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ABSTRACT

The results of an in-flight investigation of the short-period handling
qualities requirements for the up-and-away portion of the mission of a wheel-
controlled airplane with a low to medium load factor are reported and discussed.
Two groups of configurations with constant short-period damping ( 5}0 ¥ .7) but
different 7 /a's and 9/732'5 were investigated. A brief study was conducted
to determine the effect on the airplane handling qualities of variations in
stick motion per normal acceleration and the PIO tendencies resulting from a
reduction in short-period damping from o0 = .7 to 540 ~ 1. The results are
presented in terms of pilot rating and pilot comment data. Comparisons with
the proposed Recommendations for Revision of MIL-F-8785(ASG) '"Military
j Specification - Flying Qualities of Piloted Airplanes'" are made and the data is
i correlated with varicus suggested short-period handling qualities criteria.

] The vehicle used for the in-flight evaluation was a three-axis variable stability
1 T-33 equipped with a wheel controller.
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SECTION I
INTRODUCTION

The purpose of the investigation reported herein was to examine the
longitudinal handling qualities f~r a selected range of dynamic flight charac-
teristics for an airplane with a low to medium limit load factor utilizing a
wheel controller. The parameters varied werezg/a » . and §u4/’3'

This experiment was designed primarily to support concurrent work being
performed on Reference 1, '"Recommendations for Revision of MIL SPEC-F-8785
(AS3) Military Specification - Flying Qualities of Piloted Airplanes." Much
work has been done to define the longitudinal handling qualities of airplanes
in terms of short-period frequency and more recently in terms of short-period
frequency and 7 /o . Unfortunately this work has been divided between low to
medium load factor airplanes with wheel controllers operating at low values of
7y [ (max =~ 12) and high load factor fighter type airplanes with center stick
cgntrollers operating at higwn,/w’s. For this reason the prescnt experiment
was conducted to extend the investigation of wheel-controlled airplanes with
low to medium load factors to higher values of 73/«..

This was accomplished by installing a wheel controller in a variable
stability T-33 airplane, defining a flight mission compatible with a low to
medium load factor airplane and establishing a moderate maximum ~llowable 'g"
limit.

In support of Reference 1, the MIL-F-8785 revision, each configuration
was evaluated twice. The first evaluation was performed at a fixed value
of ka/’n, . This fixed value was constrained to lie within the 4 /7g
limits of Refevence 1 and varied as a function of «J,, according to the ‘results
of Reference 2. On the second evaluation, the pilot was allowed tn select
the value of f;”9/7§ he considered to be the optimum. The two results are

compared.

Additional objectives of the program were to take a brief look at pilot-
induced oscillation (PIO) problems as they relate to a wheel controller and to
examine variations in pilot opinion with changes in the wheel motion gradient
while holding; stick force per "g'" constant.

This report includes a detailed description of the experiment, eval-
uation procedure, test program and equipment used, and discusses the maneuvers
performed and the airplane parameters varied. The experimental results are
presented in the form of pilot comments and pilot ratings.

v




SECTION II
TECHNICAL DISCUSSION

To adequately describe the effect of varying any handling qualities
parameter, it would be ideal if the effect of the varied parameter could be
directly related to the airplane responses the pilot is attempting to control.
Although much work has been done to define which longitudinal response, é , »
or«, is most important in a particular flight regime there still remains ¢
considerable controversy as to which is best. Much original longitudinal
handling qualities work, References 3-5, attempted to define acceptable longi-
tudinal handling qualities in terms of the longitudinal transfer function
denominator characteristics, i.e., assuming constant speed, in terms of short-
period frequency and damping. More recent handling qualities research, References
6-10, have shown the importance of the parametersi, , v and 7, /tas well as

wsp and b5p . As indicated in Reference 7, it is equally important to specify
desirable numerator characteristics as it is to specify denominator character-
istics.

References 5, 8, 9 and 12 indicate that the pitch rate response is of
primary importarice during low-speed maneuvering and that the control of normal
acceleratior is ot primary importance at high speeds. This leads to the
conclusion in References 8 and 9 that the short-period frequency should be a
function of 44 at low speeds, (whenz,/aris low), and a function ofz}/w when
1}/q.is large. Reference 12 attempts to combine the effects of the pitch rate
and normal acceleration responses to a step stick force command that is a
weighted sum of both & and », . This combination of responses is further
developed in Reference 13 to define a relationship between initial pitch accel-
eration and steady state normal acceleration. Refer-nces 10 and 13 relate this
parameter to short-period frequency and », /« . The present report will show
the correlation of the experimental data obtained during this investigation
with each of the recommended criteria.

Reference 6 showed through a ground simula.or program that a change in
true speed at a constant ¢a caused a variation in pilot rating. The changes
inléx_or‘Q/E&lin the present investigation were obtained through a variation in
velocity, therefore it is difficult to determine what change is most directly
responsible for the variation in pilot rating, i.e., the change in /74, 0r the
change in true velocity. Unfortunately, all in-flight variable stability
handling qualities data obtained at different values of £ or Cﬁgz have used a
speed variation to obtain the desired £, or Y7+, changes. This method being
used primarily because of the performance limitations imposed by the large
altitude changes required to cause a significant change in o . With this in
mind, it is worthwhile to look at the constant-speed longitudinal transfer
functions as they are affected by variations in 542 and ‘or velocity.

4

1 / Mg Ly - Ly M
Note: —— g g "o de ik when the lift due to the elevator is
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The following simplified transfer functions are developed ip Appen§i§ I
and do not assume that the lift due to elevator deflection, Ld} , is negligible:

E 7,
é(s) Mé e (s+ 7rg,)
dyts) 5+ 28 wep St Wep
e v M ,
- 2
fw@ 7;9! % s 2 gspwsps + Wep
« (§) - Md’e
; z 2
b ($) st - ngp WepS + Wep

It follows that 7, /a is:
J M,V
e o ORSUERNE
= 7 T,
Time histories have been calculated to show the effect on the longitu-
dinal responses of varying some of the parameters in the above transfer

functions. The input was an elevator step with amplitude adjusted to provide
the same steady state normal acceleration for each set of responses.

If;ﬁz,and other factors could be varied without changing velocity so
that the «/ d,. transfer function could be kept unchanged, i.e., «)o, Jkpand/wf
remain constant, then the ";/6; transfer function would change only by a ¢
proportional constant but the 6/d. transfer function would change in phase
as well as amplitude since Qéb1appears as a numerator zero. As shown in
Appendix I, for a sine representation of the short-period oscillatory roots,
the phase angle of the 8 response at the short-period frequency can be
expressed as:

v /- - f_
¥, © tar e R ’;—:’”

SP

The ratio of the maximum pitch rate overshoot to the steady state value
can be expressed as:

. Z}P -/ [ p2
. O pax / LY P Zan /';y -/( /-Z[:,
—_— - -z ks T “;p Stn|tan
Os J/— {7: // é;p(‘*{,p gz)*(“j-p Q) € i - ,w ) ; e gsP
8: TSP/ Ve

In the time histories shown in Figure 1, the value of 1/7s, has been doubled while
holding V, «ys, £, and Mg, constant. Note that the amplitude of the elevator
step input has been adjusted to provide the same steady state ﬂg/response. The




increased angle of attack response required to produce the same »; response

at the lower //7,, is readily apparent as well as the decrease in pitch rate

overshoot for the higher 003‘ . The phase shift in the 4 response can be |

observed by comparing the relative difference in time between the two peak &

values. It can also be seen that there is no change in phase in the « and

ﬂ} responses. There is also a large change in the initial pitch acceleration.

If it were further possible to vary velocity while holding 7%& y Yo,

ZLsp and Mge constant, there would be a change in the relative magnitudes of the
« and 6 responses with respect to the ﬂ} response. The magnitude changes are

proportional to the velocity change.

The time histories in Figure 2 show the effect of doubling the velocity
while holding 7%& ) fkpand «goconstant and adjusting the elevator step input
to normalize the steady state 73 response. Thus the only effect of a change in
velocity under these conditions is to change the relative magnitudes of the
responses with respect to each other and does not affect their shape or
phasing.

Since it was necessary in this experiment to vary the velocity to change

Y7¢,» it is necessary to consider the combined effects that changes in velocity
and 7/, have on the responses. The time histories in Figure 3, which are
normalized with respect to the steady state 7; response, show the combined
effect of doubling the velocity andiéqk while holding £, and «j, constant. We
can conclude that a change in velocity and Céazat a constant short-period fre-
quency and damping ratio results in three major changes. The amplitudes of the
various responses are changed with respect to one another, the ratio of &,.4,
to &, is changed and the phasing of the pitch rate response with respect to
the other responses is changed. Thus for a constant short-period frequency and
damping ratio, the phase relationship of the responses will vary only as a
function of 79;1 . Also the initial value theorem (Appendix I) can be used to
show that for a step input 6,/cf'c = Mge . Thus when normalizing with respect to

74 steady state, a change in velocity directly affects the sensitivity of the
longitudinal response, and correlating flight test data with é, to some extent
accounts for the change in velocity.

With this background, consider the effect a change in short-period fre-
quency will have on eaclt of the transient responses while holding the damping
ratio, 7%% and velocity constant. The time histories in Figure 4 show the
effect of doubling the short-period frequency while holding 3&p , &G@l and vV
constant and normalizing with respect tu 7, steady state. It can be seen that
the pitch rate overshoot has changed quite markedly and, though not so otvious
because of the change in period, the phasirg of the € response has changed but
not those of the « and >3 responses. The initial pitch acceleration has also
changed. Thus a change in short-period frequency at a constant 99@1 , Ze0 and
velocity results in a change in phase of the & response with respect to the
other responses and a change in the ratio of €u41to G -




If we consider for the moment that the pilot is a linear controller,
then he is capable of compensating for the changes in velocity that occur at
a constant 7,, , «4,and £, by adjusting his gain; however, he cannot compen-
sate for the change in the phasing of the @ response that results from a
change in %%, by changlng his gain only. Since a change in «),,at a constant
,/791 and 40 does result in a shift in the phase of the & response it is
possible that, for a change in /70 , the pilot will find as optimum the
short-period frequency that gives ‘the desired phasing of the responses.

Consider the results of selecting a short-period frequency that results
in the same phasing of the responses at a different 77, but at the same
damping ratio. The transient responses in Figure 5 which are normalized with
respect to »g steady state show the effect of doubling /70 , “ep and V while
holding %, constant. It can be seen that each of the responses has the same
shape, that the initial pitch accelerations are the same, that the ratio of
yar to € is a constint and, although it is less obvious, the phasing of
the responses is the same. This means that, at a constant short-period
damping ratio, a constant value of qu %, insures that two of the important
character1st1cs of the & response ( & i oran/ bss and ¥4 g0 ) will be constant.
Since the phasc angle of the 6 responsc includes the effects of wgo, £,p
and ’/Te , this would possibly allow short-period frequency requirements as a
function of %, and Vrgl to be expressed in terms of an optimum phase angle of
the 9/4'5 transfer function at the short-period frequency. Unfortunately this
experiment was conducted at a constant short-period damping ratio so that only
those conclusions that apply to a constant damping ratio can be reached.




SECTION III
DESCRIPTION OF THE EXPERIMENT

3.1 TEST PROGRAM

The primary purpose of this test program was to study the effects of
/74, and V, , or 7;/a , on the longitudinal short-period handling qualities
for a low to medium load factor airplane with a wheel controller.

The short-period investigation was accomplished by varying the longitu-
dinal short-period frequency at a constant damping ratio (£, = .7) for two
values of v,/a (16.5 and 56.2). The handling qualities were evaluated by two
different evaluation pilots in a variable stability T-33 airplane equipped
with a wheel controller.

The variation in 773/« was obtained by flying the T-33 variabie stability
airplane at two different indicated airspeeds at 5500 feet presswure attitude.
As shown in Appendix II, zg/&tand‘ﬁégz are functions of weight u1s well as air-
speed. Therefore, speed variations were made as fuel was corsumed to keep the
values of 7,/a and Ogatwithin acceptable bounds. The average indicated
airspeeds were 225 knots and 372 knots, corresponding to true airspeeds of
411 ft/sec and 685 ft/sec respectively. The minimum n;/Qz (16.5) used was
actermined by the minimum speed at which the T-33 could pull 2 g's without entering
stall buffet. The maximum »,/x (56.2) used in this experiment was determined by
the maximum speed at which sufficient thrust was available for maneuvering.

At the low » /m (16.5), the short-period frequency was varied from
2 rad/sec to 8 rad/sec. At the high~» /1(56.2), the short-period frequency
was varied from 3 rad/sec to 14 rad/sec. The limitations on the natural
frequencies which could be obtained were determined by the limitations on
the elevator gain settings. The variations in damping ratio from a nominal

%, of 0.7 were primarily a function of the accuracy with which the variable

stability gain setting could be estimated to keep the damping and frequency
constant as a func’'on of fuel remaining.

The two groups of configurations evaluated had the following nominal
characteristics:

Group |3/« ()| % (JL:% V74, (sec”’) 2. wp (% 5ec)
I 16.5 411 1.29 0.7 2 to 8
II 56.2 685 2.65 0.7 3 to 14

The flight program was conducted in essentially two parts. Each con-
figuration was evaluated at a fixed value of"iuo/w . This fixed value was
constrained to lie within the “#w /7, limits of Reference 1 and varied as a
function of short-period frequency according to the results of the experiment
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in Reference 2. The desired variation is shown below:
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The evaluation pilot was then given the opportunity to select the @uy/w} he
considered to be optimum and evaluate the configuration a second time. “ The
value of '»‘,}W/rr} was held constant at 1 in./g.

Two additional in-flight experiments were performed. One was a brief
study of PIO problems that result for a low value of short-period damping.
This was accomplished by having one evaluation pilot evaluate three different
short-period frequencies at the low » /a, and three at the high » /«x , for a
short-period damping ratio of 0.1. Each of these conf1gurat10ns was evaluated
twice, once at a fixed Fw/”x and then again at the £., /7 selected by the
evaluation pilot. The second additional experiment was a“study of how
variations in wheel motion, while holding wheel force per 'g" constant, affected
the short-period handling qualities. This was accomplished by taking a '"goocd"
low 77, /o configuration that had been evaluated at 1 in./g and evaluating it at
2, 3,and 4 in./g.




A set of '"'good' lateral-directional characteristics was selected for
the Group I configurations and a different but equally '"good'" set for the
Group II configurations These characteristics were held constant within the
variations caused by fuel remaining (i.e., no attempt was made to correct the
lateral-directional characteristics as fuel was used). The following nominal
lateral-directional characteristics were used:

Group I Group II

w, ® 2.77 rad/sec W, 2.65 rad/sec—

£, = .14 4, =~ .18

a; = 2.66 rad/sec a? ~ 2,50 rad/se.

£y~ .13 5y = .19
|£|z1.19 |i|z 1.85

V-, A 1y

?k = .74 sec Zk = .22 sec

% = 70 sec 7y = 23 sec

The following lateral-directional feel system characteristics were also held
constant for both groups evaluated:

AILERON RUDDER

W = 25 rad/sec “wee = 25 rad/sec
£.=0.70 bes = 0.70
faw _ “RP . .
Faw = .42 1b/deg T 120 1bs/in.

3.2 EVALUATION PROCEDURE

The short-period handling qualities investigation was conducted with two
evaluation pilots. Because the selection of 4., /7, was to be an important part
of the evaluation program, it was advisable to have two pilots with varied
experience to participate in this part of the experiment. Since each pilot

evaluated the same configurations, the pilot ratings could be compared directly.

The flight experience of the evaluation pilots is summarized below.

Pilot A - Cornell Aeronautical Laboratory Evaluation Pilot with extensive
engineering and in-flight demonstration experience in variable
stability airplanes. The majority of his flight experieace of
4050 hours has been in low to medium load factor multi-engine
airplanes.
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Pilot B - Cornell Aeronautical Laberatory Evaluation Pilot with extensive
experience as an evaluation pilot in handling qualities investiga-
tions employing variable stability airplanes and ground simulators.
His flight experience of 4500 hours includes over 2000 hours in
low to medium load factor multi-engine airplanes. However, the
majority of his diversified flight experience has been in fighter
type airplanes.

Since large-airplane characteristics were being simulated in a small
airplane equipped with a wheel controller, it was necessary to clearly define
the airplane mission requirements before any meaningful evaluation of the
handling qualities could be accomplished. The airplane evaluszted was consid-
ered to have a low to medium load factor (+3 g), to be flown with a wheel
controller, and to be in the 50,000 to 100,000 !b category. The mission was
expected to include many hours in straight and level flight with the possibility
of straight and level or small-angle (10° maximum) dive bomb deliveries. It
was expected that the airplane would be able to fly formation well enough to
permit air-to-air refueling and maneuverable enough to perform low altitude
terrain following. The airplane should also be able to perform the reconnaissance
mission, which requires precise altitude and airspeed control. It was considered
as possibly a multi-manned airplane but perhaps with only one pilot, which would
mean that the pilot would have to perform more cockpit duties than in a multi-
piloted airplane. The mission as described above was discussed at length,
individually and collectively, with the evaluation pilots to ensure that each
pilot was evaluating the configurations for the same mission requirements.

Although the mission involves many tasks, an evaluation of the vehicle
handling qualities, regarding their suitahility for the mission, can be
accomplished by having the evaluation pilots perform a series of maneuvers
representative of those tasks anticipated in the mission. The representative
tasks employed in this evaluation program included only the up-and-away
maneuvering requirements for the mission in visual flight. Tasks not adequately
simulated, such as formation flying, in-flight refueling and instrument flying,
were assessed on the basis of the evaluation maneuvers performed. The terminal
tasks of approach and landing were not included. The piloting tasks used to
evaluate the configurations were performed at two nominal flight conditions,
225 knots and 372 knots indicated airspeed at 5500 feot.

The evaluation pilot was instructed to perform the following tasks:

1. Check ability to trim and to perform small perturbation
maneuvers about level flight.

o

Pitch attitude tracking - Check ability to acquire and
maintain desired attitude within $10 degrees from level.

3. Check ability to acquire and stabilize on a new altitude.

9
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4, Symmetrical pullups and pushovers - +1 incremental ''g".

5. Turning flight - constant altitude.
a. Small bank angles (less than 10°).
b. Large bank angles (up to 45°).

6. Climbing and descerding turns.
7. Attitude command tracking tasks.
8. Check handling qualities with disturbance inputs.

The evaluation pilot performed these maneuvers in order, making comuents as he
desired on the wire recorder.

Two attitude tracking tasks were used to aid the pilot in his evaluation.
The first, or discrete-error, pitch attitude tracking task was mechanized by
displaying the error between the actual pitch attitude and a programmed pitch
attitude command signal on a horizontal needle in the Lear remote attitude
indicator. The pitch attitude command signal is shown in the sketch below,
and the attitude indicator in Figure 3. The signal commanded pitch attitudes
up to #+5 degrees, which represented full scale (*1 inch) deflection of the
tracking needle. The attitude changes presented to the pilot were a sequence
of step and ramp inputs. This combination of inputs was used primarily to
keep the airspeed variations in bounds during the tracking task. To keep the
error to a minimum the pilot had to maneuver rapidly and precisely. The
duration of the tracking task was controlled by the evaluation pilot; however,
the programmed signals repeated every four minutes. This repetition period
was considered long enough to prevent the pilot from anticipating the magnitude,
direction and time of each succeeding command. 1
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The second, or random-error, pitch attitude tracking task was mechanized
by displaying the error between the pitch attitude and that commanded by the
random noise signal similar to the one shown below. This task required the
pilot to continuously maneuver the airplane to keep the error to a minimum.
Maximum pitch attitude commanded was +3.5 degrees. This value was selected
during the calibration phase of the program and remained constant for both
groups of configurations.

- TIME ~SEC :

RANDOM-ERROR PITCH ATTITUDE COMMAND SIGNAL

COMMANDED PITCH ATTITUDE ~ DEG

As part of the evaluation, the pilot was asked to look at the config-
uration in the presence of random disturbance inputs. The random noise
generator described in Section IV was used to supply disturbance inputs to all
three control surfaces (ailerons, elevators and rudder). The magnitude of the
random input to the ailerons and rudder remained constant but at a different
value for the two flight conditions evaluated. The inputs to the elevator
were varied as a function of short-period frequency, as shown below. This
variation was incorporated because the airplane is more difficult to disturb
with the elevator as the short-period frequency of the airplane is increased.
During the calibration phase, acceptable magnitudes for the random disturbance
were obtained for a number of short-period frequencies and the relationships
shown below were developed and used to determine the random input levels to be
used at the remaining short-period frequencies. It should be pointed out that
the random noise inputs do not and are not intended to simulate realistic
atmespheric turbulence. The elevator can only provide pitching inputs and
thus cannot provide the heaving motion normally experienced in turbulence.

The random noise inputs do provide the pilot with an additional and valuable
evaluation aid.
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Pilot comments were recorded at any time the pilot felt comments were
appropriate and at the end of the evaluation. The pilot was asked for all
evaluations to comment on the specific items listed on the Pilot Comment Card,
Table I, as well as to make summary comments and to assign an overall pilot
rating and a PIO (pilot-induced oscillation) rating to each configuration.

The pilot assigned a PIO rating to the airplane according to the six-
point rating scale established in Reference 2 and shown in Table II. The PIO
rating has meaning only because of the words associated with it from the rating
scale and acts only as a convenient shorthand to discuss the tendency of the
airplane toward pilot-induced oscillations.

An overall pilot rating was assigned by the pilot to the configuration
in accordance with the ten-point rating scale established in Reference 13 and
shown in Table III. This rating included the effects of the random disturb-
ances. Once again, the pilot rating number assigned to a configuration is
dependent on the words from thc¢ rating scale associated with it. Reference 13
gives an excellent description of the process an evaluation pilot uses to
determine a pilot rating. Briefly, the pilot decides whether the configuration
is controllable or uncontrollable in the required mission. If it is deemed
controllable, it is then assigned to the acceptable or unacceptable category.
If the configuration is considered to be acceptable, it is then determined to
be satisfactory or unsatisfactory and is further broken down according to the
descriptive phrases that most adequately describe the handling qualities. If
a configuration is considered to be unacceptable, the pilot is primarily eval-
uating its controllability in performing the mission.

For both the P10 rating scale and the pilot rating scale, half ratings
were used when the evaluation pilot felt that a given configuration did not
eXacily fit in one uf the described categories. As a matter of convenience,
the letters in front ot the pilot ratings have been dropped when discussing the
pilot ratings and on the figures in this report.
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The configurations were essentially evaluated in a random manner with
normally three configurations evaluated on each evaluation flight. Because of
the attempt to keep 7,/a and Cﬁgzwithin prescribed limits as the weight of the
airplane changed due to fuel usage, a low 7, /a (Group I) configuration was
always evaluated first and a high n}/%z (Group II) configuration last. The
middle evaluation was randomly a Group I or Group II configuration. The
evaluation pilot had approximately 25 minutes for each configuration to perform

the necessary maneuvers, make the appropriate comments to accomplish the
evaluation, and obtain calibration records.

A short in-flight investigation was conducted to study the effects on
the short-period handling qualities and the PIO tendencies that result when the
short-period damping was reduced from Lo = .7 to 5, ~.1. One pilot evaluated
three short-period frequencies ( w,, = 2, 4 and 6 rad/sec) at the low 73 /a
and three short-period frequencies (cw,,* 3, 6 and 10 rad/sec) at the high », /x
with 3},0"‘ 0.1. Each configuration was evaluated at the fixed fw/rzthat corre-
sponded to the 77 /o and <, used in the main part of the experimént. This was
followed immediafely with thefhné% selected by the evaluation pilot.

At the conclusion of the flight program, one flight was devoted to a
brief investigation of wheel motion per normal acceleration, Jew/»
accomplished by evaluating a ''good' low- ”;/& configuration at three different
values of %w/» at a constant “sw /7 . For this investigation, a Group I
configuration with Wep™ 4 rad/sec wés evaluated at values of 6.y /75 of 2 in./g,

3 in./g and 4 in./g. During the primary evaluation,‘&uyg had been held
essentially constant at 1 in./g. H

This was

It is important during any handling qualities investigation to ensure
that the various configurations evaluated are adequately identified. To

accomplish this, the following in-flight oscillograph records were taken for
each configuration that was evaluated:

1. Response to automatic step.

2. Response to manual step.

3. One minute discrete-error pitch attitude tracking.
4. One minute random-error pitch attitude tracking.

These records were analyzed during and after the completion of the
flight test program. Since it is not always feasible to take the time to find
the smooth atmospheric conditions necessary to obtain good transient response
records on an evaluation flight, the values used to generate the responses
presented in this report were selected from calibration and evaluation flights on
which these conditions were obtained. However, the transient responses obtained
on the evaluation flights were adequate to ensure that the configurations

evaluated were set up properly and that the responses presented in this report
are representative of those evaluated.

13
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SECTION 1V
EQUIPMENT

The evaluations were performed in a three-axis variable stability T-33
airplane modified and operated by the Cornell Aeronautical Laboratory for the
Air Force Flight Dynamics Laboratory, Air Force Systems Command. The variable
stability equipment is described in Reference 14. The airplane is shown in
Figure 6. The variable stability T-33 was further modified for this program
to include a wheel controller in the front cockpit.

Briefly, the system operator in the rear cockpit, who also serves as
safety pilot, may vary the handling characteristics about all three axes by
changing the settings of response feedback gain controls located on his right
hand console. The handling characteristics are altered so that the evaluation
pilot in the front cockpit has no knowledge as to how the gains are changed.
Since the evaluation pilot is only connected electrically to the control
surface servos, he does not feel any of the control surface motions due to the
variable stability signals. The block diagram shown below illustrates the
mechanism of the in-flight simulation:

RANDGCM NOISE
DISTURBANCE SIGNAL

DISPLAYS VEHICLE
vitualciks CONTROL WHEEL CONTROL CONTROL RESPOREES
ACCELERATION e AND INPUT SURFACE 733
GAINS SERVOS
cues FEEL SYSTEM
VARIABLE
STABILITY ———
SYSTEM
GAINS

The wheel controller, as installed for this program, is an NAS 348
wheel which has been modified to include the installation of strain gauges and
a control button for variable stability system disengage. The wheel installa-
tion and the cockpit dimensions pertinent to its installation are shown in
Figure 7.
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Control feel to the wheel and rudder pedals is provided by electrically
controlled hydraulic feel servos which provide opposing forces proportional to
the control wheel and rudder pedal deflections (i.e., a simple linear spring
feel system). The aileron and rudder feel system dynamics, spring rates, and
friction characteristics were held constant throughout the program. For a
complete discussion of the elevator feel system refer to Section V.

The evaluation pilot's instrument panel is shown in Figure 8. The
flight instruments used by the evaluation pilot are all standard instruments
with the exception of the Lear remote attitude-director indicator, type ARU-2/A.
This instrument functions primarily as a normal attitude indicator, but in
addition, it presents an indication of sideslip and a pitch attitude tracking
task to the evaluation pilot. The sideslip is indicated by a vertical needle
that moves horizontally across the face of the attitude indicator. Center
position of the needle indicates zero sideslip, and full scale movement of the
needle is equivalent to 24 degrees of sideslip. The pitch attitude tracking
tasks are presented to the evaluation pilot by means of a horizontal needle
that moves vertically on the face of the attitude indicator. The tracking tasks
are described in detail in Section III.

During each of the longitudinal evaluations a random noise source was
used to provide an external disturbance to the airplane. Although the random
disturbances were not a true simulation of turbulence, they did provide the
pilot with an additional evaluation aid. The random disturbances were obtained
by driving the T-33 control surface actuators by a randum noise signal. The
signal was generated by s gas tube white noise source passed through a bandpass
filter. The filter has the frequency response shown in ~igure 9 with a second-
order break point at .1 rad/sec and a second-order break point at 18.8 rad/sec.
The amplitudes of the disturbance signals going to the elevator, ailerons, and
rudder were varied independently.
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SECTION V
ELEVATOR FEEL SYSTEM CHARACTERISTICS

The importance of the attenuation of the feel system and the flight
control system actuators on the closed-loop response of an airplane has gained
increased recognition in recent handling qualities studies. References 2, 15,
and more recently Reference 16, have attempted to describe the contributions of
the feel system to the closed-loop airplane response.

The mechanism of the variable stability T-33's elevator feel system is
shown below:

FOMCE
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The pilot's force input is made through strain gages on the wheel.
These inputs pass through a notch fil!ter into the feel servo control network
where the frequency and damping of tte elevator feel servo are controlled.
The result is a positioning of the control column with the gradients, frequency
and damping determined by the feel <ystem gain settings. The position of the
column is then modified by the ¢, /o, gain and used as the d; signal for the
elevator actuator. 7

The equation of the notch filter is given below and the frequency
response is shown in Appendix III.
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The response of the feel system to an elevator wheel force command is
then determined by the following transfer function:

d
(o)t o

Ee'S) 55 e
T (2)
) (s*e 28w 5w, B)(ste 27535 « 4739)

For this program: <« = 23.0 rad/sec, Xr\y = .66

The d;, signal generated by the feel system and modified by the d';/d".“,
gain is applied to the elevator through the elevator actuator. The Jc/d-
transfer function can be represented (Reference 14) as: £w

S (_J.L)
d‘c(\") ea JIW kX3
J—-— = 2 r3 (3)
AN ef s 2 fea Weg S+ Wyy
For this program: “)ea = 63 rad/sec, Xea= .70

Thus the angle of attack, pitch rate and normal acceleration responses
to a wheel force input can be represented as follows:

& (S) a (8) Je(.y) J“w(.s‘)
ALY J‘e(s) 5;,“55) ;w,fs) (4)
6(s) 6es) & 1) &8
- s
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_773(_3) . () 4,(8) e p8)
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Substituting the individual transfer functions shown above into
Equations 4, 5, and 6, the following transfer functions result that describe
the airplane response to a wheel force input:

z z z 4 ) ’ "f"’)
ars) Wee “ea (‘9 *‘/7‘57) Mfg (3;&;; 5 ( Few/ss
w' (-’“"5,, “’sp"*“,{':)(JT*Z;:—; “rsS7 “rs) (5’+2Zeawea5+wcfl)(3‘¢ SUToChT & ST
(7)
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The subscript ss refers to the steady state gain values or asymptotic
values at the low frequencies. Thus the effect of the attenuation of the feel
system and elevator actuator >n the open-loop response of the airplane can be
calculated using the above transfer functions.

One method used to describe the effect of the feel system dynamics on
the open-loop airplane response (Reference 2) is to define a nondimensional
parameter that represents the ratio of the maximum pitch acceleration including
the effects of the feel system dynamics to the initial pitch acceleration with-
out the feel system dynamics for step wheel force inputs.

The pitch acceleration transfer function to a wheel force input at
constant speed without feel system or elevator dynamics can be written from

Equation (8) as:
fiw) /
i sdo g (35) (22, <)

248wt (3 * 2!3/’ Wep S * wp) (10)

For a step wheel force input we can use the initial value theorem to
determine the initial pitch acceleration.

g éis)  F 9(3) F,
o = Ly J i 4 = Lem [M
4 g¢—woo (S S $—» oo EV(S)
- M _‘"g) ew
- d‘e &'W
Gw s 58 (11)

The actual airplane response including the feel system dynamics can
then be normalized by the initial pitch acceleration without feel system
dynamics by dividing by the corresponding ¢9 . Thus:
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For an instantaneously applied step input, the maximum pitch acceler-
ation occurs at the instant of step application if the elevator and feel system
dynamics are not included. However, when the elevator and feel system dynamics
are included, the maximum pitch acceleration occurs at some finite time after
the step application and the initial pitch acceleration is zero. Because of
the complexity of the equaticn defining the time at which maximum pitch accel-
eration will occur when the elevator and feel system dynamics are accounted
for, time histories for each of the responses ( 4,4 and rd ) were generated
and the maximum values for each were obtained. Thus:

; : 4, 5£w)
= M —i I F
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Plots of ( 0,,‘ )may 3T€ shown in Figure 10 and represent the attenuation _
of the elevator actuator and feel system dynamics on the 4,.,, response of the 1
open-loop airplane. From these plots it can be seen that the feel system has

quite a large effect on the open-loop§, response to a step input at the high
short-period frequencies simulated.

This development assumes that the pilot continues to fly the airplane
with step inputs at all frequencies. Experience indicates that piloting tech-
niques change as a function of short-period frequency and //701 orr%/acand thus
the marked attenuation of the airplane responses indicated by the prior
development may not necessarily be representative of the actual attenuation felt
by the pilot. It does, however, serve to show the importance of the feel system
in the closed-loap analysis.

The 17 histories in Appendix IV show the difference in the airplane
responses o & elevator step through the elevator servo and an elevator wheel
step that includes the elevator and feel system dynamics.
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SECTION VI
DISCUSSION OF RESULTS

The objective of the experiment was to evaluate the ef'‘ect on the
pilot's opinion of the longitudinal handling qualities of a low to medium
load factor airplane with a wheel control caused by a variation in short-
period frequency at a constant damping ratio for two values of 7, /a. The
nominal values for the two groups of configurations are shown bélow:

/ -1
GROUP ﬂ} (g/rad) V, (ft/sec) 4é(sec ) ggp Lﬂw(rad/sec)
I 16.5 411 1.29 0.7 2 to 8
11 56.2 685 2.65 0.7 3 to 14

The variation ia C/Q& and 7,/a was obtained by flying the variable
stability T-33 at two different true airspeeds at a constant pressure alti-
tude. The variations in short-period frequency were obtained by varying the
be /e de /a and d'e/g gain settings in the variable stability system.
Appendix V gives a more detailed discussion of the in-flight simulation tech-
niques.

Both groups of configurations were evaluated twice; once at a fixed
value of %, /7, and again at the@@/ﬂ selected by the evaluation pilot. The
fixed value 8f 4, /mwas constrained to lie within the accentable limits
established in Refeience 1 and varied as a functicn of wgpaccording to the
results of Reference 2. The feel system is discussed in Section V. Wheel
displacement per normal acceleration ( Jew ) was held essentially constant
at one inch per g. ZB

A set of good lateral-directional characteristics was established for
each group and held constant throughout the evaluation program. The charac-
teristics are listed in Section III.

All of the configurations are defined in detail in Appendix IV. Each
of the configurations was identified by the analog matching technique
described in Reference 17. Briefly, the in-flight oscillograph recordings
of the pitch rate and angle of attack responses to an automatic elevator step
are matched by the output of an analog computer programmed to compute the
pitch rate and angle of attack transfer functions.

Transient responses are shown in Appendix IV and the pilot comment
summaries are presented in Appendix VII. The transient responses were com-
puted in a digital computer using modal characteristics representative of the
various configurations evaluated. Two responses are shown for each config-
uration. One response shows the open-loop airplane response obtained when an
automatic elevator step input is applied directly into the elevator servo and
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includes the elevator actuator dynamics. The other shows the response that
results from a half-inch elevator wheel input and includes the attenuating
effects of the feel system and de gain settings.
w
The experimental results are discussed in three parts. First the
pilot rating variations for a particular group are discussed fuor both groups
and then the variations between groups are examined. Pilot ratings are

- ) ” . . . N 1
relatt?d to !P/a# , CAP, ifil ;W,CAP'JQZa)Sr,, ;/; and interpreted in terms of
the pilot comment data. g7

6.1 DISCUSSION OF RESULTS FOR GROUP [ ( 3/&'x16.5,;;- ~1.29, v = 411 fit/ slec)
gl
The experimental results for the group I configurations are discussed
in this section. The 6/d, transfer function pole locations that correspond
to the various short-period frequencies evaluated are shown below along with
the average ﬂ@z zero. The experimental results are presented in Figure 11,
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The pilot ratings and pilot comment data for these configurations were
quite consistent. The only difference observed between the two pilots' data
is that Pilot B's ratings peak at a short-period frequency approximately one
half a radian higher than Pilot A's ratings. This is not considered to be a
significant difference. Based on the faired curves of the combined pilot
rating data, the range of satisfactory short-period frequencies (PR < 3.5) is
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from 2.4 to 7.0 rad/sec with the hest pilot rating occurring at «w,, = 4.7
rad/sec. This corresponds to a c& Wy, > 3.64.

The pilot comments indicate that at a short-period frequency of
2 rad/sec the initial response of the airplane is quite sluggish and slow,
requiring rather large pilot inputs to start the airplane to respond. How-
ever, once the airplane starts to respond there is a strong tendency to
overshoot the desired attitude and normal acceleration. The pilots complain
that they attempt to drive the airplane to respond quicker than the dynamics
will allow and then find that the large initial input must be taken out to
avoid the overshooting tendency. The pilots report that they must anticipate
the control input required to stop the airplane at a desired attitude. The
sluggishness of the initial response, followed by an apparent buildup in
pitch rate and normal acceleration, causes the pilot to adopt a technique of:
pulsing the control to get the response started, anticipating the final
attitude, and pulsing the control in the opposite direction to stop the air-
planc response.

Another common complaint, for both the fixed and selected 4, /7, values,
is that the initial wheel forces are quite heavy and that they tend to lighten
up as the airplane begins to respcnd. This follows logically from the pilot's
description of the airplane response. The compromise here in the selection of
a desirable wheel force per g is to get forces that are light enough to get
the airplane to respond initially,but heavy enough to prevent the airplane
from being overstressed due to the strong tendency to overshoot or overcontrol
in pitch rate and 7y This is a difficult compromise to make.

The third common complaint was that it was difficult to perform a tight
tracking task without getting into a low-frequency PIO. The pilots comment
that there is no problem if they maneuver relatively slowly and smoothly, but
that it was easy to induce a PIO that could only be eliminated at the sacrifice
of task performance. The figure below shows a root locus diagram for the
eﬂg transfer function in which the pilot is considered to be a pure gain

NOTE:

.NOTCH FILTER AND FEEL .
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ROOT LOCUS DIAGRAM OF NOMINAL SHORT PERIOD FREQUENCIES, GROUP I
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controller closing on wctitude with the elevator. [t includes the dynamics of
the feel system. It can be scen that a relatively low pilot gain is required
at the low frequency to produce a low-frequency PIO.

As the short-period frequency is increased to around 4 rad/sec, the
initial response is described as quite good, quick but not overly sensitive,
and very nice. Both pilots report that the attitude and normal acceleration
control are very good. The only complaint is that there is a slight tendency
to bobble the airplane for abrupt inputs. Pilot B reports that there was a
general tendency to keep his gain up quite high for a tight tracking maneuver
and that this resulted in a bobble tendency. Pilot A reported that unless
yvou really tightened up your control there was no tendency to bobble. These
statements are certainly compatible and indicate a very nice feeling, respon-
sive, but not over', sensitive airplane, capable of tight precise control.

The two configurations given a pilot rating of 7 by Pilot A at this frequency
were not downgraded because of the short-period response. The pilot felt that
he could inadvertently overstress the airplane because of the light wheel
forces. The pilot comments do not justify these unacceptable ratings, there-
fore these data points have not been considered in the fairing of the pilot
rating curves. It should also be pointed out that this same configuration was
evaluated at essentially the same ‘L 63 and given a pilot rating of 3.

At 6 rad/sec the configurations were slightly downgraded due to a much
stronger tendency to bobble the airplane for tight or precise tracking maneu-
vers. There was no indication that the initial response was abrupt. There
was an attempt by both pilots to divide the response into two parts, as
requested on the pilot comment card: an initial and a final response. They
both agree that the initial response is quite good, however, there is a tendency
to overshoot the desired g and bobble about the steady state value. A brief
look at the transient responses in Appendix IV shows the three primary effects
of increasing short-period frequency for constant O/Q% and damping ratio. The
step input magnitudes were selected to give equal >, o . The initial pitch
acceleration or maximum pitch acceleration is increased, ih¢ initial pitch rate
is increased as well as the pitch rate overshoot. This results in a more rapid
pitch angle change initially, followed by the same steady state. [If the pilot
is closing on attitude, his initial reaction will be to reduce his input because
the initial pitch angle change or initial pitch acceleration will be greater
than he expected. [If he in fact reverses his input, the result would be a
tendency to bobble the airplane.

Around 8 rad/sec the initial response is described as being quite fast,
a little bit sensitive or fairly fast, and approaching being abrupt. Each
configuration was downgraded because of the tendency to "bobble'" the airplane
when attempting tight attitude or 7, control. This bobblin, tendency was
especially noticeable for small corrections and led vo "longitudinal oscillations"
in two cases.

o
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6.2 DISCUSSION OF RESULTS FOR GROUP 11 (’3/;256'2' 7@ ~2.65, b =085 ft/sec)
z

The experimental results for the Group Il configurations are discussed

in this section. The é/d. transfer function pole locations that correspond to

the various short-period frequencies evaluated are shown below along with the

average //9; zero. The experimental results are presented in Figure 12.
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9/6; TRANSFER FUNCTION POLE LOCATIONS FOR GROUP IT

The pilot ratings between the two pilots were not as consistent for the
Group II configurations as they were for Group I. In general, the faired pilot
rating curves show the same trends and peak at the same short-period frequen-
cies, however, Pilot B's pilot ratings are consistently one to one and a half
pilot rating numbers higher than those of Pilot A. Based on the faired curves
of the combined pilot rating data, the range of satisfactory short-period fre-
quencies (PR £3.5) for Group II is from 5.5 to 12.2 rad/sec, with the best
pilot rating occurring at ¢, , ~ 8.8 rad/sec. This corresponds to a 74:5;33.32.

At a short-period frequency around 3 rad/sec, both pilots complain that
the initial response of the airplane is very sluggish. There is a strong
tendency to force the initial response by applying a larger than normal input;
then when the airplane does respond, it appears to build up in acceleration
much faster than anticipated, resulting in overcontrolling in pitch and normal
acceleration. This often resulted in a mild low-frequency PIO. Pilot A
reported that the normal acceleration seemed to build up more rapidly than he
expected for the amount of pitching motion he was seeing, and that the phasing
between the two responses seemed to give him less precise control than he
would have liked. It was difficult to maintain tight control of the airplane
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due to the sluggish initial response and indefinite final or steady state
response. The initial wheel forces seemed quite high, but once the airplane
began to react it felt like it wanted to '"dig in" with a resulting lightening
of the forces.

At 4 rad/sec, Pilot A again commented that the phasing between the
normal acceleration and the pitch rate response was less acceptable than just
having a low-frequency sluggish airplane. At one point, he commented that it
felt as if the normal acceleration was sort of leading the pitch rate, or at
least the phasing betwecen the two responses was different than you normally
tend to see. The normal acceleration response cannot lead the pitch rate
response unless the pilot is sufficiently ahead of the c.g. to feel a signifi-
cant contribution to », from pitch acceleration or the airplane has some form
of direct 1ift control (neither factor was present). The normal accelerations
felt by the pilot due to his location with respect to the airplane center of
gravity are treated in more detail in Reference 18. The nominal location of
the pilot in this experiment was 89.9 inches ahead of the center of gravity.
However, it may be possible that the phasing between the »2 and pitch rate
responses could be different enough to cause the pilot to comment about their
unnaturalness.

Around 6 rad/sec, both pilots liked the responsiveness of the airplane,
even though Pilot B commented that the initial response was slightly abrupt.
The normal acceleration and pitch attitude control were good with some slight
tendency to overshoot or overcontrol for tight tracking tasks. Pilot A again
mentions the apparent phasing of the pitch rate and normal acceleration
responses. He commented that they scem to be like two different responses.
The normal acceleration seems to come on so quickly that you seem to feel the
g before you see the attitude change very much. Although the pilot comments
that the feeling of separate responses is initiaily objectionable, he concludes
that it sort of helps him in attitude tracking because the g gives him a clue
that the airplane is going to move.

As the short-period frequency was increased to 8 rad/sec, Pilot B
continued to call the initial response a little abrupt. Although the airplane
was fairly responsive, there was very little tendency to overshoot and the
pitch attitude and normal acceleration control were considered good by both
pilots.

At 10 rad/sec, the initial response is described as quite good and very
precise. Pilot A comments that he feels the g coming on very quickly and that
he doesn't have to wait for the airplane to rotate very much. He also comments
that the g seems to almost lead the pitch rate but that the rate of change of
attitude and g onset is quite natural. Both pilots agree that they have
excellent pitch attitude and normal acceleration control. The pitch attitude
tracking was considered quite good. Pilot B reported a very slight tendency
to bobble the airplane for tight tracking maneuvers.
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For the highest frequency evaluated of 14 rad/sec, Pilot A describes
the initial response as very, very quick but good while Pilot B describes it
as somewhat snappy and too abrupt initially. These may seem at first as
conflicting observations until one considers the differences in wheel forces
selected by the two pilots. The maximum pitch acceleration to a step wheel
force input can be described as:

. w2 (é ,
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(16)

In the two configurations discussed above, Pilot A was operating with an

F[V — . . Ffb’ _ .
( -;5 )&r = 49.0 1b/g and Pilot B with an ( = Lw = 32.0 1b/g. It is

believed that this large difference in selected 4, /7;accounts for the
difference in the observed initial response characteristics. At the lighter
wheel forces selected by Pilot B there was a slight tendency to overshoot
during tracking maneuvers that was not observed for the higher wheel forces
selected by Pilot A.

6.3 COMPARISON OF RESULTS OBTAINED FOR GROUP T AND GROUP II

A brief review of the two previous subsections shows that for Group I
the range of acceptable short-neriod frequencies (PR % 3.5) is from 2.4 to 7.0
rad/sec with the best pilot rating at «,,~ 4.7 rad/sec. For Group II, the
range of acceptable short-period frequencies (PR%3.5) is from 5.5 to 12.2
rad/sec with the best pilot rating occurring at wox 8.8 rad/sec.

The pilot comments for the configurations corresponding to the short-
period frequencies above and below the optimum frequency for each group are
nearly identical. At the Jower than acceptable short-pericd frequencies, the
pilots complai~ about the extreme slowness and sluggishness of the initial
response which makes the pilot attempt to force the airplane to respond by
putting in a large pulse type input. This results in a more rapid buildup in
pitch rate and normal acceleration than anticipated, leading to overcontrolling
and mild, low-frequency PIO tendencies. At the higher than acceptable short-
period frequencies, the major complaint is the sensitivity or abruptness of
the initial response and the strong tendency to 'bobble' the airplane during a
tight tracking task.

The pilots find that they must accept a compromise in their selection of
a desirable wheel force per g at both extremes of short-period frequencies.
For the lower frequencies there is a desire to have light wheel forces initially
to get the airplane to respond; however, the light wheel forces result in over-
controlling and overstressing (g-limiting) problems which heavier wheel forces
improve. Thus the selected f}wy/j;is a compromise. At the higher frequencies,
the reverse is true. The initial response is sensitive or abrupt presenting a
requirement for heavier wheel forces initially, but then the steady state
maneuvering forces become excessive; thus, another compromise.
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At the best short-period trequencies for the respective groups evaluated,
the pilots describe the initial response as quite good in both cases, as quick
but not overly sensitive. In general the pilot can keep his gain up quite high,
accept lower wheel forces per g, and not '"bobble'" the airplane during tight
tracking tasks. These configurations are called precise with very good attitude
and normal acceleration control.

It is clear that the short-period frequency requirements are quite
different for the two groups of configurations evaluated. It is also clear that
the acceptable band of short-period frequencies becomes wider as the value of
Vhbzor 7 /a is increased and that this band is shifted in the direction of
higher frequencies. The next logical questions are: why does this occur? Is
there a common relationship that allows the desired variation in short-period
frequency requirements to be determined at other values of 3/&1, C/QE and ¥V, 7

The concepts which lead to the control anticipation parameter (CAP)
developed in Refercnce 12, and extended to include the attenuating effects of
the feel system (CAP') in Reference 22, seem to provide a gocd explanation of
the closed-loop difficulties the pilot experiences, in particular, with regard
to the initial responses. The CAP theory is based on the premise that the
pilot must be able to anticipate the final response of the airplane, and that
this anticipation signal is provided through the pitching acceleration of the
airplane to a pilot input. Thus at the lower than optimum short-period
frequencies, the sluggish or slow initial response does not provide the pilot
with the desired anticipatory cue that he expects. This causes him to increase
his input to the extent that when the airplane does respond, a large change in
pitch rate and normal acceleration results with a corresponding overcontrol or
overshooting tendency. This same cue is missing when the pilot attempts to
stop the airplane response and, @s indicated in Reference 12, can result in
a PIO.

At the higher than acceptable short-period frequencies, the CAP theory
explains that the pilot ex~rriences such a large pitch acceleration, and
therefore a very high .cvel of anticipatory cue, for the small steady state
flight path correction desired, he will immediately limit or partially retract
some of his control input. This action will result in a smaller flight path

. correction than desired and the pilot, in repeating the same sequence of inputs,
will bobble the airplane or possibly enter a PIO.

Figures 13, 14, and 15 show the variation of pilot rating as a function
of CAP. It can be seen that there is very good agreement between pilots. The
faired pilot rating curve shows a range of acceptable CAP va ues from .43 to
2.4 rad/sec?. The lower boundary correlates quite well with the lower acceptable
limit of .436 rad/sec? established in Reference 12 which does not give an upper
limit. It should be pointed out here that the parametcrs that make up CAP are

2
z 2 foe
CAP = Wsp , CAP’ - “)sp (G"d)uu
(”}/m)ss (”’,/é)ss




only airframe open-loop parameters and, as indicated in Reference 2, may not
necessarily descrike the actual pitch acceleration response of the airplane
because of the attenuating effects of the feel system.

It is generally accepted that the pilot flies the airplane by force
inputs rather than position inputs and that the parameter 4w/ 7518 quite
important to the overall longitudinal handling qualities. In view of the
importance given to the initial pitch acceleration by the CAP theory, it is
worthwhile to consider the attenuating effects of the feel system and the
effects of variations in Fg4 /7, on this parameter. As shown in Section V for
satisfactory short-period dampiug ( £., ~ .7), the maximum pitch acceleration
to a step force input can be written:

iy z,
6 4 ax _ Wsp ( Qnd),q,u
Few ( Ty ) (&w

@ /ss na | ss (17)

where ( éd)4ﬁ¢r accounts for the attenuation of the fee! system on the maximum

: . . P
pitch acceleration to a step input and (7:;/4)“ and (,W/?)Mare steady state

varameters which are not affected by the feel system. Since this parameter
contains two of the quantities considered to be important in longitudinal
handling qualities, it should possibly give a better indication of the
closed-loop handling qualities than just the open-loop parameters of CAP.
Thus Figures 16 and 17 show the variation of pilot rating as a function of

Qw‘q/éwﬂ In general there is not very good correlation between pilot rating
and 4,, Cw This is especially true between the two groups. The ratings

of the two pilots are quite compatible for a given group, but there seems to
be no common relationship existing between the ratings for the different
groups.

This is primarily due tc the large attenuation of the feel system on the

maximum pitch acceleration to a step input at the high short-period frequencies.

Much better correlation between the groups of data is obtained when the
attenuating effects of the feel system are neglected, as can be seen in
Figures 13, 14, and 15 which show pilot rating versus 6 /4., . In general,
correlation is good at the lower than optimum short-period frequencies but not
very good at the higher frequencies. This is primarily due to the trends
exhibited by the two pilots in their selections of ﬁqv/zu. This is discussed
in greater detail in Section 6.5. Briefly, Pilot A tended to follow the basic
pattern established in Reference 2 for the selection of f}u“/zfas a function of
short-period frequency and » /x, while Pilot B tended to select lower wheel
forces as the short-period frequency increased at both 7 /a's. Thus Pilot B
experienced higher values of 6/ %, than Pilot A. This {'s confirmed by the
pilot comment data which indicates that Pilot B felt the higher frequency
configurations were more abrupt in the initial response than Pilot A.
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Although the importance of the pitch acceleration is well established,
there are indications that pitch acceleration does not tell the entire story
and therefore is not necessarily the only variable the pilot is attempting to
optimize. The selection of f;wqﬁy, at the higher and lower than acceptable
short-period frequencies, for the two groups evaluated, was a compromise based
on both the initial pitch acceleration and the steady state forces required to
maneuver the airplane. Briefly, at the lower short-period frequencies, the
pilot would like to have light wheel forces to get the airplane to respond
initially but he overcontrols in tine steady state if the forces are light. At
the higher short-period frequencies, the pilot would like to have heavy wheel
forces to reduce the abruptness of the initial response but he objects to the
resulting heavy steady state forces. Thus the compromise the pilot must make
in the selection of a desirable 4, /7, is not based solely on the initial
response or initial pitch acceleration but also on the steady state maneuvering
forces.

If we assume the pilots can consistently optimize the ﬁw,/ﬂ}for a given
short-period frequency, even though serious compromise's are required, we
should be able to look at Omazx which includes the attenuation of the

(773) 55
feel system but does not incluge the effects of A /7,. This yields the param-
eter (CAP') developed in Reference 2 and is defined as:

.e 2 ae
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This parameter is simply the control anticipation parameter developed in
Reference 12, but with the attenuating effects of the feel system included.
If the pilot used only step inputs, then CAP' would probably be more repre-
sentative of the actual pitch accelerations felt by the pilot following a
control input. Figures 21, 22, and 23 show the variation of pilot rating as
a function of CAP'. Once again we see good correlation between pilots for
each of the groups, but very poor correlation of the pilot ratings between the
two groups. This is especially true at the higher frequencies where the
attenuation of the feel system is most noticeable. It appears that there is
an upper limit of CAP' for both of the groups. For Group I there is an upper
limit of CAP' = 1.25 while Group Il has an upper limit of CAP' = .77,

Both the CAP and CAP' developmernts place unwarranted emphasis on the
initial pitch acceleration response to an ideal step input. Although pilots
may use abrupt control inputs to initiate mancuvers, they do not normally use
sharp or ideal step inputs to fly the airplane. The pilot comments in this
experiment indicate the importance of both the initial and the steady state
responses to control inputs. The initial response has meaning to the pilot
when abruptly initiating maneuvers and also in tracking type inputs where no
steady state is established. The steady state response has meaning during
steady maneuvers such as pullups and steady turns. It is worthwhile then to
look at the magnitude and phase relationships that exist between the airplane
responses and an elevator wheel force input. These relationships are illus-
trated in Figure 24 where the asymptotic Bode plots for the longitudinal
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airplane responses are shown. From these plots, we can see that the é gain
at the frequencies where the pitch acceleration is in phase with the wheel
force input is essentially Mr, - The x, gain at the frequencies where 77, is

in phase with the wheel force input is __;ﬁ1334 . Note that the first of

w
these two statements applies only when g%e%fegf systeil and control system
frequencies are widely separated from the short-period frequency. This
condition did exist in this experiment. Reference 16 presents an investiga-
tion of the effects when this is not the case. If we take the ratio of these
two gains as being representative of the two important response characteristics
discussed above, we have:
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This is recognized as the CAP parameter developed in Reference 12,
however, the expression has been developed withcut the dependence on an ele-
vator wheel step input assumed in Reference 12. The reasoning behind the
above development seems to be more compatible with the pilot comments. This
is especially true concerning the comments that result from the pilot's
selection of the control gain. These comments emphasize the importance of
both the initial and final responses and make the point that the sensitivity
of importance and the steady control gain of importance may involve different
responses and even separate maneuvers or tasks.

Reference 6 concluded from a ground simulator program that for values
/a greater than ten, pilots desire to have precise control of normal

acce{eration. This is further modified by Reference 9 to a value of 7;/x
greater than fifteen before the pilot changes his reference of control fron
pitch attitude to normal acceleration. Since this program was conducted at
7 /x's of 16.5 and 56.2, it is worthwhile to consider how pilot ratings vary
with normal acceleration characteristics. Reference 9 suggests the use of
(ﬂlﬂt)/ Jp @S a parameter that should reflect airplane normal acceleration
characterlstlcs at 73/a's greater than 15. Figures 25 and 26 show how the
pilot ratings varled;as a function of (» /hyﬂd . There is excellent agreement

between pilots within a group but very poor cerrelation between groups.

So far it has been shown that those parameters which attempt to include
the attenuation effects of the feel system to a step input or wheel force
per g have given poor correlation between pilot ratings obtained for the two
groups of configurations. It has also been shown that pilot rating versus
(ng/x)/ - has not correlated very well at d1fferent values of 7;/a The best
corrclatlon has been obtained for the parameter “, ,/( /a) This is the

parameter chosen to establish short-period frequency requirements in Reference 1.
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The major objective of this program was to investigate the short-period
frequency requirements for a low to medium load factor wheel controlled air-
plane at a high range of »; / o for comparison with the requirements proposed
in Reference 1. Figure 27gshows the pilot rating data obtained during this
experiment plotted on the proposed MIL-F-8785 specification requirements.
Within the level 1, Flight Phase Category A boundary, the airplane must have
a pilot rating of 3.5 or less and within the level 2, Flight Phase Category A
boundary, a pilot rating of 6.5 or less, for the task of precision maneuvering.
The faired pilot rating data of this experiment possibly indicates that the
upper limit on «jp as a function of »7; /c is a little high, and that the lower
limit might converge slightly toward the upper limit at the high ia/a c

The technical discussion presented earlier suggests that perhaps the
best short-period frequency, at a given £, , will be the one that gives the
pilot the best combination of & and », responses. The author does not neces-
sarily hold with the conclusion that, at high speed or high VL the pilot
is attempting to control »g prec1sely at the expensc of the pltch attitude
response. In the steady state, the pitch rate and normal acceleration
responses are directly related by the velocity [( ) = V(a )}. At high

speed, and therefore high r:;/cz , the pilot reaches the acceleration limits of

the airplane long before he reaches a value of & that might be objectionable.
This means that 73, though certainly more important at high speed than at low
speed, is not normally controlled tightly unless the pilot is near the 74 limits
of the airplane. Experience tends to bear out that the pilot will rotate the
airplane from target to target at the maximum »4 consistent with pilot ard
structural limitations in order to minimize acquisition time; however, when
structural limitations are not paramount, the pilot will close on pitch attitude
in order to track. Since 6 and »,are both important, a reasonable approach,
consistent with the piloting task,” is to observe the # response while normalizing
the 775 TEsponse. Since the pilot does close on attitude, the & response maintains
its importance at high ﬂl/a:and therefore could possibly be used to correlate
longitudinal handling qualltles at high as well as low speeds. Figure 28 shows
the actual pole locations for the 9/9‘ transfer function that were used during

the evaluation program. It can be seen in Figure 28 that the best short-period
frequency, as determined from tho faired pilot rating curves for both groups,

occurs at approximately the same phasc angle with respect to the zero determined
by the C4f of the configuration. Since this angle is a function only of w, ,
£, and /9 this means that in this experiment the best short-period frequency,

for the two groups evaluated, occurred at essentially the same value of 7, «,

Therefore it was worthwhile to plot pilot rating as a function of 7y “hp -
z
This approach is not new as it is suggested in Reference 9 for values
0f77//x less than 15 g/rad. However, here it is extended to much larger values

3 .
of’n//a and the parameter 7, « is used in place of _ 7 as suggested in
J Zz SP b 781 Wep
Reference 9, because the significance of - is not as clearly understood as
o . . SP .
a variation in «g,. It 1s also better to corrclate with a parameter that
increases with increasing «j,and does not 'blow up'" as ., approaches zero.
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Figures 29, 30 and 31 show the variation of pilot rating with a change in

Te, Wy - lu can be seen that there is excellent agreement between pilots for
each group of data, as well as very good agreement between groups. The faired
pilot rating curves, for both pilots for both groups cf data, show that the
best pilot ratings occu at 7; wep = 3.6, It also shows that acceptable short-
period handling qualities (PR < 3.5) occur for a range of 7z «, ,between 2.2 and
5.3.

By maintaining a constant value of 7,,6 «,,at a constant damping ratio,
the shapes of the longitudinal responses to a step input are preserved. This

also means that the pitch rate overshoot ( A44z/ ) and the phasing of the 6

response with respect to the « and 7, responses is held constant.

?

From the two equations developed in Appendix I and shown below,
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having a constant value of 7, «/, and % ,will maintain a constant pitch rate

) 5P
overshoot, (ﬁiﬁiﬁ ) , and as shown in Section II, will keep the same phasing

O ataz
between the 4, o and », responses. In this experiment, the optimum short-

period frequency occurred at a value of fg w,, 3.6 with a range of

2.2 6Ty wp & 5.3 for acceptable short-period handling qualities (PR < 3.5).
z
From Figure 28 and Equation 21, it can be seen that a constant value of
Qk 4o (at a constant damping rdt1o) rcsults in a constant phase angle for the
6 “response to a step input. As pointed out in Section II, one of the effects
of changing the value of 74, is to change the phase relat10nsh1p of the 4
response with respect to the a and 7, responses. If there is, in fact, a
desirable phase relationship between ‘the 6 and 774 responses, then it should be

possible to correlate pilot rating with V‘ . Figures 32, 33 and 34 show how

pilot rating varied as a function of the phase angle of the 6 step response at
the short-period frequency. Although the damping was not varied in this exper-
iment, these phase angles include the actual measured damping 7atios obtained
for each configuration. Although there is good correlation at the phase angles
less than the optimum, there is very poor correlation for those phase angles
greater than the uptimum. This is primarily the result of the small change in

72 that occurs for even a large change in «j, at values of 7; greater than
(72
optimum. The evidence of poor correlation lies in the large changes that occur

in pilot rating for very little change in ¥, at the high phase angles.
p g g bsp gh p
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Since it has been shown that the pilot rating data correlates as well

with 7 w85 it does with 77/ , it is reasonable to ask which of these

Z
parameters 1s the more correcr correlat1ng parameter? fg/’a is approximately
/
equal to (——) /} and thus ___£_ 3 V &0 (7& ‘dsﬁ) . Unfortunately, the

only conc1u51on that can be reached from this experiment is that the optimum
short-period frequency was different for the two groups cvaluated. Whether
this variation was due to the 1ndependent effect of V or /49 or a combination
of both, cannot be ascertained. There is. however, a grouni 51mu1ator exper-
iment, Reference 6, that shows that p.iot rating varies as a function of

velocity at a gonstant £ . Based on these ground simulator results, it would
o
seem_that J2_ is the better of the two correlating parameters. Since
_Wip «yo i
",/a conta?ns 79 W p and 7 if there are variations in pilot ratlng due
to the independent effects of velocity, they can be accounted for by e L
[79)
\ T
whereas they cannot by 7 «., alone. Neither 8, “4p MOT 7y /e contain tﬁe

effects that variations in short-period damping impose. Thus we must conclude

that any parameter that corntains onlv two of the three variables Wop s S;Dand

04; , has no chance of covering all possible cases.

The primary objective of this investigation was to ascertain the
desirable values of short-period frequency ut high », /¢ for wheel-controlled
airplanes with low to medium limit load factors. A ‘second objective was to
compare the results obtained in this program using a wheel controller to those
obtained in Reference 2 with a stick controller. Although a comparison can
be made, it should be pointed out that the mission requirements for the two
propgrams were quite different. The pilots in Reference 2 evaluated an airplane
for the fighter mission and the pilots in this program evaluated a task
representative of a much larger, less maneuverable airplane with a wheel con-

troller. Figure 35 presents the pilot rating data versus short-period frequency

from Reference 2 plntted on the corresponding data from this experiment. The
most significant result is that the short-period frequconcy requirements for

a wheel-controlled airplane are identical to those of an airplane with a
stick controller. This is an important conclusion because it allows direct
comparison of short-period frequency Jata obtained in airplanes with ecither
type of controller. Although the short-period frequency requirements are the
same, one major difference in the pilot rating data was cvident. tor the
Group I configurations, in the lower than acceptable short-period frequency
range, the pilot ratings for the stick-controlled fighter airplane dropped
off quite a bit more rapidly than those for the medium load factor wheel-
controlled airplane. This same trend was not as evident for tine Group I
configurations. The dropoff in pilot rating is primarily attributed to the
mission requirements where the desire for increased maneuverability in the
fighter is greatly impaired by the slow initial responsec characteristics
exhibited in this short-period frequency range.
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6.4 DISCUSSION OF RESULTS OF PIO INVESTIGATION

Pilot A made a brief evaluation of four Group [ and three Group II
configurations for which the short-period damping ratio was reduced from a
nominal value of %;,z 0.7 to a value of £,,= 0.1. All but one of these
configurations were evaluated twice; once for a fixed 4}uq/ﬂ3 and a second
time with the opportunity for the evaluation pilot to select a desired value
°f‘§»9/’}‘ Table IV-1I1 lists the configurations evaluated.

For Group I with fixed f;,/r}values, each of the configurations except
the one at 6.09 rad/sec was rated as unacceptable because of a tendency to
overstress the airplane due to light wheel forces rather than because of PIO
tendencies. When the£, /74was increased, the pilot ratings became better. This
does not mean that the pilot did not experience PIO tendencies, because the
pilot comments indicate that these problems did exist. For both the 1.96 rad/sec
and 4 rad/sec configurations, the pilot indicated that when he attempted to
tighten his control loop, he found that the oscillations just got larger.
Increasing ~4 . /», reduced these oscillations. At 6.09 rad/sec, the pilot
experienced simif;r oscillations which were considered objectionable, but his
major complaint was the reaction of the airplane to the random noise disturb-
ance inputs.

The low frequency configuration evaluated in Group II had such a
heavy‘ﬁuu/jk that the airplane was cxtremely difficult to maneuver. The
configuration was considered to have a bobbling tendency but this was
completely overshadowed by the heavy wheel forces. At 6.0 rad/sec the pilot
indicated that he could track fairly well at low gair in smooth air. The
major complaint for this configuration, as in the Group I case, was that the
control in the presence of the random elevator disturbances made the airplane
unacceptable. The same comments were found for the configuration evaluated
at 10.3 rad/sec. There was a greater tendency to bobble the airplane when
attempting to tra-k in smooth air than at 6 rad/sec, but the characteristic
that made the configuration unacceptable was again the performance in the
presence of the random noise disturbance.

Intuitively it would seem reasonable that a high-frequency airrlane
would be more susceptible in pitch to external disturbances, especially at the
low damping ratio ( £;,™.1) evaluated. This suggests that there is possibly
an upper boundary to the short-period frequency for light short-period damping
ratios due to the airplane pitch response to external disturbances. This seems
to be the case here; unfortunately there are very few data points and the random
noise disturbance does not realistically simulate natural turbulence, i.e., the
elevator input applies only pitching moments and does not simulate the heaving
motion normally found in natural turbulence.

It can also be concluded that PIO problems did exist for most of the
configurations. It was also possible to reduce the consequences of these
oscillations by increasing the wheel forces. For this experiment, it can be
said that for short-period frequencies of 6 rad/sec and greater, and at 2
damping ratio of £, = .1, the major complaint of the pilot was the response of
the airplane to the random noise inputs through the elevator and that this
occurred for both the high and low @,ﬁ( cases.
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6.5 COMPARISON OF RESULTS OF SELECTED >, VALUES

Each of the configurations was evaluated at least twice, once with a
fixed %/ 7s determined to lie within the proposed f;w/n}requirements estab-
lished in dzference 1 and varied as a function of «w," according to the results
of the experiemnt conducted in Reference 2, and again with the opportunity for

the pilot to select what he considered to be an optimum fw/rs.

Figures 36 and 37 show a comparison of the values offﬁw//jias a function
of short-period frequency at a given value of » jabctween those fixed during the
evaluation and those seclected by the evaluatiog pilot.

The cw//’”g values selected by Pilot A show the same trend as those fixed
in the experiment, however, they are generally 5 to 10 pounds heavier than the
fixed values. The two cbviously heavy %, /7, values selected by Pilot A at 3.6
and 4.2 rad/sec for Group I were felt necesééry to give structural protection
in a symmetrical pullup, but admittedly resulted in forces that were a little
high in a steady g turn. It is interesting that he evaluated this same
configuration two other times at an F;u,/ﬂ = 40 lb/g and rated it as
acceptable satisfactory once and as unacceptable the other time. The un-
acceptable rating was due to the pilot's concern about overstressing the
airplane because of the light;§W/7B. It is the author's opinion that the
pilot comments do not justify an unacceptable rating, particularly when they
arc compared with the comments for the same configuration at essentially the
same éw/”} value evaluated earlier.

The j;,/sv values sclected by Pilot B do not show the same trend as
those fixed in the experiment; as the short-period frequency increased, the
selected values of 4, /7, continued to decrease. The result was that Pilot B
had more complaints abou? the initial resnonse being sensitive or abrupt at
the higher short-period frequencies. The low value of %, /7, selected at
5.3 rad/sec for Group Il was admitted by the pilot to be too light.

A comparison of the pilot ratings as a function of short-period frequency
and:zv/gis shown in Figures 37 and 38 for the levels and flight phase categories
presented in Reference 1. Essentially, the airplane must have a pilot rating
of 3.5 or less within the Level 1, Flight Phase Category A boundary and a pilot
rating of 6.5 or less within the Level 2, Flight Phase Category A boundary for
the task of precision maneuvering. It can be seen that in general, these
criteria have been met with the exception of a few discrete points.

The wheel force requirements in this experiment were quite different
from the stick force requirements established in Reference 2. It is difficult
to make a direct comparison because of the significantly different limiting load
factors and the different mission requirements for the two experiments. There
was a stronger tendency to use the control force level to provide structural
protection for the wheel-controlled airplane than for the stick-controlled
fighter. This could indicate that control force per g is more important for
structural protection in a low to medium load factor airplane than in a high
load factor airplane where the human tolerance to normal acceleration becomes
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the more important consideration. In other words, for low ”} structural limits,
the pilot's perception of the limiting g is not very good in comparison with

the case of a high 7y structural limit where considerable pilot discomfort and
physiological changes may occur. Thus the higher wheel forces accomplish two
things: they provide the pilot with an increased degree of »_ perception and
physically make the airplane more difficult to overstress.

6.6 DISCUSSION OF RESULTS OF THE d:”' STUDY
¢

One flight during the in-flight evaluation program was used to evaluate
the effect on the short-period handling qualities of variations ind,/»,.
The configuration used was a Group I configuration that had been rated acceptable
satisfactory with a &./7»,~1 in./g. Additional values of &"ﬁvequal to 2, 3, and
4 in./g were evaluated while holdlng[w/fgessentlally constant. The
configurations were evaluated by Pilot B!

The original configuration was evaluated three times at a ﬂwy% =1 in./g
and given ratings of 1.5, 2.0 and 2.0. The wheel displacements were described
as comfortable in the first evaluation and moderate in the last two. The
configuration, in general, was quite good with good tracking capability

With‘%wfﬁ,increased to 2.05 in./g, the wheel displacements were
described as a '"little on the high side." The increased displacements were
slightly more noticeable and caused the pilot to comment: '"there was something
about the feel of the aircraft that made it difficult for me to tell whether
the stick displacements were large or whether the response was just slow.'" The
pilot, though commenting about the wheel displacements, seemed to feel his
difficulty in a tight tracking maneuver was due mostly to the airplane dynamics.
The configuration was given a pilot rating of 3.

At a.§w/ = 3.3 in./g, the increased wheel displacements were quite
noticeable, described as "rather large,' and were listed as an objectionable
feature. The pilot found it was often easy to get out of phase with the
tracking needle during the random error tracking task and commented that he

could not do any very tight tracking. The configuration was given a pilot
rating of 4.

For the highest 4}wr/23 evaluated of 3.94 in./g, the pilot reported that
it seemed to take a lot of wheel input to get any amount of initial resnonse
and that the wheel displacements seemed quite large. Once again the pilot
reported that his tracking was poor. The pilot listed as an objectionable
feature that the control inputs had to be large to get anything out of the
airplane and he rated the airplane a 5.

Figure 39 shows the variation in pilot rating as a function £ [y/” .
The pilot ratings deteriorate with increasing 4., /77, and indicate chat the
handling qualities were less than acceptable satisfactory for values o‘d}w/ﬂ
greater than about 2.5 in./g. Figure 40 shows the comparison of the pilot
ratings obtained at the various values of d /h witn the proposed levels

established in Reference 1.

36




SECTION VII
CONCLUSIONS

A flight test program was conducted to investigate the short-period
handling qualities requirements at a constant damping ratio ( {”,2.7) at two
flight conditions for a wheel-controlled airplane with a low to medium load
factor. The two flight conditions consisted of two velocities at a constant
altitude. This resulted in two values of //7 = ¢ and two true speeds.
The following conclusions were reached: 4

1. The short-period frequency requirements were different for the
two flight conditions. As ’/9;1 and velocity were increased,
the band of acceptable short-period frequencies was widened
and shifted in the direction of higher frequencies.

2. Pilot opinion of the longitudinal short-period handling
qualities was found to deteriorate for frequencies above
and below an optimum frequency, for essentially the same
reasons at both flight conditions. For those frequencies
below the optimum, the pilots complained about the
sluggishness »f the initial response and the tendency to
overcontrol and possibly enter a low-frequency PIO. At
the higher than optimum frequencies, the pilots complained
about the abruptness or sensitivity of the initial response
and the tendency to bobble the airplane.

3. Selection of an optimum f}y/i” is a compromise between
desirable initial response and acceptable steady state
forces for those frequenciec above and below the optimum.

At the lower than optimum short-period frequencies, the
pilot wishes to have light wheel forces to make the airplane
respond initially but this leads to overcontro! and over-
stressing tendencies. For the higher than optimum short-
period frequencies, the pilot would like heavy wheel forces
to reduce the abruptness of the initial response, but then
he finds the steady state forces excessive.

4. Pilot rating data was shown to correlate with two
parameters: agifﬁg/d)and Wsp 7g, . The following
limits were established for acceptable satisfactory pilot
ratings (PR ¢ 3.5): (.43 =« w,i/(n}/x)e 2.4) and (2.2%7,@ “5.3).
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For the constant damping ratio cases investigated, the

optimum short-period frequency occurred at the same phase
angle of the short-period mode in the 8 time history response
to a step elevator input.

The short-period frequency requirements for a low to medium

load factor airplane with a wheel controller are nearly

identical with thosz for a fighter type airplane with a stick
controller. The only significant difference is that the

pilots are more tolerant of lower than optimum short-period
frequencies for the mission of the wheel-controlled airplene than
they are for the same conditions for the fighter mission. This
is an important conclusion because it allows direct comparison

of short-period frequency d:c:ta obtained with either wheel- or
stick-controlled airplanes.

Pilot opinion of longitudinal handling qualities is
significantly influenced by the amount of wheel motion
required to pull an incremental rormal acceleration. It
was shown that aSu/sz.S in./g or greater resulted in
unsatisfactory handling qualities.

Reducing the short-period damping ratio to $op = .1 greatly
increased the tendency toward pilot-induced oscillations.
For this experiment, it was found that for short-period
frequencies of 6 rad/sec or greater at a damping ratio of
$,,= .1, the major cause for the unacceptable pilot ratings
was the response of the airplane to the random noise
disturbances to the elevator.

38



w)

P | 50| VT, |V
4 RAD/SEC | 0.7 | 1.6SECY| 322 FT/SEC
»xecxx 4 RADISEC | 0.7 | 3.25EC7Y 322 FT/SEC
6 o L
DEG DEG [ f
” i N
T 1
(0% - ' -
Hi 8-
|
P | ;]
DEG/SEC | . DEGO/(sec
a4 / \ 4
||I|I,‘ﬁh“"'-— \
~ s
M, N
1L < ’\\
J‘ “\
T T T (} —'\rL Y T
+ !"| H . H]
5 5, 30 0. b1
DEG/GSECQ k Ty J.
g's
21 -4_|| u,q{ /—\
| |
o 5}
| 0. 21
\ 1/
o %%‘7 Y T T — O L]‘

6 T 273 T 6 T 23 78 2
TIME-SE( TIMF- SEC

Figure 1 EFFECT OF VARYING ’/fg,‘l ON RESPONSE TO
ELEVATOR STEP INPUT

39




o | S| VTes | Y

<RAD/SEC | 0.7 | 1.65EC! | 322 FT/SEC
voromoos 4 RAD/SEC | 0.7 1.6SeC’! | 644 FT/SEC
I
'| o
o |
DEG
I .I ] I.-’._
[ 2
Cod III by
]
s
13,1 |£ i | 1
|
6 &
DEG/SEC ) e
44 [ ™ 4
\.
A4l ] |I
21N 21\
[ T T T T - \ |[ \‘—_—
], B
|
.’ ”I [:] el

DEG/SEC

0.24/
; U.uﬁf ——
5 5 & 5 6 1 2 3
TIME-SEC TIME-SEC

Figure2 EFFECT OF VARYING VELOCIT'Y ON RESPONSE
TO ELEVATOR STEP INPUT

40




/
“ep g.rpl /Tgl | |4

4RAD/SEC (a7 | 1.65eC | 322 FT/SEC
ooxxxoe 4 RAD/SEC | 0.7 | 32SEC! | 644 FT/SEC

2 B
DEG/SEC J | e |
- T
2 I|'
V*"“""-— | \
! I Y o
—EI_I" |'..:_i
5 30 VERIR
DEG/SEC? g |
204 0.4
f
f
11 J /

0 1 2 35 % "% g T 2 = 4

[< e
TIME-SEC TIMr o fr
Figure 3 EFFECT OF VARYING% AND VELOCITY ON

RESPONSE TO ELEVATOR STEP INPUT

41

v ]
|/
: i
i - - . T 0.1 }“f r T - —r 1




/
“sp l-{ml /7a‘ | v
4 RAD/SEC | 0.7 l.GSEC-1 322 FT/SEC
. oooooooxx 8 RADISEC | Q.7 1.GSEC-‘ R2FT/SEC
__ i [5_
gy, i
I. II(
|/
e o d I{
DEG DEG _
R /
[, Lu-j
O a D *I —~: T T T T 1 |
& B
s  of- 5
DEG/SEC L
DEG/SEC L
T T T } Lt .'u.--r‘ T Y T
J. 6
1
5 7 0.6 l
2 _l'"!...;"‘
DEG/SEC gs .l
O 44 .f.l" |
0.2;/
Y Y na Y 0. O‘ = T T T T 1

67T 2 3 3§ 3 ST 3

¢ 3
TIME-SEC TIME-SEC

Figure 4 EFFECT OF VARYING 4, ON RESPONSE
TO ELEVATOR STEP INPUT

42




“or | S50 /76, | v
4RAD/SEC |07 [ 1.65ec | 322FT/sEC
xxooonooe 8 RAD/SEC | 0.7 | 32sec! | 644 FT/sEC
6 | 0 (].|
1 !
(=] | o«

DEG
=

P

4
, ]
"
b

.
DEG/SEC J“ DE&C/SEC

[\ /\

~

ik, ol \
% %
} r“‘ HI‘.
[ II T 1 i 1 | 1} B .r‘-

' r t ! [I.['

4

X
\
Bty
L

9(F 0. 81
|
& 3 7 116
pecssec? g's Rl ane
201 0.4/
i
1 (1 .24
0 I - — [} OHF— ' v

0 1T 7 75 4 o I Iy

TIME-SEC TIAE-SEC

Figure 5 EFFECT OF VARYING “, . /’i AND VELOCITY ON RESPONSt
TO ELEVATOR STEP INPUT <

43



Figure 6 USAF/CAL VARIABLE STABILITY T-33 AIRCRAFT
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fable |

PILOT COMMENT CARD

A. MAKE COMMENTS AT ANY TiME AS DESIRED.
B. MAKE GENERAL COMMENTS ON LONGITUDINAL HANDLING QUALITIES.

C. COMMENT ON THE FOLLOWING SPECIFIC ITEMS.
1. ABILITY TO TRIM - ANY DIFFICULTIES WITH AIRSPEED CONTROL?
2. FEEL SYSTEM CHARACTERISTICS-

a. STICK FORCES
b. STICK DISPLACEMENTS.

3. AIRPLANE RESPONSE TO PILOT INPUTS-

s. INITIAL RESPONSE
b. FIMAL RESPONSE

4. PITCH ATTITUDE AND NOCRMAL ACCELERATION
CONTROL AND TRACKIN:5 CAPABILITY,

5. ALTITUDE CONTROL - ABILITY TO ACQUIRE AND
I STABILIZE ON A NEW ALTITUDE.

6. LONGITUDINAL CONTROL IN TURNS:
ENTRY - MAINTAINING - RECOVERY.

7. CLIMBING AND DESCENDING TURNS.
8. COMMENT ON ATTITUDE TRACKING TASKS.

9. COMMENT ON CONTROL IN THE PRESENCE OF
RANDOM DISTURBANCE.

10. WAS LATERAL-DIRECTIONAL CONTROL SATISFACTORY
AND DID IT DETRACT FROM THE LONGITUDINAL
EVALUATION?

D. SUMMARY COMMENTS ON OVERALL EVALUATION.

GOOD FEATURES.

OBJECTIONAL FEATURES.

SPECIAL PILOTING TECHNIQUES.

. P10 RATING

PILOT RATING BASED ON MISSION PHASE-
WORDS AND NUMBER

. PRIMARY REASON FOR RATING.

oreN -
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TableI

PIO TENDENCY RATING SCALE

DESCRIPTION

NUMERICAL
RATING

NO TENDENCY FOR PILOT TO INDUCE UNDESIRABLE
MOTIONS,

UNDESIRABLE MOTIONS TEND TO OCCUR WHEN

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

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

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

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

DISTURBANCE OR NORMAL PILOT CONTROL MAY
CAUSE DIVERGENT OSCILLATION .PILOT MUST OPEN
CONTROL LOOP BY RELEASING OR FREEZING THE
STICK.
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APPENDIX 1
LONGITUDINAL TRANSFER FUNCTIONS

The longitudinal equations of motion using the following assumptions:

1. Stability axes
2. Constant speed

3. Incremental effects of gravity are neglected

can be written as:

éque rMéo'LfMdd*MQ(;e (I-1)

€ = 0-L,x-Lg e (1-2)
Vo /4.

”7= —2—(9 M) (1-3)

The following transfer functions in Laplace notation are written
assuming the wings are always level so that # =s6 = ¢ and that the dependent
variables é , « and d, are incremental values from the reference condition:

9(s) _ Q!'LszMg)S+(M:¢L¢~MdL5‘)_

3. (s) 524(L¢-M4-M&)s—(M‘+M¢L¢) (1-4)
«(s) -Ls,s + (M5, + Mg Ls,)

3015) sts (Ld~Mg- M.',)s— (M“fMgL,) (I-5)
?71 (s) _ _V L;. Slf(—L:e M‘l—l"‘c M&)s ‘ (M;e Ly-Me L;e)

Se(s) ~ ¢ SZu(Lyg-My-My)s-(My e Mg Ly) (1-6)

Assuming that

the product of small terms is negligible (L .y 24 M. x0)
e ¢ o’C o

. MEo by - Ma
6(s) Ms. (J r[ e Mie L‘fe])
Se(s) P+ (Ly-Mg-Mg)s - (My + Mg Lg) (1-7)
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li:

d(S) - Md'e [-/“cfg J‘-r/]

50 (s) $z+(La—M¢-M&)5'(Mx*M9L¢) (1-8)
" [ T—

n;(s) _ v ['Jc Lcc‘Mcx'Ld’c] Mgohboa-Maktse +/

Sp () 9 ?+(LM-M¢-MJ)5-(M¢+M4 b (1-9)

The short-period natural frequency and damping ratio can be expressed:
Wsp = -Mu—M¢L“ (I-10)

2.2;.,,,0)5,, = L’oz.'Mq.‘Ma’z
(I-11)

Lu'MQ'Mm'

sp =
2 [-M, My Ly A

. Meeta m Matee (1-13)
7 M
91. Je
L
2 = - _Md"e_ (1-14)
Je
7, = * | ‘e (1-15)
J Mg, /'ac-MOC /'o”e
Making these substitutions .
g e(s) _ Mse (5 *Zo‘)
5,(5)  5t+25pwspS t Wsp'
(1-16)
@ (s) ~ Mdve(?’m,v‘»l)
50(9 | 52+28,,Wsp S * Wep© (1-17)
nz(s) :—V——/——TMJC (?nzsﬁ)(-?’usﬁ) (1-18)
§e(s) 7 7;2'9 "ngp(‘)sps"‘)st

R4

M




For almost all conventional airplanes, 24 is quite small and can usually be
neglected. 25, is likewise negligible for most conventional airplanes, however,
it increases in importance for airplanes on which <4, is large and/or the tail
length is quite short. In this experiment, the tail length was sufficient to
make %5 negligible, Thus assuming, [ N X and making the above

substitions, we have:

a ()
4g.s)

e

712 (<) )

4, ()

”,

J

Mge ("' ’ VT&,)

1-19
s+ 2 ;’J_p Wep $+ wjf ( )
Mg
s*+ 2% " S+ w? (1-20)
Sp SR SP
M
! Je (1-21)

v
S ~ .
g 74 s~ Z:%p(d 8+ w

2 P LY

The following relationships are derived from the zbove transfer functions:

ny (5) "y08) [5e(s) v 1
« (s) «(s) /3¢ () ) 79,; (1-27)
ng(s) niy(s) /s Vv
SO Ll A (1-23)
a(s) 6 (s)/s, (s) 7 7, s+ 1%,

é(s) _ 6 (s) SM;e (s+%1)

<

Se(s)  %(s)

The initial pitch acceleration, §

I1-24
52"‘2;“,“)“)5*0;&‘ ( )

, » for a step elevator input can be

obtained by the initial value theorem:

éo = Zim [S (
se 5+ %

e /
O (s) _ bim Mse (’ ' ra‘s)
$9, (s) T sw»® e 28yp Wyp 0 wse?
S st

e

(1-25)

6,
= Ms, (1-26)
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By the final value thecorem, the steady state pitch rate to a step input
is obtained:

. . ,
6.; - Lim s G(S) - Lim Mte (S + /fa‘) (1_27)
%e S S, (s) s+0 | s%e 2 WpSt Wspt
bss _ Ms, (1-28)
5: Tozwspz

The time history for the 6 response to a unit elevator step input
(4, = 1) can be described as:

(1-29)
: Ms sP )"{4 pmw) 'Zsr“)rr
65 = —= s o f_7’ s o
e“" rolwsf’z sp/'_z—, / ( ;P 0 )
where
-1 Vl-gs’:' -1 a)“,,/f-;,pz
wO = tan + tan
> Zsp /79 gsp Dep

. dé My &. 1 gt . '
e‘e“q’ = dJe = ,/f_—e—;:_' (/ I)f( p(‘)sp z e ’ SI”(&J,’H-;S: S %SP)

] -3, t
M, [ (e ) cos (4o %7t 4 U )

(I-30)

The time at which the maximum pitch rate overshoot, é/tux , Will occur can be
obtained from the conditions for 6 = 0:

’ FL
b =302 t+ Vé")
%

sin /Usr/ f*% ) — cos[wg,
/7_ (”z
tarn (w 1-2.,2 t+ ¥ =
(oo PR 08y, = =
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Thus we can define

tsr {
. mn
6, ax 7, 1 Jir 3
e [ ) e
903 ,'Zu‘ %

which reduces to:




TR T

APPENDIX II

CALCULATION OF 4 AND 7, /e
o Ty

The test program was designed primarily to evaluate the effect of »,/a
/. . ) C ¥ . ¢
or /74, on the short-period handling qualities requirements. In order to
investigate as wide a range of 7, /a as possible, a low value of 16.5 g/rad
and a high value of 56.2 g/rad were selected. The low value was determined
primarily by the minimum speed at which the evaluation pilot could pull 2 g's
without entering stall buffet. The high value was determined by the T-33's

performance limitations.

The method used to minimize variations in nj/cx and//@ for each
configuration was based on the following analysis:

The equation for CA; can be written as
z

A ‘e "x (11-1)
Té ZW & cb’/d'e

If we assume constant speed and neglect the incremental effects of
gravity, then 73/ a can be approximated by:

VZ
. L RV G Cege € ma (11-2)
o g ﬁé 2w o 67”76;

It can be seen that as the aircraft weight decreases due to fuel con-
sumption, the velocity wculd have to be decreased proportionately to maintain
a constant C/QQ . If a constant 79Q‘ were maintained, then » /a; would have
to decrease. Thus, a compromise must be accepted wherein the var1at10ns of
OGQ and ﬂ//d during an evaluation are held to a minimum.

2

Since §4§ varies directly with velocity and »7; /o varies directly with
velocity squared, it was decided that 94Q should be g%e freer parameter. Based
on the predicted aircraft weight change due to fuel consumption, two airspeeds
for the low speed configurations (Group I) and two airspeeds for the high speed
configurations (Group II) were chosen that would give an essentially constant
mean 7z /a for both flight regimes. The program was designed to ensure that
all the low speed configurations would be evaluated at aircraft gross weights
between 15,400 1b and 13,270 1b, and all high speed configurations would be
evaluated between 14,350 1b and 11,800 1b. The two airspeeds for the low speed
configurations were then chosen to give a mean Ti/a of approximately 16.5 g/rad
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and a mean //ng of approximately 1.29 per sec. The airspeeds for the high
speed configurations were selected to give a mean 77,/ of 56.2 g/rad and a
mean ’/791 of 2.65 per sec, The data upon which the selection of these airspeeds
is based is presented in Figures I1-1 and I1-2. The actual airspeeds
corresponding to the various gross weight ranges and the respective ?73/“ 's
and 770'5 are shown in Tables II-I and II-II.

2
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Table II-IT
VARIATION IN z‘l— AND n}/at WITH AIRSPEED AND FUEL REMAINING
2

VELOCITY WT. CHANGE "yl —rf; ¢ - Crg,
TRUE - KT L8 (RANGE VALUE) | (RANGE VALUE) ||

249 700 FR - 540 FR | (16.1 - 17.3) | (1.23 - 1.32) | s5.87
M =.394 | 15400 - 14350

238 540 FR - 375 FR | (15.6 - 16.9) | (1.25 - 1.35) | 5.83
M =.367 | 14350 - 13270

MCAN VALUES 16.5 1.29 5.85
g 7 Vs Crp Gy \ 9ps (32.2) (.00202) (234.8

RN D B2 c . fca w),_e—@ssoo'z -2) -8) = 7.65
_/;z Vv o« 2w mg )
249 KT = 421 FT/SEC

() (7.65) (421) (5.87) _
{%22'—___T§&T“‘_“

o NS (L)
“  \log)\ 9
238 KT = 402 FT/SEC

(1_> _ (7.65) (402) (5.83) _
1

Ts, 14350

»
E,z = 15.6

16.

1.23 (1_ _ (7.65) (u21) (5.87) _
Tez); 14350
' -;1— =17.3
3
L5 [} - 7-65) (402) (5.83) _
%oz Jy 13270
”n
£ = 16.9
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2
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1.35




VARIATION IN 1

752

Table TI-IT (Cont.)

AND n}/cx WITH AIRSPEED AND FUEL REMAINING

1
VELOCITY WT. CHANGE 7y /w Tor
- __41__41

TRUE - XT L8 (RANGE YALUE) | (RANGE VALUE) (CL Crd,

413 540 FR - 375 FR | (54.3 - 58.6) | (2.49 - 2.70) | 6.70
M =.637 14350 - 13270

396 375 FR - 150 FR | (52.7 - 59.5) | (2.53 - 2.84) | 6.55
M =.610 13270 - 11790

MEAN VALUES 56.2 2.65 6.62

413 KT = 698 FT/SEC

{7.65) (698) (6.70)

LH iR
To;

14350

396 KT = 669 FT/SEC

(7.65) (669) (6.55)

)

13270

= 2.53

¢
¢, —de T ) 9P ¢esw -
w )2

= 2.49 (1_)
LR
(7‘-2/
95/96

(32.2) (.00202) (234.8) _

(7.65) (698) (6.70)_ 2 65

13270

(7.65) (669) (6.55)

11790

2

= 2.%4




APPENDIX II1

FEEL SYSTEM NOTCH FILTER CHARACTERISTICS




i |

sz NOTCH FILTER FREQUENCY RESPONSE
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4 e
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S 4 St sl
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1 10 100 1000
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APPENDIX IV
CONFIGURATION IDENTIFICATION AND TIME HISTORIES
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Table I¥V-I
SHORT-PERIOD HANDLING QUALITIES CONFIGURATIONS

PILOT A GROUP I

Bl oo o

— E——— N W —— E ; : : S
FUt (wsp ) 4 ",/a_ [_/r,l 5,/", g,/fs FJ}/, “tp 28T u{’f, cap . ’,'” ] “HLECTED
v [mosec | P (g /mao | sect Lo | g | maofsec 25800, | (oisi? |1isuct |28, | ore 4 n | P | Gy /7y
893 2.0% 0.7 15.4 .2 6i.2 " 1 2.9 2.9 4. 20 0.27 | 67 | 1438 | 40 10 YES
882 2.07 0.65 5.7 1.2% u9.8 .03 7.68 2.1% ¥.30 | 0.27 ! 66 183 1 l v .0 ‘ (] L1J
sev | 2.85 | 0.60 | 157 | 125 | 378 | 0.9 342 273 8.10 0.52 | 2.28 [1se.s | 20 | 1.0 "
900 | 3.60 | 0.6% |16.0 | 1.28 | w22 | 1.1 4.59 3.60 | 13.0 o8 | 2.62 [i606 [ 7.0 [ 2.0 | w0
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Figure IZ-1 TIME HISTORY OF RESPONSE TO FLEVATOR STEP INPUT.
GROUPT, W, =1.96, f” =.694

101




XXXX AIRPLANE + ELEVATOR ACTUATOR DYNAMICS
AIRPLANE + FEEL SYSTEM + ELEVATOR ACTUATOR DYNAMICS

o2 o
2 3l & 4
DEG/SEC ..' DEG/SEC
24 2 f\
.'/ ..Ill ._..
T T T T 1 D""'l __"\E-— T Y
407 0.8
304
.. »
& 0] 5
CEG/SEC ", g's
mj\
0
7 4 & 5 0 1 2 53 % 5
TIME-5EC TIME-SEC
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Table TY-IT
SHORT-PERIOD HANDLING QUALITIES CONFIGURATIONS

PILOT A GROUP IT

T —r T I Ta r ~ - T
£ F 4
L “gp [_}/a ,y/-a J},,/a:, 285 “4o z;w 7 “en car oy [r’” SELECTED
| "o RaD/SEC | U p/ua iy In/§ | wAb/sEc 0 D& | (aoisec)? |/ 1sec? [“P* G, oxe | v | Pion G,,,/’r}
. 1 . i I i 6 :
85 .06 [0.70 [0 [ 2.0 | w22 0.95 .26 174 9.40 0.18 125 | 121.8]7.0 | 2.0 )
905 3.30 | o0.60 [s6.8 | 2.62 |21 1,45 3.98 1.52 o 0.19 v2r | 30|50 [ Yes
893 vl {083 (576 [ 2.66 [729 1.7 6.85 2.58 16.9 0.29 156 | 192.2 (5.0 | 1.0 o
900 w16 | 0.5 fsa.s | 271 | ww.w 1,16 5.0 1.85 2.7 0.38 15 | tes.3lelo s ves
89¢ s.18 | 0.4 [se6 | 263 |17 a7 5.58 2.12 26.8 0.49 1,97 | 1s1.0)2.0 [1.0 Yes
e 5.98 [0.60 [61.7 [ 2.85 [ w2.3 1.08 118 2.52 5.0 0.58 2.10 | 151.9(3.0 |1.0 *0
’ 883 6.00 | 0.57 [61.9 [ 2.86 | as.3 0.90 6.90 2.42 3.5 0.59 202 | 1520010 | 1.0 o
] 895 | 10.20 | 0.86 |55.0 | 2.¢8 [ w6.S ] 13.%0 5.07 104.0 1.89 3.86 | le6.8 2.5 | 1.0 YES |
se7 | 10,0 [0.72 |60.7 | 2.80 [ we.3 1.16 15.18 5.42 12,4 1.85 3.79 | 167.2|1.0 | 1.0 0
89 | 13.50 |0.73 [s7.8 | 2.67 | s0.2 ] 19.0¢ 7.4 182.2 318 5.06 | 1700 [3.0 |1.0 YES
885 | 14.20 |06 |75 | 2.65 |se7 | 1.20 | te.N3 | 695 | 2016 _J 3.5 | 535 | 170.8 [5.0 |1.0 0
i
|
1
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(173 3.60 | 0.83 | sw.9 | 2.68 | su.w .22 6.08 2.29 13.2 0.24 1.3 | e8| 5.0 (2.0 "o
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904 7.00 | 0.73 | s8.2 | 2.69 | 371 1.08 1w w27 0.8 1,08 2.9 | 182.7] 3.5 | 1o YES
902 9.90 | 0.7 | 55,2 | 2.65 | wa.} e 15.19 .73 9.0 1.7% .70 | 187.8) w.0 | 2.0 YES
888 | i0.20 | 0.9 | 61.8 [ 2.85 | wr.0 1.19 12.08 w2 108.0 1.68 3.58 | 168.9] %.0 | 2.0 "0
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XXXX AIRPLANE + ELEVATOR ACTUATOR DYNAMICS
AIRPLANE + FEEL SYSTEM + ELEVATOR ACTUATOR DYNAMICS
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Figure IV:6 TIME HISTORY OF RESPONSE TO ELEVATOR STEP INPUT,
GROUPT, &, =3.33, J;, = 598
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Figure I¥-7 TIME HISTORY OF RESPONSE TO ELEVATOR STEP INPUT,
GROUP I, W, = 4.70, fsp =.735
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Figure L9 TIME HISTORY OF RESPONSE TO ELEVATOR STEP INPUT,
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Table I¥-III
PIO INVESTIGATION CONFIGURATIONS

F, ‘
“, Wep Tsp |?5,40%,| —== | PR | PIOR| SELECTED
! FLT z 3 FEV/”}
" 898 | 1.29| 1.96 | .077 | .234 | 41.0 7 4 No
898 1.96 077 1,234 70.0 6 4 Yes
no oscillograph record
906 24,0 |=.1 | =.620 |240.0 7 2 No
no oscillograph record
| 906 % 4.0 £.1 z.620 [€60.0 5 - Yes
: 908 4,02 .1 .624 48.0 i 2.5 No
| 908 4.02 1 .624 93.5 4 - Yes
{ 907 6.09 1 .944 67.0 7 4 No
! 907 ] 6.09 .1 .944 53.4 7 4 Yes
7 908 | 2.65 | 3.40 | .11 .282 [139.0 7 | 1.5 | M |
i —_ = _ - -— _- - - -+ — - - —
@ no oscillograph record
906 6.0 |=.1 | =.453 |340.0 7 3.5 No
no oscillograph record
F 906 6.0 |=z.l 2.453  [240.0 7 3.5 Yes
: 907 10.5 | .11 .855 | 59.0 7 4 No
907 Y 10.3 1 .855 | 40.0 7 4 Yes
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APPENDIX V
SIMULATION OF SHORT-PERIOD FREQUENCY AND DAMPING

With the assumption that velocity changes are negligible, the longitu-
dinal short-period equations of motion for an airplane can be written as:

@e=8-Lyw-tyl, (v-1)

8 = MG Moo+ Myics My 5, (v-2)

The solution of Equations V-1 and V-2 in terms of the dimensional stability
derivatives yields the following expressions for the undarned natural frequency
( w4p ) and damping ratio ( &,):

2

Wy = - L, Mg, - M, (V-3)
ZI;SP Wep = Ld ’Mg'Mi (V-4)
I = Ly - Mg - My (V-5)

2 [ Ly MMy

Thus, by varying the values of the derivatives in Equations V-3 and V-4,
the airplane's short-period frequency and damping ratio can be varied. In the
variable stability T-33, it is only possible to vary <4 by varying the aircraft
flight condition, which in turn varies the other derivatives. For this
experiment, 4, was held fixed at two different values as discussed in
Section III., If the T-33 elevator 1lift (l-se ) is neglected, it can be shown
that the remaining derivatives can be varied independently by changing the
gain settings in the response feedback loops to the elevator of the T-33 as
shown below:

)
Mac = (Md.)r.” *(7;1) (stc )T—JS (v-6)
S,
M, = (Mi)r-ss o (?e) (M“e)r-ss (V-7)
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3e

Mq =(M‘i)7—u +(_q__)(M5£)T~33 (V-8)

The quantities d'c/oc , %/ , and o’,/g are the constant static gain
settings to the elevator as a function of the airplane « , « , and ¢ vresponses.
The derivatives in Equations V-6, V-7, and V-8 are the T-33 derivatives for a
given flight condition. The airplane short-period frequency and damping can
then be varied by changing the gain settings to modify the T-33 derivatives.

Equations V-6, V-7, and V-8 indicate that each derivative is an inde-
pendent function of only one gain. However, due to various sensor lags,
coupled with the dyramics of the elevator actuator, the derivatives in actuality
become a function dependent on all three gains.

Equation V-3 indicates that for a fixed £, the short-period frequency
can be varied by changing either M, or M, . The choice to vary one or the
other of the derivatives or to vary both of them is somewhat arbitrary. The
same holds true for the damping ratio which can be varied by changing Mg,

Mg or My for a fixed £, . Since this program was originally designed to
be a follow-on to the program described in Reference 10, it was decided that
the derivatives would be modified in a manner similar to that used ir Reference
10.

The preliminary gains for the calibration flights were determined
analytically from the measured data obtained during the program described
in Reference 10. The least-square-fit equations derived in that program
related the short-period frequency and damping ratio to the aircraft fuel
remaining and the feedback gains. These equations were modified to fit the
wheel program and then used to calculate the static gains necessary to
simulate the desired range of frequencies at a constant damping ratio ( 5, = .7).
These gains were then flight tested in the initial calibration flights and
subsequently modified as necessary to approximate the desired frequencies and
damping ratio as closely as possible.
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APPENDIX VI

SIMULATION OF WHEEL FORCE PER g9 AND
CONTRO!. DEFLECTION PER g

The transfer function for = (J)//}y (#) including the effects of the
airplane's short-period dynamics, tge feel system and notch filter as described
in Section V, and the elevator actuator can be written as follows:

w. lw ’(_VQ_LM )(33 _‘5‘"‘) L, 473
7g(s) ] rs “eo (3 g, % | (Bewtss (Fonlss (s*+ 47 ),
Fel (%2805 r@p)(s% 28 sWegS+ Wee )(s 428,00, + Gyy" (5% 27535 44739)  (v1- 1)

The steady state normal acceleration can be obtained from Equation VI-1 by
using the final value theorem.

V / SC) (SEW)
- Yo LMy ( [Sew) (=
(”7)55' = :/:” 5 ",(3)] o _9 7, "¢ \Sewiss|Few/ss ( Ek)ss

w2 (VI-2)
Thus, the steady state wheel force per g can be expressed as:
2
(Fgw) - wSP
N3 /ss &’_,—Mq /55) (Szw) ((ASC)
9 79, ‘e (8ew/ss | Fawlss

One of the design requirements for this experiment was to maintain the
control deflection per g(4,, /7;) at 1 in./g. In order to accomplish this,
the above expression was written in the following form:

(st ew) _ [Se _ w”"z
n_,)ss {/:Ew)ss ‘(»_;)ss T V1 Y (s_.,) (VI-4)
g9 7T, %€ \Osw/ss
For a g;ven flight condition, the control deflection per g is only a
function of wgp and (dp/6s ) - To obtain a ( dg / 75 )y Of 1in./g it

was simply a matter of calibrating the ( 4 / sy )o gain to correspond to the
various simulated frequencies. A spring rate of 50 lb/in. was selected for

use in this calibration. During the calibration flights, the ( de/ d,,, )U

gain was then varied for each simulated frequency to obtain a wheel force per ¢
of 50 1b/g. Once this was accomplished, the control deflection was essentially
fixed at 1 in./g for all configurations at F,,,,/ﬂ = 50 1b/g. To change the
wheel force per ¢ , the safety pilot had only to set the spring rate gain at

a value equal in magnitude to the desired wheel force per ¢ , this resulted in
the proper variation of §W/'w}while maintaining a control deflection of 1 in./g.
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