
(6.34). Thus,
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Time histories of the pitch responses for three frequencies and the
three simulated values of 73 /& are shown in Figure 12 for a step stick force
input, All responses are for a stick force gradient of 6 lbs/g.

It is evident from Figure 12 that maximum pitch acceleration is a
strong function of frequency. From Equation (6.34), it is evident that the
maximum pitch acceleration is a function of the frequency squared, except
for the very significant attenuating effects of the feel system, as indicated in
Figure 4. It is also evident from Figure 4 that the maximum nondimensional
pitch acceleration response is not a strong function of Z, . It can therefore
be concluded from Equations (7.1), (7.2), and (7. 3) that the magnitude of the
initial pitch response is nearly inversely proportional to »; /x . This may be
checked by comparing the peak values of pitch acceleration and pitch velocity
{or high short period frequency in Figure 12 at the three values of /13 /a .

The shape of the pitch angle response as a function of frequency is
of some interest. The pitch angle curves all show a small initial delay in
the pitch response. At the highest frequency and lowest »3 /x, the pitch
angle first increases rapidly and then tapers off to a steady rate of increase.
For the lowest frequency tested, the pitch angle increases slowly at first,
and then more rapidly to the same steady rate as the higher frequencies. At
the intermediate frequency, the pitch angle increase is fairly linear. These
effects are attenuated as n}/at increases.

In this flight test program, if the pilot was dissatisfied with the
magnitude of pitch response for a given stick force input, he could change
the response by adjusting F[s/”a_ . When the response was abrupt or sen-
sitive to the pilot, he could increase F‘—s/ﬂ} to reduce the abruptness at the
expense of higher steady-state maneuvering forces. As indicated by Equation
(6. 34), the maximum pitch acceleration response is inversely proportional
to F;s///;_ for a step stick force input.

If one assumes that for the condition of satisfactory short period
damping (#g.* 0. 7), the maximum initial pitch acceleration is an important
longitudinal short period handling qualities parameter, then this parameter
is defined by Equation (6. 34), which is repeated here for convenience.

éMAx = d{,; /é"'d)MAX (6. 34)
Fes "3 ) ( Fes ) |
X /ss ”} Ss

If it is further assumed that, for given longitudinal short period and
feel system characteristics, A5/74 can be consistently optimized by the pilot,
then F,_,/ﬂ}_ as such can be eliminated from Equation (6.34). Multiplying both
sides of Equation (6. 34) by F,s/n} , we have the following parameter:
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Equation (6.36) is Bihrle's control anticipation parameter with the attenuating
effects of the feel system included. This parameter was previously discussed
in Section 6. 3.

Figures 13 and 14 are plots o1 pilot ratings versus (CAP)' for the
Air Force and CAL pilots, respectively., The solid points on these figures,
which represent questionable data, are identical to the solid points on Figures
9 and 10. The faired curves of Figure 9 as a function of &se. are mapped on
Figure 13 as a function of (CAP)'. The same mapping occurred between curves
of Figures 10 and 14.

An examination of Figure 13 for the Air Force pilot indicates that the
pilot rating curves are very similar in shape when plotted as a function of
(CAP)' for the three simulated flight conditions,”}/d = 16.9, 30.4, and 63.4
g/rad. The same can be said of the curves of optimum stick force gradient.
It appears that the optimum stick force gradient selected does decrease some-
what at a given (CAP)' as /7; /& increases. As noted previously, the same is
true of optimum Fsg/773 at a"given 4/ . The significant scatter in pilot
ratings and pilot-seledted /;}S/ﬂg at the high (CAP)' values for V = 300 kts IAS
is associated with excitation of the airplane structural modes. Some of the
deviation in pilot ratings as a function of (CAP)' is undoubtedly associated with
variations in pilot-selected f;’/ﬂ} as a function of (CAP)'.

Figure 14 is,a similar plot for the CAL evaluation pilot. Again, the
data points for the questionable pilot ratings are shown solid. The significant
scatter in pilot ratings at high values of (CAP)' at V = 220 kts and 300 kts IAS
is again associated with the excitation of structural modes. It is worth noting
that, although the character of CAL pilot rating data variation with (CAP)' is
similar to that of the Air Force pilo., the plotted data exhibit more scatter.
The greater scatter in pilot rating data probably reflects the larger scatter
in pilot-selected optimum F£,5/75 . It is interesting to note that, in the case
of the CAL pilot, higher stick force gradients were selected at the low
frequencies. In his comments, the CAL pilot stated that at low frequencies
the airplane was slow or sluggish in initial response. The tendency to over-
control under these conditions led him to select high stick forces to prevent
overcontrol or overstressing of the airplane. Even with the higher stick
forces, the pilot ratings were as poor, or poorer, than those of the Air
Force pilot in the low frequency range.

If it is assumed that the initial pitch acceleration response of the air-
plane is the most important longitudinal short period handling qualities par-
ameter for the condition with satisfactory damping (% = 0.7), then it should be
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possible to plot pilot rating as a function of (CAP)' only. Such a plot also
assumes that the optimum Fss/”} is selected in a consistent fashion as a
function of (CAP)'.

Figures 15 and 16 are such plots for the Air Force pilot using data
for all three flight conditions. Corresponding results for the CAL pilot are
plotted as Figures 17 and 18. Data points associated with questionable pilot
ratings are again shown as solid points and are identified by flight number.

Figure 15, for the Air Force pilot, indicates a significant degree of
correlation between (CAP)' and pilot rating. Optimum pilot ratings occur
in the vicinity of (CAP)' of 0. 5. The plot further indicates that the satisfactory
boundary (PR £ 3.5) is confined to (CAP)' values between 0. 25 and 1. 40.
Pilot ratings better than 6.5 lie between (CAP)' values of 0.15 and 2.6. Some
of the scatter that exists in the pilot rating data of Figure 15 may reflect
variations in optimum Ffs,/”; shown in Figure 16,

7.2.4 Summary of Pilot Comments - Low Frequencies

A summary of the pilot comments at low frequencies is presented
below. Based on pilot comments and pilot ratings, the low frequency regions
are a function of flight condition, and they can be approximated as follows:

Wsp< 2.510 3.0 rad/sec for 75 /x = 16.9 g/rad
wsp<3.0to 3.5 rad/sec for 7, /x = 30.4 g/rad

2
3. Wep<4.0to 4.5 rad/sec for n}/o(z 63.4 g/rad

As the short period frequencies decreased below the values indicated
above, both pilots began complaining about the slow response of the airplane.
The handling qualities of this slow response were described in the following
general way. The initial response to a control input was slow and even
showed characteristics of a response lag. This initial response was followed
by a pitch-up tendency or ''digging-in'' quality which was unanticipated and
difficult to stop or control in any precise manner. The final result was a
tendency to overcontrol or overdrive the airplane. These characteristics
became progressively worse as the frequency was reduced. Performance in
the tracking task deteriorated rapidly, but the degradation in ground tracking
was less rapid. The airplane became more difficult to trim as the frequency
was reduced. Precise normal acceleration control and attitude control
became progressively more difficult.

In general, the Air Force pilot chose progressively lower stick force
gradients as the frequeiacy was reduced. This made it easier for him to
increase the initial response of the airplane to control force inputs. He then
modulated the input to prevent overcontrol. He often complained of the
lightening of the stick force gradient as the g-force was increased. This was
sometimes described as a tendency to tighten up in a turn when the frequency
was low,
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The CAL pilot increased his stick force gradient as the (requency
was reduced. This was done to prevent overcontrol or overstressing of
the airplance,

As the frequency was decreased, both pilots said that the airplan
was less sensitive to random disturbance inputs to the clevator.,

The CAL pilot complained often of a lack of control harmony as the
frequency was reduced. The airplane became increasingly niore responsive
to aileron control than to elevator control. This mismatch was accentuated
by the increased stick force gradients selected as the short period [requency
was reduced. The Air Force pilot complained much less about the lack of
control harmony, since his selected stick force gradient was low at low
frequencies.

Both pilots rapidly downgraded the configurations as the short period
longitudinal frequency was reduced, even though they selected different
stick force gradients.

The basis for the pilot comments at low short period frequencics
becomes readily apparent when one observes the shape and magnitude of
the pitch rate and pitch angle response at low frequencies (W.p = 2 rad/scc)
shown ia Figure 12. The pitch rate builds up gradually, almust lincarly,
to the stcady-state value with little overshoot. The pitch angle increcasce with
time is parabolic, slow at first and much more rapid later.

7.2.5 Summary of Pilot Comments - High Frequencies

A summary of pilot comments at high frequencies is presented below,
Based on the pilot comments and pilot ratings, the high frequency regions as
a function of flight condition can be approximated as follows:

1. Wsp> 5.0 to 5.5 rad/sec for ﬂ}/af- 16.9 g/rad
2. Wep>6,0to 7.0 rad/sec for 77}/0(- 30.4 g/rad
3. wep> 8.80 to 9.0 rad/sec for 73 [ 63.4 g/rad

As the short period frequencies increased above the values indicated,
both pilots began to complain about the fast response of the airplane. The
handling qualities of these fast short period frequencirs were described in
the following way: The initial response of the airplane to control inputs was
abrupt. The airplane was very responsive and sensitive to small control
inputs about trim. The airplane also had a tendency to "bobble' about trim
for small inputs and also had a tendency to bobble in making precise attitude
changes. These characteristics increased more rapidly with frequency at the
lowest 73 /¢ tested (16.9 g/rad). The increase in sensitivity with frequency
was attenuated by the feel system dynamics.
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Although the pilots liked the rapid responsc of the airplane, they
objected to the abruptness, sensitivity, and bobbling tendencies. These
characteristics led both pilots to select higher stick force gradients with an
incrcase in frequency to attenuate the sensitivity and bobble tendencies of the
airplane. This trend was c¢specially pronounced for the lowest 773 /a tested.
Higher stick force gradients, however, resulted in higher steady-state
mancuvering forces. Thus, the gradient selected was always a compromise
between these two conflicting requirements. The compromise was not always
an casy one to make, cspecially for the CAL pilot.

With increasing frequency, it was generally true that the airplanc
became more responsive and sensitive to random inputs to the elevator, and
tracking became more difficult. Small changes in trim became more of a
problem. Precise control of small changes in attitude and normal accelera-
tion were more difficult than larger changes which required larger stick
forces. Small attitude control was also better with a higher stick force
gradient. All of these trends with frequency were less pronounced at the

highest 74 /o tested.

At the higher frequencies, both pilots commented occasionally on a
problem with control harmony; that is, control was more sensitive and control
forces larger in pitch than in roll,

At 300 kts, and more often at 365 kts, both pilots commented on a
grcater bobble tendency that existed with negative, as compared to positive,
incremental g-forces. Attitude control was more difficult with negative
incremental g-forces than with positive incremental g-forces. They also
commented that the dynamics of the pushovers were such that it was easier
for the pilot to couple with the airplane, induce oscillations, and develop
PIO tendencies.

Airplane sensitivity was more erratic and difficult to control when the
structural modes of the airplane were excited. The primary structural mode
excited was wing bending, which occurred at frequencies between 17 and 21
rad/sec (2.7 to 3.3 cps). These bending frequencies were observed in the
oscillograph record of a wing tip mounted accelerometer and are a function
of the fuel remaining in the tip tanks. Both pilots commented on the varying
degree of structural excitation that occurred when the airplane undamped
frequencies varied from approximately 8 to 11.5 rad/sec (approximately half
the structural frequencies). The erratic nature of the pilot ratings and
pilot-selected stick forces in this region are also understandable. The pilots
were obviously correcting and interpreting sensitivity due to structural factors
as well as the inherent airplane sensitivity.

The reasons for the airplane sensitivity at high frequencies become
apparent from an examination of Figure 12. The marked increase in maximum
pitch acceleration with an increase in frequency and a decrease in 773 « for
the same steady-state stick forre gradient is very evident. A similar character-
istic is observed in the pitch rate overshoot. The abruptness. sensitivity,
and bobbling tendency of the airplane are undoubtedly associated with those
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transient characteristics of the high frequency configurations. It is possible
to reduce the pitch accelerations and pitch rates for a given frequency and

My /¢ by simply increasing the stick force gradient, Maximum pitch
acceleration and pitch velocity per unit stick force are inversely proportional
to the stick force gradient.

7.2.6 Pilot Ratings and Iso-Opinion Lines

The importance of the pilot-selected "optimum!'' stick force gradient
in the pilot rating and comments of a simulated short period configuration has
been amply demonstrated. Plots of pilot rating as a function of (CAP)' assume
that stick forces were optimized by the pilot always in the same manner as a
function of (CAP)'. The scatter in stick force data indicates that the pilot-
optimized stick forces were not always consistent. The pilot comments also
indicated concern as to whether the stick force gradient selected was a proper
balance between transient and steady-state requirements. The concern
about stick force gradients is especially evident in the comments of the CAL
pilot. It therefore appears that pilot ratings arec in reality a function of Ff_s/ﬂ}
as well as (CAP)'.

Attempts were made to obtain a least-squares fit of pilot ratiag data
as a function of 5—5//7} and (CAP)' for both pilots. Although the results were
not conclusive, there"was clear evidence that variation or "scatter' in pilot
rating was to some cxtent a function of variations in A,5/73 . This appeared
to be the case for the CAL pilot at all values of (CAP)'. l'éor the Air Force
pilot, the stick force dependency of pilot ratings was only evident at the
higher values of (CAP)' -- generally (CAP)' values greater than one. But
some of this scatter and stick force dependency is also related to the structural
interactions present in the simulation.

If the steady-state maneuver forces as well as the initial pitch
acceleration response are important in the pilot ratings, as the comment data
indicate, then it should be possible to draw iso-opinion lines (constant rating
lines) on a plot of F:s,/ﬂ} VETSUS Guar/Frs The quantity &,,, /=< is the
maximum pitch acceleration for a unit step stick force input as defined by
Equation (6.34) and shown in Tables X, XI, and XII. The plotted data and is»-
opinion lines are shown for both pilots as Figures 19 through 22,

All data presented in the figures are based on a longitudinal short
period damping ratio of ¥, 0.7. The numbers next to each of the points
refer to the numerical pilot rating based on the CAL Rating Scale. Iso-
opinion boundaries that delincate satisfactory (PR< 3.5) and unsatisfactory
(3.5< PR <6, 5) regions are also shown on each of the figures. Questionable
points are shown solid and correspond to the questionable points shown solid
on previous figures for the reasons previously discussed. Most of the solid
points are considered questionable because of possible excitation of the
structural modes.
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Figure 19 shows a reasonably well-defined satisfactory pilot rating
region for the Air Force pilot. It is evident from Figurc 20 that few of the
unsatisfactory pilot rating points lie in the satisfactory rcgion. Although
pilot rating line 6.5 is not well defined by the data, the general area of
unsatisfactory ratings is indicated.

Several regions of unsatisfactory pilot ratings are designated on
Figure 19. In Region 1, the configuration is unacceptable primarily because
of sluggish initial response. In Region 2, the steady-state stick force gradients
arc too high., In Region 3, the high initial response to small inputs makes
the airplane abrupt or sensitive. In Region 4, the configuration would be
unsatisfactory because of the light stick force gradients.

Although similar characteristics are displayed by the ratings of
the CAL pilot, shown in Figures 21 and 22, the trend is less clear. Many
more unsatisfactory ratings lie in the satisfactory region (see Figure 22).
It is interesting to note that the satisfactory region for the CAL pilot is more
restricted and is shifted upward. The CAL evaluation pilot was less inclined
to consider light stick force gradients as satisfactory.

It must be clearly understood that these conclusions are only tentative,
since the satisfactory and unsatisfactory boundaries are not always well
defined by the data. It was not the purpose of this flight test program to
vary stick force gradients in a systematic manner,.

7.3 PIO TENDENCIES

7.3.1 Correlation of PIO Ratings

It is postulated in Reference 10 that, with good control system dynamics,
PIO tendencies can occur only for those conditions in which 2%, &ss < £ .
This condition of closed-loop instability was derived in Reference 10 for short
period longitudinal motions, assuming the pilot's describing function during
a sustained PIO to be a simple gain, and in addition, assuming that the pilot
is responsive primarily to visual pitch attitude cues.

Figure 23 is a plot of pilot-induced ouscillation rating (PIOR) as a
function of 2¥,,4/s»/Z, for the Air Force pilot, and Figure 24 is a similar
plot for the CAL pilot. The pilot-selected stick force gradients are also
shown on these figures. The PIO data are presented in Table XIII, and the
PIOR's are vased on the PIO Tendency Rating Scale of Section 4.3, Attempts
were made to simulate PIO configurations in the flight program primarily by
reducing the damping ratio., Table XIII includes all configurations in Tables
VII, VIII, and IX where the damping ratio was equal to or less than 0. 6.
Strictly speaking, many of these configurations are not PIO configurations,
since they do not satisfy the criterion under investigation: 24, Wsp/ln<l.0.
The division line for PIO configurations must of necessity be arbitrary, since
the exact conditions for the occurrence of PIO's are not understood.
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Figures 23 and 24 indicate a general tendency to PIO for 2 Ssp Wsp /iy
<1.0, although a significant amount of scatter exists in the data for both
pilots. It is also evident from the pilot-selected stick force gradient curves
that, as PIO tendencies increased, both pilots selected higher stick force
gradients to inhibit these tendencies. This trend was evident for all three
flight conditions ( ¥ = 220 kts, 300 kts, and 365 kts IAS). The fact that higher
values of Fgs/7; were selected to inhibit PIO tendencies is also evident from
the many pilot comments about PIO tendencies. The scatter in the selected
stick force gradients and the discreteness of the rating scale may cxplain
some of the scatter in PIO ratings.

The interrelationship between PIO tendencies and stick force gradients
is not clearly understood. Attempts were made to extract the effect of A.g, /h:;
by least-squares fitting of PIO ratings to various power series in 2 Py,
.SF/

and Ffs/,, by asgauming that

pioe - (Ll he | s )

7.

b4

The results were not conclusive, since the stick force gradients wer: selected
by the pilot to inhibit, rather than induce, PIO tendencies. In the case of
the CAL pilot, the fits indicated that PIO tendencies were as much a function
of variations in Fz5/»7; as they were of 2% . sp,/ Ly - This was not the
case for the Air Force pilot. Based on the optimum-selected stick force
gradients of Figure 23, the Air Force pilot PIO ratings were primarily
determined by the PIO parameter 25, w,, // Y

Fignres 25, 26, and 27 show comparisons of PIO ratings and pilot-
selected optimum stick force gradients for the two pilots. Each figure is
for a specific flight condition. The data indicate no significant differences
in PIO ratings and pilot-selected stick force gradients for the two pilots.

7.3.2 Analysis of PIO Comment Data

An examination of the PIO rating scale of Section 4.3 indicates that
sustained PIO's are indicated only when the PIO rating is 4 or higher. An
examination of Figures 23 and 24 and Table XIII shows PIO ratings of 4 or
poorer for only five of the PIO configurations simulated. Four of these
configurations were simulated at the flight condition of 365 kts IAS., A PIO
rating of 4 is also indicated for a configuration not included in Table XIII:
flight 583 at 365 kts IAS, The pertinent characteristics of these configura-
tions are shown below:
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FLT V(x‘r?) PILOT | Wgp | B5p z;:;w,, :";5 " PIOR
583 365 AF 8.98 | 0.66 | 3.90 ¥.86 3 4

595 365 CAL 3.72 [ o.24 | o0.58 -- 9 4.5
596 300 CAL 6.08 | 0.13 | o0.89 15.8 8 5

601 365 CAL 2.16 | o.u4 | 0.62 16.2 9 4.5
605 365 AF 3.72 | 0.19 | 0.46 4,15 7.5 4.0
610 365 AF 5.47 | G.05 | 0.18 8.12 8.5 4.0

On flight 583, the pilot commented that the airplane was responsive
to rapid inputs, displayed sensitivity, and tended to bobble for small inputs.
In tracking, he said the airplane showed overcontrol tendencies and the
beginning of a minor PIO. He gave the airplane a PIO rating of 4 and an
overall rating of 3. These ratings appear to be inconsistent, since such a
poor PIO rating should not result in as good an overall rating. This was only
the third flight for the Air Force pilot, and his relative unfamiliarity with
the rating scales and their use may have been a factor,

On flight 595, the pilot complained that the airplane was ''touchy, "
""digs in, ' and has a sluggish initial response. He coriplained that the stick
force selected was too heavy, but that he selected it to prevent overcontrol,
He said that, with the low frequency and low damping conditions, he got a
PIO while trying to track, and that the airplane had real PIO tendencies.
The only usable piloting technique was either not to disturb the airplane or to
initiate control slowly. He said the airplane was completely unacceptable
and very bad; it could be described as ''nearly dangerous' because of its
PIO characteristics.

On flight 596, the pilot said the selected ngln,} was high but neces-
sary to reduce the oscillatory tendencies of the airplane. He said that in
tracking, the pilot could induce oscillations even though the selected F.-._-,/ﬂ}
was high, and he attributed this condition to the combination of frequency and
damping of the configuration., He further stated that the tracking performance
was very, very poor and that the airplane was quite responsive to random
noise or the pilot inputs in response to the random noise. The airplane was
unacceptable and was "close to dangerous" with a strong PIO tendency.

On flight 601, the pilot complained of the lag in response and the
overcontrol tendency of the configuration. He felt that none of the stick force
gradients that he tried were satisfactory. The selected ch/”} allowed some
maneuverability, but a strong tendency to overdrive the airplane still existed.
In turbulence it was very difficult to track. Without turbulence, it was
significantly easier, but still ''not good.' He said that PIO tendencies did
exist and the airplane was very bad, '"almost dangerous. "
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On flight 605, the Air Force pilot said the configuration was very
susceptible to PIO, and the damping was poor. The response to control inputs
was slow at first and then ''took off. " Higher stick force gradients decreased
the tendency for the pilot to couple with the airplane, and therc was less
sensitivity to PIO's. In tracking, PIO tendencies were prevalent, and any
effort to reduce the tracking error only resulted in a PIO. He rated the
configuration flyable but unacceptable. It was ''bad' or ''very bad' and had
real PIO tendencies.

On flight 610, the pilot complained that, in controlling attitude or
making attitude changes, the pilot coupled with the airplane, and a PIO
resulted. The attitude errors then became worse. Tracking was difficult
because of a PIO tendency, especially when making corrections in the
negative g direction, The pilot's technique for flying this configuration was
to avoid overcontrolling the airplane because of the PIO tendencies. The
pilot rated the configuration unacceptable, very bad, and probably dangerous
because of the PIO tendencies.

On flight 630 at 300 kts IAS, and on flights 577 and 630 at 365 kts IAS,
the PIO ratings were 3.5, even though the damping ratios were satisfactory
(between 0. 66 and 0. 75). The short period frequency on flight 630 was
11.49 rad/sec, and the pilot complained of structural excitation of the air -
plane. Part of the excitation was probably reflected as a PIO tendency. On
flight 577 at 365 kts, the frequency was 4. 64 rad/sec, and the damping ratio
was 0.73, The CAL pilot complained of a tendency to overdrive the airplane
and of its tendency to ''pitch up' and ''dig in. ' He stated that the tracking
performance was bad because of PIO tendencies and that, based on general
maneuvers and not tracking, the PIO rating would be only 2. He also felt
that the evaluation was not adequate, since he was rushed because of a short-
age of fuel, On flight 630 at 365 kts, the frequency was high (17.90 rad/sec).
The pilot complained of the abruptness and sensitivity of the configuration
and the existence of a high frequency bobble. He said the PIO rating of 3.5
was a result of this high frequency bobble and the initial abruptness of response,
and was not due strictly to a PIO tendency.

On many of the configurations that were simulated to investigate
short period frequency requirements with satisfactory damping (&, ,==0.7),
both pilots gave a PIO rating of 3. In most of these cases, the ratings were
given because of undesirable motions induced by pilot inputs and not by actual
PIO tendencies. These undesirable motions were a result of low frequency
""dig in'" qualities, high frequency sensitivity, or bobble, and in some cases
excitation of the airplane structure. In only a very few cases did the pilot
comments indicate actual PIO tendencies.
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Section VIII

CONCLUSIONS AND RECOMMENDATIONS

This flight test program to investigate longitucdinal short period
frequency requirements with satisfactory damping (3% . = 0.7), and PIO
tendencies with acceptable control system dynamics, lcads to the following

conclusions:

ll

Longitudinal handling qualities are indeed a function of ﬂ}/oc
as well as short period frequency and danmiping.

The magnitude of the stick force gradicnt has a major
effect on the acceptability of a particular set of longitudinal
dynamics. At a fixed ?73 /x and with satisfactory damping
(%,20.7), a most acceptable combination of both stick
force gradient and short period frequency exists. As
frequency is increased and 77g /« reduced, the optimum
stick force gradients selected by both pilots were heavier.
At lower frequencies and higher 775 /x, higher optimum
stick force gradients were more acceptable only to the
CAL evaluation pilot.

Feel system and control system dynamic charactcristics
can have significant attenuating effects on the abrupt
pitch response at high frequencies and therefore such
characteristics are of considerable importance in the
analysis of handling qualities results,

The maximum pitch acceleration response of an airplane
to step stick force inputs appears to be a parameter of
significance in the pilot's evaluation of longitudinal
handling qualities. This parameter contains many of
the variables found to be of significance in this and

past handling qualities investigations.

(8)max - ‘ds; (émf)awr

Fas / g\ (/-}3 \
(= fs\ 73 Jss
(6,4)4/0x 18 an attenuation factor due to feel system
and control system dynamics.

For a ¥;, of 0.7, the present {light test program suggests
that short period handling qualities results may be a

function of both (¢),,,. /5. » and ,‘;—s/ﬂ}
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10.

11.

The importance of the parameter /9}”4;(/&, tc the
pilot seems to be substantiated by the pilot comment
data and the stick pumping used by both pilots in
selecting optimum stick force gradients for each
configuration simulated.

As the short period frequency was increased and 7y /e
reduced, the pilot objections were directed at the
abruptness of initial response, the sensitivity, and
the bobble tendencies of the airplane. As the short
period frequency was reduced and the 773 /&
increased, the pilot objected to the sluggish initial
response, and the ''digging in'' and overcontrol
tendencies after this initial response. Both types

of configurations were downgraded by both evaluation
pilots.

It has been established that high short period frequencies
are objectionable to the pilot and that the satisfactory
region of pilot ratings (PR < 3.5) does close at the higher
frequencies. How high the frequency may be before it is
objectionable is a function of »n, /o, feel system and control
system dynamics, and stick fox?ce gradients,

The excitation of structural modes of the T-33 airplane
resulted in considerable variation in pilot ratings at
some simulated short period frequencics. These results
suggest the considerable importance of structural modes
on an airplane's short period handling qualities.

With satisfactory control system dynamics, PIO tendencices
generally increase when 2% _&s. <2, . Both pilots selected
higher stick force gradients to attenuate the PIO tendencies
of a configuration. Stick force gradient may be an
important parameter in the analysis of PIO tendencies,

but the present results are not conclusive.

Some of the variability in intra-pilot and inter -pilot rating
and PIO ratings is attributable to variations in pilot-
selected stick force gradients. Pilot-selected stick force
gradients were more consistent for the Air Force pilot,
As a result, his ratings were also more consistent.
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On the basis of present and past longitudinal short period results,
the following recommendations for future flight test work seem appropriate:

1.

A similar investigation of longitudinal short period
handling qualities should be made in which the stick
force gradients are fixed at various levels. The
independent effect of stick force gradients on longitudinal
handling qualities can then be definitely established.

Linear feel system and control system dynamics should
be further varied to establish the importance of feel
system dynamics on longitudinal handling qualities.

The possible improvements that may result from a
nonlinear feel system should also be investigated, such
as a nonlinear F;,/ﬂ}.

Similar investigations to those in the present report
should also be performed at other damping ratios.

PIO tendency investigations of this flight test program
should be repeated with stick force gradients fixed at

various levels. Such an investigation would establish
the independent effect of stick force gradient in P1O's.

PIO tendencies should also be investigated as influenced
by variations in the feel and control system dynamics.

The PIO tendency evaluation results should be compared
with results obtained from other PIO-inducing tasks such
as formation flight and in-flight refueling.
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RANDOM NOISE FILTER AMPLITUDE RATIO

|
I

HIGH FREQUENCY
FILTER ASYMPTOTE
FREQUENCY (=12 dB/OCTAVE) |

RES PONSE \

LOW FREQUENCY
ASYNPTOTE
(6 dB/OCTAVE)

| —

1/2 CPS CORMER
LOW PASS FILTER
FOR RANDOM
NOISE INPUT
TO TRACKING
TASK - ASYMPTOTE
0.0 -24 dB/OCTAVE

0.001 0.01 0.1 .0 10
FREQUENCY s RAD/SEC

Figure 2  RANDOM NOISE FILTER FREQUENCY RESPONSE - WITH
AND WITHOUT 1/2 CPS LOW PASS FILTER
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Figire 4 MAXIMUM NONDIMENSIONAL P1TCH ACCELERATION (€xq )y, FOLLOWING A STEP
STICK FORCE INPUT (s ) - EFFECT OF FEEL SYSTEM LAGS INCLUDED
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