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Section I 

INTRODUCTION 

The X-22A variable stability V/STOL aircraft is a versatile and 
unique research tool which can be used to investigate the flying qualities of 
a wide range of both STOL and V/STOL aircraft. Since the initiation of flying 
qualities experiments using this aircraft, the demonstrated capabilities of 
the machine itself, of the data gathering and analysis procedures, and of the 
supporting research facility have been continuously increased. Chronologically, 
the major developments may be summarized as follows: 

• Task I: first use of the variable stability system (VSS) 
in a flying qualities program, at two fixed operating 
points ( A. = 50°, V0= 65 kts; X = 30°, >4 = 80 kts), in 
which a wide range of longitudinal dynamics was investi¬ 
gated (Reference 1). 

• Task I: development and implementation of a comprehensive 
digital dh.ta acquisition and flight safety monitoring 
system (Reference 2). 

• Task I: first use on a flying qualities program of a 
digital identification technique developed expressly for 
the X-22A (Reference 3). 

• Task II: extensive range of lateral-directional dynamic 
characteristics investigated at fixed operating point 
( A. * 50°, = 65 kts), plus greatly increased reliance on 
digital identification and data reduction procedures 
(References 4 and 5). 

• Task II: investigation and expansion of the flight envelope 
for VSS operation in transition and hover which led to full 
decelerating transitions and a vertical landing while 
operating on the VSS (documented in this report). 

• Ground Simulator: design and development of a fixed-base 
ground simulator of the X-22A and a subsequent exploratory 
research experiment investigating transition (References 
6 and 7). 

This report has the two following purposes: 

1. To provide summary descriptions of the X-22A aircraft and 
the research facilities associated with it. 

2. To document specifically the sub-experiment conducted 
during the Task II flight program aimed at demonstrating 
capabilities of the X-22A to perform transition and hover 
flying qualities experiments using the variable stability 
system (VSS). 



The body of the report is concerned with the simulation capability of the air¬ 
craft and the ground simulator, while the appendices present supporting data 
and information. Specifically, Section II presents a review of the dynamic 
characteristics at fixed operating point that have been simulated during the 
first two flying qualities experiments, and describes in detail the develop¬ 
ment of the hover and transition capabilities of the X-22A while operating on 
the VSS. Section III presents a review of the recently developed X-22A 
ground simulation facility. Appendix I discusses the characteristics of the 
basic X-22A and its variable stability system in detail, Appendix II describes 
the Digital Data Acquisition System and associated data processing capabilities, 
and Appendix III reviews the digital identification technique developed for 
the X-22A. Appendix IV documents the flight test plan used to demonstrate 
the X-22A variable stability capability to pilots selected by the X-22A 
Flight Research Steering Group. 
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Section II 

FLIGHT SIMULATION CAPABILITY 

This section reviews the simulation capabilities of the variable 
stability X-22A aircraft, with the emphasis of the discussion being on 
dynamics and capabilities that have been demonstrated in flight and, where 
appropriate, the range of gains in the VSS required to achieve these dynamics. 
The discussion is divided into two parts. The first part reviews briefly the 
ranges of dynamics investigated in the first two STOL flying qualities experi¬ 
ments performed using the X-22A (Tasks I and II, References 1 and 4). The 
second part documents in detail the sub-experiment performed during the Task 
II flight program to investigate and develop the capabilities of the aircraft 
for hover and transition work using the VSS; this documentation is not 
included elsewhere, and hence this part of this section constitutes the 
requisite "final report" on the sub-experiment. 

2.1 REVIEW OF FIXED-OPERATING POINT FLIGHT SIMULATION CAPABILITIES 

The first flying qualities program using the X-22A concentrated on 
exploring the influence of the longitudinal short term response dynamics on 
flying qualities for STOL landing approach (Reference 1). Two flight 
conditions were investigated (A. = 50°, 65 kts and X ~ 30°, \4 = 80 kts), 
with approach angles varying from f = -6° to ^ = -9°. The short term 
response dynamics are primarily a function of the stability derivatives 
and and hence variations in these derivatives constituted the basic 
investigation; in addition, the speed stability was varied if necessary to 
maintain the long-term response nearly stable, and the pilot selected the 
control sensitivity . Of the total number of response-feedback variables 
available in the X-22A (Appendix I), then, this experiment investigated 
ranges of * ûe$/Ç» A£í/u , and hgalSss. 

Using these gains the resulting range of short-term dynamics 
achieved for both flight conditions investigated is shown on Figure 2-1. The 
numbers correspond to the configuration identifier used in Reference 1. As 
can be seen, the resulting dynamics varied over 0.8 rad/sec <<*>sr¿2.6 rad/ 
sec, 0.04 < £sr< 0.8, and 0.21 rad/sec < 2 rad/sec. No limit¬ 
ations of the VSS in these channels were observed for this range of gains. 
These results represent the range of dynamics achieved to date and should not 
be viewed as limiting values of the VSS. 

The second X-22A flying qualities program, conducted as the primary 
experiment for Task II, extended the demonstrated capability of the lateral- 
directional VSS channels significantly. This experiment investigated the 
effects of lateral-directional flying qualities parameters and their inter¬ 
action with control power requirements on STOL flying qualities in landing 
approach ( V0 = 65 kts, A = -7.5°) (Reference 4). Of primary interest in the 
investigation were roll mode time constant, Dutch roll undamped natural fre¬ 
quency, roll-to-sideslip ratio at the Dutch roll frequency, and yaw due to 



Figure 2-1 SUMMARY OF SHORT TERM DYNAMICS FOR EVALUATION CONFIGURATIONS 
IN TASK I 
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aileron, as well as the effects of limited roll control power for various 
combinations of these parameters. These parameters are nonlinear functions of 
all the stability derivatives in the lateral-directional characteristic matrix, 
and hence almost all of the available channels in the VSS were used. 

The range of achieved dynamics is shown in Table 2-1. The dynamic 
characteristics vary from roll modes highly augmented over that of the basic 
X-22A (Configurations 1-3) to ones that are deaugmented (Configurations 6 and 
7), from dihedral effect ( ) near that of the basic aircraft (Configuration 
3) to highly deaugmented (Configuration 6), and from directional stiffnesses 
that are well augmented (Configurations 2-7) to one that is somewhat deaugmented 
(Configuration 1). In this experiment as in Task I, no limitations of VSS 
capability were observed for the feedback gain ranges used. Again these 
results represent achieved values and should not be viewed as the limit of 
the VSS. 

Table 2-1 

CHARACTERISTIC MODAL PARA?ETER VALUES 

5 
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At the 65 knots, X= 50 deg flight conditions, the X-22A has the 
following control powers: 

1 

1.8 rad/sec‘ 

2 
= 1.8 rad/sec 

2 
= 0.8 rad/sec 

The possible range of force gradients is extensive for all the evaluation 
pilot's controls, ranging from ^ 1.5 Ib/in. to a stiff stick for pitch and 
roll control and from 7 Ib/in. to no displacement rudders (stiff) for the 
pedals. Frequency response data for the feel system shows that the systems 
are approximately second order with cor9 = 2 Hz and = 0.6, which is con¬ 
sidered sufficiently fast so as not to be a factor for low speed simulation 
work. 

In summary, then, the two flying qualities experiments at fixed- 
operating point that have been performed using the X-22A have exercised most 
of the capabilities of the aircraft's variable stability system. These cap¬ 
abilities were used to simulate a wide range of dynamic characteristics 
which span the range of those that might reasonably be expected to occur in 
STOL aircraft at the constant flight conditions investigated. No limitations 
in anv of the VSS channels were observed in either flight program, and it may 
be concluded that the flight conditions are sufficiently extensive to investi¬ 
gate in depth STOL flying qualities. 
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2.2 DEVELOPMENT OF TRANSITION/HOVER FLIGHT SIMULATION CAPABILITY 

The Task II X-22A flight program involved two experiments conducted 
concurrently. The primary experiment was the lateral-directional flying 
qualities experiment discussed in Section 2.1 and reported upon in Reference 4. 
In addition to this primary experiment, a flight investigation of limited 
extent was performed to expand the X-22A capabilities to perform flying 
qualities research in transition and hover. The primary objectives of this 
investigation may be summarized as follows: 

• Installation and checkout of a u/-LORAS to provide vertical 
damping simulation capability at low speeds and hover. 

• Redefinition of the allowable altitude for hovering while 
controlling the aircraft through the VSS to allow realistic 
flying qualties experiments in hover. 

• Preliminary assessment of stability and control augmentation 
schemes for hover using the VSS to provide background data 
for future flying qualities experiments in hover. 

• Definition through flight test of reference transition profiles 
within the operational boundaries of the aircraft to provide 
a guide for variable stability research in transition. 

These objectives defined the four phases of the experiment, and this section 
of the report reviews the reasons for each of them, discusses the methods of 
investigation used, and documents the results that were obtained for future 
reference. 

2.2.1 Installation of or-LORAS 

In order to perform useful flying qualities research in the hover and 
near-hover flight regimes, it is necessary to be able to investigate the 
effects of vertical velocity damping and pitching moment due to vertical 
velocity (MJ). Conventional aerodynamic sensors of vertical velocity (angle 
of attack vanes) become useless for generating feedback signals as forward 
velocity approaches zero because, even if they continue to track the local 
air flow correctly, the measured angles become too large. It is therefore 
necessary to generate a ««/-velocity signal in some other way. 

One possibility that has been suggested, and which was originally 
included in the X-22A VSS, involves integration of the normal acceleration 
signal to obtain an approximate "inertial" vertical velocity signal. This 
approach has several disadvantages, however: (1) the accelerometer signal 
is subject to stiction biases, (2) the signal must be corrected on-line for 
pitch and roll attitudes in order to generate the correct velocity information, 
and (3) the response to */- gusts of the simulated aircraft will not be pro¬ 
perly modeled (Appendix IV; Reference 1). 
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The necessity for an accurate measurement of vertical airspeed there¬ 

fore resulted in the installation on the nose boom of the aircraft of a 

LORAS II airspeed system oriented in the y-z plane of the aircraft during the 

course of this experiment. The LORAS II is an improved version of the u-LORAS 

mounted on the vertical tail of the airplane (see Figures 1-14 and 1-15 of 

Appendix I), and uses essentially the same operating principles to measure 

and resolve relative airspeeds with linear resolution down to zero airspeed 

(Reference 8). The y-z orientation was selected for checkout in order to 

provide an additional measurement of body-axis lateral velocity; it was known 

that the lateral velocity information from the u- LORAS on the tail is 

compromised by the tail flow-field, and since the location of the LORAS II 

( a/- LORAS) on the nose boom should be relatively free of such local flow 

effects, this orientation was chosen as being more useful than an x-z orienta¬ 

tion, which would provide an additional measurement of longitudinal airspeed. 

Calibration data for the a^-LORAS at low forward velocities were 

obtained primarily on Flights 86F and 87F during the Task II flight program. 

The procedure used to obtain these data involved setting up trimmed forward 

velocities of approximately 0, 10, 20 and 30 kts at a constant altitude 

above the runway (^ 100 ft), and then performing forced pitching oscillations. 

If the velocity and altitude are maintained constant, this procedure results 

in simple and straightforward calibrations of both the angle of attack vane 

and of the LORAS. The calibration calculation results should be viewed 

as substantiating the fact that the u/-LORAS is functioning correctly, how¬ 
ever, and should not be considered final. The reason for this qualification 

involves the orientation of the ¿‘''-LORAS, as installed and checked out, in 

the y-z plane. 

The af-LORAS flight data at longitudinal velocities above approxi¬ 
mately 20 kts show marked degradations in signal-to-noise ratio and incon¬ 

sistencies with the angle of attack measurement. These inconsistencies are 

attributable to the fact that the primary component of the velocity is normal 

to the plane of the LORAS rotation in forward flight; the out-of-plane 

inflow angles at the heads of the instrument therefore become large as forward 

velocity increases and likely lead to flow separation and consequent pressure 

fluctuations and distortions. While it is true that the angle of attack 

measurement from the vane is of good quality for these higher velocities, it 

is apparent that some form of complementary filtering as a function of air¬ 

speed would be required to use the appropriate measurement in the VSS. A 

more desirable alternative is to change the installation of the ¿/'-LORAS 

to the x-z plane, in which case the forward velocity vector would be in the 

plane of rotation and the excessive out-of-plane inflow angles would be 

eliminated. 

Changing the orientation to the x-z plane, of course, results in 

measurements of body-axis longitudinal and vertical velocities, and so an 

additional measurement of lateral velocity is no longer available. As was 

noted in Reference 4, however, the flow effects around the tail not only 

affect the lateral velocity measurement but also compromise the longitudinal 
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velocity measurement with the U-LORAS, in sideslipped flight conditions. An 
additional measurement of longitudinal velocity from the «''-LORAS would 
therefore be beneficial. 

The primary results relevant to this phase of the experiment may be 
summarized as follows: 

• A «''-LORAS was installed on the nose-boom of the X-22A 
to provide a useable measure of air velocity relative to 
the aircraft vertical body axis at forward velocities 
down to zero. 

• Calibration data taken at low forward velocities demon¬ 
strated that the «''-LORAS functioned correctly and measured 
relative vertical velocity as desired. 

• Degradations of the quality of the vertical velocity mea¬ 
surements as forward speed increased were found, and it is 
recommended that t’.ie orientation of the «''-LORAS be changed 
to the x-z plane. 

2.2.2 Flight Envelope for Hover on VSS 

During the Task I program and at the beginning of the Task II 
program, the X-22A aircraft was restricted to hovering above a minimum 
altitude of 1000 feet AGL when operating on the variable stability system 
(Reference 9). This restriction was based primarily on lack of information 
concerning two areas of difficulty which might compromise safe ejection 
capability: 

1. Re-engagement of the primary artificial feel and trim 
(PAFT) system upon VSS disengagement. Information was 
required on the difficulty of controlling the aircraft 
PAFT-off in hover and on re-engaging the PAFT (in forward 
flight, the stick must essentially be released to re¬ 
engage the PAFT). 

2. Effect of a feedforward system (.FFS) actuator hardover. 
(See Appendix I for a discussion of the FFS.) In hover, 
the critical situation would be a blade FFS actuator 
hardover (± 3° full authority), which would produce rolling 
and/or pitching disturbances. Information was required on 
the extent of those disturbances prior to correction by 
the safety pilot, as well as concomitant altitude loss, 
rate of sink, etc. 
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This altitude restriction would be unacceptable for any flying qualities 
research program in hover with a representative task, and hence the objective 
of the second phase of the experiment was to investigate the two areas of 
difficulty in order t ascertain their effects and thereby reduce if possible 
the altitude restriction. 

To inveitigate these areas, practice PAFT engage/disengagements and 
simulated FFS hardovers in hover were initiated at altitudes above 1000 ft 
AGL; transient characteristics such as altitude loss and attitude changes were 
monitored on-line in the Mobile Telemetry Van, and, in combination with the 
comments of the pilots, used as a decision basis for reducing the altitude 
progressively. The PAFT disengagement/engagement procedure was straight¬ 
forward, in that the VSS was "dumped" at arbitrary times by the evaluation 
pilot, which gave the aircraft to the safety pilot with the PAFT disengaged. 
The FFS hardovers were simulated by wiring auxiliary switches to the FFS 
servos to command either one-half or full authority inputs. Four of these 
switches were installed in the cockpit to provide the following inputs: 

Evaluation Pilot (EP): ±1.5° left aft duct blades 

+ 3° right front duct blades 

+1.5° left front duct blades 

+ 3° right aft duct blades 

In addition to investigating these areas in hovering flight, this 
phase of the experiment performed preliminary investigations relevant to the 
two remaining phases. Practice inbound (A.^90°) and outbound (A^O0) trans¬ 
itions in level flight were initiated at safe altitudes to investigate the 
eifects of VSS disengagements midway through a decelerating transition, and 
the non-aerodynamic VSS feedback gains (i.e., rates and attitudes) were 
exercised in hover. 

The following listing documents the results obtained during this 
phase in a chronological fashion by flight number. 

Flight F-55 • engage fly-by-wire (FBW) in hover at 1030 ft AGL 
engage VSS in hover at 1000 ft AGL. All VSS 
feedback gains at zero except: 

A*6/?= -3.9 in./rad/sec 
A«/*= -2.2 in./rad/sec 
bttJr- -6.4 in./rad/sec 

VSS transition outbound at 1000 ft AGL, 90°>^30O. 
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Flight F-56 • VSS transition inbound at 800 ft AGL, 50°=3>90°, 

with VSS gains as above. 

VSS hover, EP inputs to give 3° blade deflections 

followed by intentional dump of system. SP re¬ 

covered with no difficulty, no altitude loss. 

SP hovered aircraft with PAFT off, encountered 

no difficulties although had some tendency to 
over-control. 

VSS hover at 500 ft AGI, EP inputs followed by 

dumps, up to 15° roll and 10° pitch attitudes, 

SP had no difficulty in recovering immediately, 
no loss of altitude. 

VSS hover for FFS hardover simulation: 

a) SP inputs +1.5° , EP overpowers 
b) SP inputs + 3° /5^, EP overpowers 

c) EP inputs + 3° /ft^and dumps system, 

EP recovers with no difficulty or 

altitude loss, max roll attitude^S0, 

negligible pitch attitude. 

VSS transition outbound, 90° =£> 15°. 

Flight F-65 • 

Flight F-69 • 

VSS transition inbound, gains as in F-55, 15°**450 

followed by EP dump of system. No noticeable 

transients, SP transitioned outbound to 30°. 

VSS transition inbound, 30° => 70° followed by 

EP dump of system. No noticeable transients, SP 

transitioned outbound to 30° with loss of ^150 ft 
altitude. 

VSS transition inbound, 30° =^> 80° followed by 

EP dump of system. No noticeable transients, SP 

transitioned inbound to 90° with no difficulties. 

VSS hover, descend to 200 ft AGL, EP dump of 

system, SP re-engages PAFT with no difficulty. 

VSS hover, descend to 50 ft AGL, maneuvers on 

system, dump of system with no transients, SP 

re-engages PAFT with no difficulty, no altitude 
loss. 

VSS hover, descend to 35 ft AGL, dump of system 

with no transients, SP performs vertical landing. 

VSS transition outbound, 50°=i>30o, gains as in 
87F. 

VSS transition inbound on final approach, 
30°=*> 50°. 

VSS transition inbound at 200 ft AGL along run¬ 
way 50° =>810. 

VSS transition inbound while moving to runway 

intersection with taxiway Q, 81° =>90°. 

11 



VSS investigation of feedback gain authorities in 

hover, 200 ft AGL (.the numbers indicate digitrol values 

for standard unit gains of Task II; 50 = no gain' 

At-«? /<* 

Arts l-p 
Agp I* 

Id 

A AS !<t 

J£S 

50 

50 : 

50 

50 

50 

*20, definite change in damping 

•20, definite change in damping 

•30, definite change in damping 

►20, very powerful attitude/hold 
•00, roticeable but weak attitude 

hold 

50 =>55, very powerful directional stability 

50=^70, aircraft rotated to/heading of 

VSS engagement. 

VSS LANDING IN HOVER with gains: 

keplr 

keplV 

£6 /ç = 4 

Arts V = 

àep fr = 

-3.9 in/rad/sec 

-2.2 in/rad/sec 

-6.4 in/rad/sec 

These results may be summarized by the following conclusions deter¬ 

mined in this phase of the experiment: 

• fSS hardovers in hover present no difficulties for safe recovery 

with minimum altitude loss, and do not induce large attitude 

changes. 

• The fact that the PAFT does not automatically re-engage upon a 

VSS dump does not cause difficulties in recovery when in hover. 

In fact, it was found that the PAFT may be re-engaged more 

easily in hover than in forward flight; for example, it is not 

necessary to release the safety pilot's stick in hover as it 

is in forward flight. 

• The minimum altitude of 1000 ft AGL for hover on the VSS was 

unrealistic. Safe operation is possible all the way down to 

touchdown on the VSS in hover, and a vertical landing was 

performed on the system. 

• Level flight transitions on the VSS cause no difficulties when 

the system is dumped. It was found that the safety pilot 

should continue the transition inbound if the dump occurs at a 

duct angle greater than 65-70 degrees. The constant rate-only 

feedback gains were sufficient to perform VSS transitions. 

e No difficulties were found in exercising the appropriate VSS 

feedback gains in hover, and all those investigated functioned 

properly. 

2.2.3 Control Augmentation in Hover 

The third phase of this experiment involved the implementation on the 

VSS of preliminary designs of stability and control augmentation for hover 

after the flight envelope for hover on the VSS had been expanded. This 

implementation, although qualitative in nature, was desirable in order to 

demonstrate the VSS capabilities in this flight regime to aid the design of 

future programs. In addition, the feedback gains synthesized for this 

investigation were also to be used for the transition investigation discussed 

in the next subsection. 
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Three basic hover augmentation schemes were designed for implementa¬ 
tion: (1) rate augmentation and command in pitch, roll, and yaw, (2) attitude 
command in pitch and roll, and (3) a quasi-velocity command for the three 
translation body axis velocities. As these designs were exploratory in nature, 
the model of the basic X-22A used in the design process was that which is 
implemented on the X-22A Ground Simulator (Reference 7); this model is a 
fairly accurate representation on the X-22A in hover, and the use of it 
obviated the necessity for calibration records and subsequent identification 
of the actual aircraft, in the hover, on this flight program. The model, the 
selected gains and the resulting approximate transfer functions are given in 
Tables II-2 and II-3. Note specifically that the attitude and velocity command 
systems employ vertical velocity damping (the transfer function) to test 
the use of the W-LORAS in the VSS. '¡Tie notation in the tables implies that 
!¿(S+ol) Via) and 2'fcüâ + cúz)=^IC^¡ a;]. 

'¡able 11-2 

LONGITUDINAL HOVER TRANSFER FUNCTIONS 

FOR HOVER AUGMENTATION SCHEMES 

CONFIGURATION 
FEEDBACK 

GAINS 
REQUIRED 
{¡N/RADI 

TRANSFER FUNCTIONS 

VA 1 ! 
_

»! u-lSes ur/$c 

BASIC X-22A MODEL 

( \ » 90°) 

1 

NONE 

(t.0)[-.37t 0.?] 
-4 «Ses 

0 f] 

¡is, 
(■”) 

RATE CONTROL 
Afg/i? “ "6 • 5 '4 MS,s 

(2 U)[tf ; .152] (2.34)(4/ i .52] (.n) 

ATTITUDE CONTROL 

Ars/^ ~ 'ó-5 

W^-12-5 

bejur* 0.35 

-4 «Sn Zsc 

(.45) [.S3 ; /■<?] (.45)[.Sí; /.0] (■4t) 

VELOCITY CONTROL 

= -6.5 

bgç/9 = -6.5 , 

b¿¡or- 0.35 i 

— _I 

^Sf-2S) -4«Ses 

(/.0)1.68, f t] (to)[.68 ; /./] (.44) 
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Table 11-3 

LATERAL-DIRECTIONAL HOVER TRANSFER FUNCTIONS 

FOR HOVER AUGMENTATION SCHEMES 

--- 

CONFIGURATION 

FEEDBACK 
GAINS 

REQUIRED 
(INCH/RAD) 

TRANSFER FUNCTIONS 

$l$a.s r/Srp 

BASIC X-22A MODEL 

( \ * 90°) 
NONE 

l9a5('2)(2*) 4¿Sas S /l/SrJ/.fS)[:SS, OH] 

(1 /</)(. onf-^S, 0.42] (i f<7Xon)[-.is,o42] (f.wXonX.K'Otf 

RATE CONTROL 
A<ls/P = -3^7 

Arp/*' = -6-15 (ftl.M, a. 7] (f 8)[-.Of; o i\ (axi9)[-.0f; 0.7] 

ATTITUDE CONTROL 

W/7 = -3-7 
¿S,5 <”> 

(.9z)[.iS,r2] i ¡ ' 2] (/.4)(.92)1^, /.2] 

VELOCITY CONTROL 

àisl-P = -3-7 

w* s -^8 SAME AS ATTITUDE CONT ROL 
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It should be emphasized that these feedback gains are not the maximum avail¬ 
able in the VSS, and the lesulting transfer function control characteristics 
are therefore not optimized. The emphasis of the investigation was on the 
practicality of achievii g these types of control systems on the X-22A. 

The use of these control systems in flight was demonstrated on 
Flight F-86. Based on pilot conunentary and on-line monitoring of the flight 
records, the following characteristics were evident. The rate control system 
provided approximat ly the same hov^r characteristics as the basic X-22A 
with ^ SAS, which is to be expected since the gains chosen for the demonstra¬ 
tion were approximately one half the SAS gains in pitch and roll. The 
attitude command system for pitch and roll provided good frequency character¬ 
istics, but the damping ratio was less than expected in roll, indicating that 
the roll damping derivative used in the ground simulator is too low. The 
attempt to increase the vertical velocity damping using ív'-LORAS measure¬ 
ment was only marginally successful, primarily due to inadequate filtering of 
the high frequency noise on the measurement signal. Only about 1/5 of the 
planned gain authority was used, therefore, and so the effects of increased 
vertical damping could not be properly assessed. The longitudinal and lateral 
velocity command systems provided the first order responses desired to some 
extent, but they were compromised by a fairly lightly damped second order 
oscillation superposed on them. 

The following conclusions relevant to this phase of the experiment 
may be drawn: 

• The capability of the X-22A VSS to simulate rate and 
attitude control command systems was demonstrated 
satisfactorily. 

• Feeding back the LORAS signal to the collective stick 
to simulate different amounts of vertical damping requires 
more extensive filtering of the measurement signal to 
decrease noise in the system. 

• The velocity command system requires more damping feed¬ 
back than was used for this demonstration. 

2.2.4 Reference Transition Profile 

The objective of the final phase of this experiment was to obtain 
an appropriate reference transition profile to aid design studies for 
flying qualities research programs in transition. The definition of a 
reference profile for design studies is necessary in order to properly 
choose control augmentation strategy and command signals chat will not force 
the aircraft out of its permissible flight envelope. 

The decelerating transition flight envelope ( /1^90°) is constrained 
primarily by combinations of many control and response variables that may 
lead to duct buffet. These variables include rate of descent, angle of 
attack (or pitch attitude), collective (gc) control position, duct angle (/1) 
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and reconversion rate (X), and forward velocity, as well as others which have 
less effect on the duct buffet. On a flight program of limited extent, it 
is clearly impossible to investigate the effects of all these variables 
independently. For this experiment, therefore, many of them were constrained 
to values that are representative of decelerating transition profiles that 
may be used for future research. Glide slope angle was constrained to /=-7.5° 
and/=-10° by performing visual approaches using the mirror-light landing aid 
discussed in Reference 4. The velocity-duct angle relationship was kept 
within reasonable bounds by performing the transitions at less than the maxi¬ 
mum reconversion rate (l**Vfil<5 deg/sec). In maximum rate reconversions, the 
velocity lags far behind the correct velocity-duct angle relationship for trim 
at a given A ; by performing the reconversions through "beeping" the ducts to 
achieve an average rate of À =-2 to -3 degrees/sec, this relationship is more 
nearly satisfied. To aid in control of pitch attitude, the bulk of the transi¬ 
tion work was performed on the VSS, both to demonstrate its capabilities and 
to provide the pilot with the attitude command system used in the hover 
investigation. 

♦ 

The bulk of the transition work was performed on two flights, with 
the first one including exploratory level-flight decelerating transitions on 
the VSS in level flight and then VFR descending decelerating partial transi¬ 
tions (VSS) at /=-7.5°, while the second one investigated VFR descending 
decelerating transitions on the VSS at / =-10° all the way up to a full 
transition from A= 0 deg to A = 90 deg, and even attempted simulated IFR 
partial transitions. Representative time histories of the aircraft responses 
and control motions are shown in Figures 2-2 through 2-7. An annotated and abbre¬ 
viated documentation of the results of the flights, including summarized pilot 
comments, is given in the following listing. Transition ranges are given in 
degrees of duct angle. 

Flight F-87 • Level flight, 15C=^>50o, VSS, rate command, continuous 
"Airspeed lags way behind correct duct angle for 
continuous rate decelerating transitions. Got to 
A = 50°, still had 90 kts airspeed." 

• Level flight, 15 =^50°, VSS, rate command, "beeping" 
"Beeping the ducts allows closer correlation of air¬ 
speed and duct angle, and seems better." 

• Level flight, 50 =^15 , VSS, attitude command, beeping 
"There's a tremendous trim change required to get the 
nose up for A = 15°, and its harder to do it with 
attitude command. Need more pitch sensitivity" (Note: 
the pitch gearing was not increased for this flight.) 

• Level flight, 50° =í> 30°, VSS, attitude command, beeping. 

• I ’ el flight, 30° 50°, VSS, attitude command, beeping. 
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• Level flight, 30 =» hover, VSS, attitude command, beeping. 
(Figure 2-2) 

"Airplane feels very good in hover. Quick response, 

good forces. No problems on the transition. It went 

very smoothly. Forces for attitude command are not 

good for gross maneuvering, but are all right for 

transition and good in hover." 

• Level flight, hover 30°, VSS, attitude command, beeping. 

• # = -7.5°, 30°50°, VSS, attitude command. 

• "No problem with the transition. I blurred off the 

ball -- have to be more forceful with stick and 

collective. For small transition maneuvers, the 

attitude command system is fine." 

• Level, 50°^>30°, VSS, attitude command. 

• 7= -7.5°, 30° => 50°, VSS, attitude command, on ball 

whole time. 

"Must manhandle airplane a bit, and can then 
really fly the ball." 

• 7 = -7.5°, 50° => hover, VSS, attitude command, held 

ball most of way down. Hover at 80 ft AGL, hands off. 

Flight F-92 • All transitions on VSS with attitude command 

^ = -10°, 15° 30°, started too high. 

7 = -10°, 30°=i>50o, on meatball most of the time. VFR. 

"The most confusing thing is knowing what to do with 

th'. collective lever. Have two controls doing the 

same thing." 

^ = -10°, 30°=^hover, on meatball most of the time. 

VFR. (Figure 2-3) 

"No problems. Noticeable trim change in wrong 

direction: have to use nose down to slow down, no 

real sweat. Backed off on collective until end when 

must increase for hover. (Note: this technique gives 

some duct buzz for 600^^^80°). Should come in with 

collective a little sooner. Airplane is very stable." 

^ = -10°, 30° =£ hover, lost ball somewhat, back on at 

300 ft AGL for hover. VFR. (Figure 2-4) 

7 = -10°, 15° =£> ^45°. Started in too close. VFR 

'Very difficult to stay on ball at Xs 15°. Much more 

push force required. Were below the ball most of the 
time." 

^ = -10°, 15° =^> hover, lost ball right at end. VFR 
(Figure 205) 

"Hard to hold nose down and collective up." 
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• - -10°, 15°=>hover, VFR, on ball whole time. (Figure 2-6) 
"Am petting better. Don't like having to push to slow 
down -- that's backwards to what I'd like to see." 

• y = -10°, 15° => <v 45° IFR. Could not do task. 
"Much more difficult task. Have both longitudinal 
and lateral to worry about. Started late, don't know 
what altitude to start transition at. Push force is 
even more uncomfortable." 

• Simulated IFR to attempt transition. 

• 7 = -10°, 15°=*~30O. IFR. Couldn't do task. 
"Don't have enough information to know where I am on 
the approach." 

• Back to VFR for full transition. 

• 21 - -10°, 0U =?> hover, VFR. On ball most of way. 
(Figure 2-7) 

As can be seen from the figures, the transitions were gei erally performed at 
an average reconversion rate of ^ = -2.S deg/sec (see Figure 2-6). Duct 
buffet was not a problen through the transition except generally around 
X * 70°. As can be seen from the figures, the pilot has a tendency to be 
decreasing the collective and pulling the nose up in this region to slow 
the airplane down, as the velocity decrease due to duct rotation tends to lag 
the correct duct angle; a a result, the angle of attack increases markedly 
and leads to the onset of duct but2. This characteristic does not compromise 
the capability to make full decelerating transitions at the moderate average 
reconversion rates investigated, as the buffet is minor. It is clear however, 
that transitions at maximum reconversion rate require a more precise scheduling 
of collective stick and pitch attitude commands, and, in fact, it appears that 
the reconversion rate would have to be decreased through this region. 

The conclusions that may be drawn from this final phase of the experi¬ 
ment are summarized below: 

• Decelerating transitions controlled through the VSS have 
been demonstrated for glide slope angles of It = -7.5 deg and 
2" = -10 deg. 

• 

• Reconversion rates of ^ = -2 to -3 deg/sec on the average 
allow complete decelerating transitions (A=0°=>X* 90°) 
to be performed at these descent angles with only, minor duct 
buzz effects. Transitions at the maximum rate (i = -5 deg/sec), 
however, require precise commands for the pilot on collective 
stick and pitch attitude control positions, and may still lead 
to large amounts of duct buffet. 

e The 1=0 deg condition investigated for initiation of a full 
transition requires extremely high nose-up attitudes for trim 
( = 15 deg). This characteristic, in combination with 
the requirement through most of the transition for a nose-down 
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attitude of ^,= -15 to minimize buffet, results in a large 
attitude change which the pilots uo not like. It may be more 
desirable to initiate the transitions at A * 15°, V *110 kts 
for future work. 

• No fundamental limitations oi the X-22A VSS were observed that 
might compromise future transition research. 

2.3 Flight Demonstrations 

The fixed-operating point and transition capabilities of the X-22A 
variable stability aircraft have been demonstrated in flight to interested 
pilot personnel from the services which comprise the X-22A Flight Research 
Steering Group. These demonstrations provide a graphic illustration of the 
capabilities discussed in this section. A sample flight plan and summary is 
given in Appendix IV as an example of this capability. 

19 

MJNM 



§ 

20 

F
ig

ur
e 

2-
2 

D
E

C
E

LE
R

A
T

IN
G
 T

R
A

N
S

IT
IO

N
, 

L
E

V
E

L
 F

LI
G

H
T

, 
3

0
° 

=
*>

9
0

°,
 F

L
IG

H
T
 F

-8
7 

(S
he

et
 1
 o

f 
3)

 





g 

22 

F
ig

ur
e 

2
-2
 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

L
E

V
E

L
 F

L
IG

H
T

, 
3

0
° 

=
>

9
0

°,
 F

L
IG

H
T
 F

-8
7 

(S
he

et
 3

 o
f 

3
) 



F
ig

ur
e 

2-
3 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
. 

7
 =
 -

1
0
°.
 3

0
° 

=
>

9
0

°,
 F

L
IG

H
T
 F

-9
2 

(S
he

et
 1
 o

f 
3

) 



-- 

F
ig

ur
e 

2-
3 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

7
 =
 -

1
0
°.
 3

0
° 

^
>

9
0
°,
 F

L
IG

H
T
 F

-9
2 

(S
he

et
 2

 o
f 

3
) 



(ipuj) 

O l- 
(l|3U|) SVy (M3U!) (Dai/»|) 

25 

ItfMkiaMÉIMMMMNiÉMH ¡MÉMHÉMHIIU WiHÉMUM 

F
ig

ur
e 

2-
3 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

T
 =

 -
10

°,
 3

0
° 

=
^
9
0
°,
 F

L
IG

H
T
 F

-9
2 

(S
he

et
 3

 o
f 

3)
 



i r 

8 8 8 

F
ig

ur
e 

2
-4
 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

7
 =

 -
1
0
°.
 3

0
° 

=
^
9
0
°,
 F

L
IG

H
T
 F

-9
2 

(S
he

et
 1
 o

f 
3

) 



F
ig

ur
e 

2-
4 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

>
 =

 -
1
0
°,
 3

0
° 

=
>

9
0

°.
 F

L
IG

H
T
 F

 9
2
 

(S
he

et
 2

 o
f 

3
) 



28 

riMMÉMÉINHÉh 

F
ig

ur
e 

2-
4 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

7
 =

 -
10

°,
 3

0
° 

=
=

>
90

°,
 F

L
IG

H
T
 F

 9
2
 

(S
he

et
 3

 o
f 

3)
 



tfMÜNfc liHÉitaiiialÉIMiiiuüMÉHriiMuMMa 

F
ig

ur
e 

2-
5 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
. 

>
 =

 -
10

°.
 1

5
° 

=
>

9
0

°,
 F

L
IG

H
T
 F

 9
2 

(S
he

et
 1
 o

f 
3)

 



- ■■—— ..-- MtaMUIVÉÉÉIH* 



31 

F
ig

u
re

 2
-5
 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

7
 =

 -
1

0
°.
 1

5
° 

=
>

9
0

°,
 F

L
IG

H
T
 F

-9
2 

(S
he

et
 3

 o
f 

3
) 



«WH ■HÄ WH" "PI""«"» ■np 

r 
s i 

s- 

32 

F
ig

ur
e 

2-
6 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

>
 =

 -
10

°,
 1

5
° 

9
0
°,
 F

L
IG

H
T
 F

-9
2 

(S
he

et
 1
 o

f 
3)

 







35 

! 

4*. 

F
ig

u
re

 2
-7
 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

>
 =
 -

1
0
°.
 0

° 
=

>
9

0
°,
 F

L
IG

H
T
 F

-9
2 

(S
he

et
 1
 o

f 
3

) 



(33S/6dp) d 

(6ap) *0 

36 

(33s/6ap) 6 

(6ap) AX> 

CO 

o 
CNJ 

CM O) 

H 
z 
o 

g 

t 
o 
o 
o O 

II 

z 
o 

(/) 
z 
< 
CC 
I- 
o 
z 

< 
CC 
UJ 
UJ 
U HI 
Û 

rsi 

£ 
& 

. i,.,__ .,.... , ^ .. . 

...-..-—.... ■ ..—...—.—... 



.. ... .. 

. O 
o 

! 

r§ 

I 5 I 
01 o ot- 

(ox/ii) 11* 

{oatfn) K 

37 

F
ig

u
re

 2
-7
 

D
E

C
E

L
E

R
A

T
IN

G
 T

R
A

N
S

IT
IO

N
, 

7
 =

 -
1
0
°,
 0

o
 =

>
9

0
°,
 F

L
IG

H
T
 F

-9
2 

(S
he

et
 3

 o
f 

3
) 



Section III 

GROUND SIMULATION CAPABILITY 

The purpose of this section is to present a brief description of the 
ground simulation facility which effectively complements the X-22A variable 
stability aircraft operation. This fixed-base ground simulator, shown in 
Figure III-l, is designed to supplement the X-22A aircraft operation in the 
following manner: 

• Perform preliminary tests of experimental programs prior 
to flight tests in the actual aircraft. 

• Develop new experimental hardware and systems, such as 
control systems and displays prior to installation in the 
actual aircraft. 

• Ground test new equipment and check experimental setups 
in the aircraft prior to actual flight test. 

• Provide pilot training as required. 

A more detailed description of the facility is given in References 6 and 7 
while the following section summarizes the equipment used and the overall 
capability of the ground simulator. 

3.1 EQUIPMENT AND MECHANIZATION 

The ground simulator is composed of the following functional com¬ 
ponents, with their relationship indicated in the block diagram of Figure III-2. 

• Digital computer - solves the computer model equations 
(housed in X-22A Mobile Van - 
Appendix II). 

• Variable feel system - provides force-position character¬ 
istics for pilot's stick and rudder 
pedal controls. 

• Variable stability system - combines inputs from pilot's controls 
electronics with feedback of computed responses 

to provide control inputs to com¬ 
puter model. 

• Cockpit displays - flight instruments used by pilot 
to fly under instrument conditions, 
(see Figure III-3) 

• Interface - patch boards, signal conversion, 
filtering, and scaling between 
simulator components. 
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Figure 3-3 X-22A GROUND SIMULATOR COCKPIT

1) Attitude Director Indicator
2) Bearing, Distance, Heading Indicator
3) Slip indicator
4) Rate of Climb Indicator
5) Altimeter

6) Radar Altimeter
7) RPM Indicator
8) Duct Angle Indicator
9) Longitudinal Airspeed Indicator (-30 to +60 kt)

10) Lateral Airspeed Indicator
11) Angle of Attack Meter
12) Angle of Sideslip Indicator
13) Normal Acceleration Indicator
14) Collective Stick Indicator
15) Forward Airspeed Indicator (-30 to +150 kt)



The feel system variable stability system electronics, and flight instruments 
duplicate those found m the X-22A aircraft. All other elements associated 
with the aircraft including its airframe equations of motion, power plant 
characteristics, flight control system, and guidance system are simulated bv 
the computer. As an option, the actual X-22A aircraft can be tied in with ' 
the simulator so that some of its components can be incorporated d’rectlv 
or the complete flight control system can be employed with measured 

propeller blade and elevon signals used as inputs to the computer model for 
studying problems associated with the flight control system itself. 

Hie priman' use of the ground simulator is to simulate the flicht 
operation of the X-22A variable stability aircraft in flying qualities 
research use. For such use, the X-22A equations of motion including its 

°ZleillT)0nA TCTCt t0 a rUnway °r landin« Pad* together with equations 
tor the landing guidance system, are programmed on the digital computer The 
appropriate response variables are computed and fed uo the cockpit instruments 
and the variable stability system. The pilot's control inputs fro» the “ef 
s>stem together with the computed response variables are processed by the 
variable stability system electronics, just as in the X-22A aircraft, to 
generate the control inputs to the computer model (the X-22A equations of 
motion) Both constant and variable gains, using its function generators 

ï ln th! Variahlc siability system. Steady winds can be simulated 
the computer, and a tape unit can also be used to feed simulated gusts into 

the computer. The feel system force-position gradients are adjustable; they 
can be made nonlinear, and can be varied as a function of flight condition 
through function generators. Thus, the simulation of different VTOL and STOL 
h/murh °r aircralt characteristics can be performed in the ground simulator 
in much the same manner as it would be done in flight with the X-22A aircraft 
The cockpit, flight instruments, pilot's controls, and the variable stability’ 
system electronics essentially duplicate those used in flight, thus greatly 
enhancing the capability to develop and test experimental techniques? pro¬ 
cedures, and equipment in the ground simulator prior to actual use in flight, 
or data recording, the full digital data acquisition and processing system 

used during X-22A flight programs and described in Appendix III, is available. 

To simplify simulator operation and to facilitate analytical or 
developmental type investigations, the X-22A ground simulator may be used 

V, yar^ stability syste" by relegating the representation of 
feedback control loops to a digital computer. The feedback loops may be 
incorporated directly into the computer program, or even simpler, the effect 
of a feedback loop may be incorporated by just modifying the appropriate 
stability derivative or coefficient in the aircraft equations of motion For 
preliminary investigation these approaches are ideal because the effect of 
derivative or feedback gain changes are defined precisely in the computer 
i.e no control actuator or variable stability system characteristics need 
be accounted for Numerical calculation apart from the simulation, e g 
calculation of characteristic roots and transfer functions, or check solutions 
from a different computer, can be made with the assur ince that they do pre¬ 
cisely represent the characteristics of the simulation. ^ 

42 



Tlie X-22A ground simulíitor can also be used as a general aircraft 
instrument flight simulator, from helicopters, for which the collective stick 
would be used, to conventional airplanes, for which the engine throttles 
(four are available), would be used. The use of a digital computer, with 
complete programming flexibility and tape storing of programs, greatly 
enhances the capability of the ground simulator to be used for general simu¬ 
lation. Complex and nonlinear aerodynamic characteristics can be readily 
incorporated, as can nonlinear control characteristics, or simple linearized 
equations of motion. Auxiliary' systems, such as an ILS approach system or a 
sophisticated digital adaptive flight control system, can be readily included 
in the simulation. Three factors limit the simulation capability: the 
problem must fit the computer storage (presently 24,000 16-bit words); it must 
fit the computer speed (1.2 CPU and 800 nsec memory cycle times); and 
sufficient time must be allowed for writing the program or modifying an exist¬ 
ing one. 

In summary, the X-22A ground simulator is a flexible research tool 
which together with the variable stability aircraft forms a complete research 
facility. The next section describes a recent simulation program which de¬ 
monstrates the capabilities of the simulator. 

3.2 EXPERIMENTAL APPLICATIONS 

The capabilities of the ground simulator as a valid and useful tool, 
both for independent research and as an aid in the design of flight programs! 
were well demonstrated in the first experiment which used this facility. The 
purpose of this experiment was o investigate guidance and display command 
logic for full decelerating transition approaches under IFR conditions 
(Reference 7). In particular, a NASA "moving map" horizontal situation display 
was studied in combination with the standard X-22A attitude indicator with 
ILS cross-pointers; the cross-pointers plus an auxiliary "tab" were used to 
display flight director information according to various control laws (see 
Figure II1-4). Pilot evaluations of representative sets of control logic were 
gathered, both to obtain general research information and to pinpoint specific 
combinations to be investigated in a forthcoming X-22A flight program involving 
decelerating IFR approaches. 

The following types of control augmentation were investigated: 

• Attitude command system, normal X-22A thrust control, 
response feedback. 

• Attitude command, normal X-22A thrust control, prefilter 
(quasi model following) system. 

• Attitude command with synthesized direct velocity control. 

• Automatic system. 
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These control augmentation schemes and the sets of flight director command 
logic provided the two dimensions of the evaluation matrix. The evaluation 

i w^ a decelerating transition at ~ 0.1 g at a constant glide slope 
angle (10 deg) to an altitude of 100 feet, followed by a level flight decele- 
oaV0Iiut0 ^ h°ver; this task is representative of that which will be used in 
a forthcoming flight experiment. The results are documented in Reference 7. 

inteTest*0T this summary is the fact that the moving map display was 
resulted in ™*rginally accePtaJ>le for the task investigated and the experiment 
resulted in a recommendation that this display be replaced for future flight 
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Section IV 

CONCLUDING REMARKS AND RECOMMENDATIONS 

This report has reviewed the demonstrated capabilities of the X-22A 
aircraft and ground simulator, with particular emphasis on documenting the 
recently expanded aircraft capabilities in hover and transition. The follow¬ 
ing concluding remarks and recommendations are in order: 

• The variable stability system has provided a wide range of 
simulated dynamics at fixed operating point, both longitudinal 
and lateral-directional, with no evidence of system limitations. 

• The X-22A aircraft has been cleared for hover and transition 
on the VSS to essentially zero altitude, and a vertical 
landing on the VSS lias been demonstrated. No limitations of 
the VSS for either the hover augmentation studies or the 
descending transitions were noted. 

• It is recommended that the orientation of the w-LORAS be 
changed to the x-z plane to obtain both a better w-measurement 
for all forward speeds and a u-measurement less corrupted by 
local flow effects. It may also be necessary to move the u-v 
LORAS from its present position on the tail to obtain a less 
corrupted v-measurement. 

• The usefulness of the ground simulator as a complement to the 
X-22A aircraft was demonstrated during the first experiment 
on this facility, which resulted in a recommendation to improve 
or replace the horizontal situation display (moving map) for 
future flight research programs. 
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Appendix I 

X-22A VARIABLE STABILITY AIRCRAFT 

This appendix presents detailed information on the basic X-22A 
aircraft, the Variable Stability System (VSS), and the technique employed to 
achieve the simulated aircraft characteristics using the VSS. 

Basic X-22A 

As is evident from Figure 1-1, the X-22A has four ducted propellers and 
four engines. The engines are connected to a common system of rotating shafts 
which distribute propulsive power to the four propellers. Changes in the 
direction of the thrust vector are accomplished by rotating the ducts which are 
interconnected so that all rotate through the same angle and which can be 
varied between 0 and 95 degrees. Thrust magnitude is determined by a collective 
pitch lever, very similar to a helicopter. Normal looking pitch, roll and 
yaw controls in the cockpit (Figure 1-2) provide the desired control moments 
by differentially positioning the appropriate control elements (propeller pitch 
or eleven deflection) in each duct. 

In hovering flight (Figure 1-3), the X-22A employs fore and aft 
differential blade pitch for pitching moments, left and right differential 
blade pitch for rolling moments, and left and right differential eleven deflect¬ 
ion for yawing moments. In forward flight (Figure 1-4), fore and aft differen¬ 
tial elevon deflection is used for pitching moments, left and right differential 
blade pitch for yawing moments. A mechanical mixer directs and proportions the 
pilot's commands to the appropriate propellers and elevens as a function of the 
duct angle. Figure 1-5 presents a functional diagram of the primary X-22A 
flight control system as well as the variable stability system which is dis¬ 
cussed in the next section. 

The rate of descent capability of the X-22A at various speed and duct 
angle combinations (Reference 10) is illustrated in Figure 1-6, while Figure 1-7 
shows the transition envelope. For the STOL approach experiments performed with 
the X-22A, speed/duct angle combinations of 65 kt/50 deg and 80 kt/30 deg were 
chosen to maximize the X-22A rate of descent capabilities at the steep approach 
angles ( ^ = -7.5 and -9 deg). Maximum speed in the present configurations is 
150 knots and the aircraft is capable of full transitions from this speed to 
a hover. 



GENERAL SPECIFICATIONS

DIMENSIONS
Length 39.57 ft
Height 20.69 ft
Tread 8.0 ft
Wing Front Aft
Area 139sqft 286 soft
Span 22.97 ft 39.24 ft
Aspect Ratio 3.86 5.38

ENGINE RATINGS

SHP SLS Thrust rpm Min.
1250 Mil. 154 19.500 30
1050 Nor. 132 19,500 Cont.

POWER PLANT
No. & Model (4) YT58 GE 8D
Mfr. General Electric Co.
Type Free Power Turbine
Reduction
Gear Ratio 0.133
Prop Mfr. Hamilton Standard
Prop. Dia. 84 in.
No. of Blades; 3
Tail Pipe Fixed Area

WEIGHTS
Loading lb

En-.ptv 11.622
Gross 15,287
Max Takeoff 18,420
Max Landirtg 15,287

FUEL
No.

Tanks Gal Location
1 465 Fuselage

Fuel Grade JP 4 or JP-5

Figure 1-1 X-22A AIRCRAFT, 3-VIEW
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1

Fiaure 1-2 INTERNAL VIEW, X 22A COCKPIT

f.i'-. t

Figure 1-3 X 22A IN HOVERING FLIGHT

^ 2
LiSr">''

W-C.
Figure 1-4 X 22A IN FORWARD FLIGHT



Collective 
Pitch ActuBtor 

Control 
Stick 
(R.H.) 

Control 
Stick 
(L.H.) 

Strain Gage 

Height 
Control 
Stick 
(L.H.) 

Figure 1-5 FUNCTIONAL DIAGRAM OF VARIABLE STABILITY AND PRIMARY 
FLIGHT CONTROL SYSTEMS 
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three artSicfarfee^íervos^ôírt“^ ¡ thrust..Pitch, roll and yaw - and 
employing electrohydraulic servos. lVhPn1Uatl°j Pll0t controls each 

ight controls are mechan!callv Hie Ilgged for VSS flight the left hanH 
-ntrols and connected to ho the rl*ht hand f Sthand 
VSS thrust servo operates the boost J PÍtCh’ ro11 ^ Xaw feel servos Th, 
Pitch, roll and yaw servos operate th^™0 5°r the collective pitch system V« 

^ef:inïages which are moved m^nuaHv bv^h hand/light controls, movíng'the^ 

ànincfaî-Jînffactn these -- a"iator-e"eghI SS? PÍ,l0twÍn "Ón 

ensaged.) Phasing^f the”'"™tíÓÍShtt'0ntr01 SySte,n "he''°the VSslr^J8 
accomplished by the meS^îcaî Ser^T5 '0 the bIades a"d pIcvoÍs is 
-am OP the variée 

Wafers: s-hi, 
controls in the required maníeílU íhe back t0 move ‘he right hand 

simulation configurations in flightM? ^ are *» a« no the 
has.c X-22A control motions caused1 byet;^.i^~i»tpii«tçrn^ fee 

ration Is'shiT'jfrf ¿Tï'o 0f'he X'22A ''-‘able stability system Mlh • 
of^tne pitch control sensitivity, lhUustrates how the desired values 

are achieved with thio ' $es > the angle of attarh aiues 

ofethfUlí,SChematÍC diagrams forStPh0eSpitchdb?oCnteChniqUe- For C0mpleteness 
11 ¡2 ”d’lÍnClUdÍn8 ‘he artifidial feel'system thrUS' C°ntr01 a1'“"615 » æ}d i3. system, are shown in Figures I-io, 

feat aally "hthc control^ojér'lvli iSie6.1"3,rtCd ln my channel to syste 
feature was used extensively in the lâíÍ™ the eval“«¡on pilot, ihts 
in Reference 4. Iat-al control power experiment reported 
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Figure I - 10 X 22A VSS BLOCK DIAGRAM - PITCH 
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Figure I-ll X22A VSS BLOCK DIAGRAM - ROLL 



MOTI 

" I« *M INrUT »ROM Null INC U NVO 
MOVIMt AUTOMATIC «Ai ANC I 

Il HIAVY UNIO Ai OCR! AAI PHOT GAIN CONTAOll 

A At OCRS LAM U D i* <4 .,4 AA| »UNCTION GIN CNANNCll 

« INSf ATIO NUMMAS IN NtAVY UNIO AlOCRI 
INCMCATI POSITION OP POTS ON COCRPIT PANIl 

SI PM IS Pi VOV «RAI 

• 7 PIPIO AlCOAOtO SIGNAL 

PI V PATCNIO NICOADt O SIGNAI 

Figure 1-12 X 22A vss block diagram - yaw 
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Figure I - 1 :i X-22A VSS BLOCK DIAGRAM - THRUST 



Unique Features of the X-22A VSS 

One unique feature of the X-22A VSS is that the response feedback 
gains are programmable with velocity throughout the full range of airspeeds, 
from -30 knots rearward through rero to 150 knots forward airspeed. This is 
accomplished by a multi-channel function generator which receives its longitudinal 
airspeed input from the LORAS (Linear Omnidirectional Resolving Airspeed System, 
Figure 1-14). LORAS was developed by Calspan specifically for the X-22A. 
Recently, a second LORAS - much smaller than the original - was added to the 
nose boom to measure the vertical component of airspeed (Figure 1-15), specifi¬ 
cally for VSS work in the hover. This figure also shows angle of attack 
( ) and sideslip ( ) vanes mounted on the nose boom. 

Another unique feature of the X-22A is the Feedforward Flight Control 
System (FFCS), shown schematically in Figure 1-9. This is a limited authority, 
precision control system which acts like a vernier on the basic X-22A flight 
control system during VSS operation. The FFCS makes it possible to achieve 
extremely high precision in positioning the actuators for the X-22A aerodynamic 
controls - propeller pitch and elevon angle. Such control system precision is 
required for the satisfactory operation of the "closed-loop" VSS airplane. 

A special Test Input Unit (TIU), which is a part of the X-22A VSS, 
greatly facilitates in-flight calibration procedures. This unit generates 
electrical step, doublet, or pulse inputs (whose magnitude and time scale are 
selectable) which can be inserted into any of the four VSS channels. Thus 
calibration records can be taken with repeatable, easily controlled, inputs. 

VSS Gain Controls 

The following Uibles summarise the command and feedback gains which 
can be used in the pitch, roll, yaw and thrust control channels of the variable 
stability system along with a brief description of the primary function of each 
gain control. Only the priman- gain controls are listed in the table but, in 
fact, any desired electrical signal can be fed back to modify the response of 
the aircraft. Either position or force commands can be used in pitch, roll and 
yaw and all the feedback gains can be changed by both positive and negative 
increments. 
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Pitch 

Gain Primary Change 

Afs/Sfi 

^Bs/^ES or res 

¿£6 /¿V 

Afg /¿v- 

¿£*/4 

Ags ¡9 

A£S /í¿ 

%s / 

30 

fes/*/} 

, decoupled basic X-22A 

or ^res control gearing 

Mg, , short period frequency 

M¿ , short period damping 

Mq , pitch damping 

Me , phugoid damping, short period 
frequency, pitch attitude 
stabilization 

Mu , phugoid frequency 

Force gradient 

Adjustable breakout force 

Bobweight effect 

Roll 

Gain Primary Change 

btslv 

Aas /or 

hmlß 

àfisl# 

VO 

at low speed 

L'gAS or ¿V4< , control gearing 

¿4 , dihedral effect, 

Up , roll damping 

, roll attitude stabilization 

, spiral and \4/fi\(j 

L'fgp , cross coupling 

Force gradient 

Adjustable breakout force 
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Yaw 

Gain Primary Change 

Agp / $ßP 

kpp / 
• 

&RP / fiV 

h<?P I** 

^epI-P 

Aßpli/ 

Agp /r 

Azp/Sps 

c - opp ¡ rep 

3o 

^Sep * or UFeP » contro1 gearing 

/V¿ , directional stability 

A/£ , directional damping 

/V^. , directional damping 

Np , Ç/Sqç pole-zero displacement , 
My, , low speed 

N'y. , heading hold, low speed 

Wkis’ Pole-zero placement 

Force gradient 

Adjustable breakout force 

Thrust 

Gain 

——...... 

Primary Change 

^ÄS / ^<1 

Aas lu/ 

r 

Collective gearing 

lu at low speed with \ = 90°; height 
damping 

Thrust lag, variable 

.. 
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Figure I 14 LONGITUDINAL VELOCITY LORAS INSTALLATION



Figure 1-15 VERTICAL VELOCITY LORAS INSTALLATION ON NOSE BOOM 
WITH a AND /3 VARIES



X-22A Flight Summary 

The X-22A flight history from March 1966 to February 1973 can be 

summarized as follows: 

No. of flights 

Flight hours 

Takeoffs Short 

Vertical 

Landings Short 

Vertical 

320 

232 

369 
457 

317 

509 (2 on the VSS) 

Transitions 498 (25 on the VSS) 
(Inbo-nd and Outbound) 

Of the total flight hours, 105 were flown at Calspan during the two 

research programs discussed in Section 2.1. The purpose in reviewing these 

statistics is to illustrate that the X-22A, although clearly a complex vehicle, 

has a substantial flight history behind it. In addition, the excellent reli¬ 

ability and operational readiness of the aircraft and the associated systems 

were evident during both flight programs. For example, of the 54 flights 

flown during the Task II program, only 3 were terminated due to aircraft 

problems and the last 14 evaluation flights were completed during a 17 day 

period. 
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Appendix il

DATA ACQUISITIOK AND PROCESSING SYSTHM

The X-22A aircraft and varial>le stability system are extremely complex 
systems, requiring monitoring during flight of many more variables than can be 
easily scanned by the pilot. A sophisticated system for data telemetry, ac
quisition, and processing was therefore designed for the X-22A system, and will 
be briefly described in this appendix. A complete description is given in 
Reference 2.

X-22A Telemctn’ System

All data pertinent tu tlie flight of the X-22A is telemetered to the 
ground via a pulse-code-modulated "'.-band" telemetry link. The nominal power 
of the transmitter is o watts at 1441.5 Mit. ihe basic pulse-code-modulator 
operates at a bit rate of 144 kilt - 80 diannels sampled at a 200 Hz rate and 
encoded into 9-bit words. Fiv\ channels are required for time and synchroni
zation, leaving 75 data channels. One of these 75 data channels is subcom
mutated to 64 channels; another one is required to identify the subcommutated 
channel; thus a total of 1.57 (73 + 64) channels are available for continuous 
data transmission. (The 73 inain-fran»e diannels are sampled 200 times per 
second and the 61 subcoiranutatc-d channels are sampled 200/64 times per second.)

Patch panels in the X-22A permit selection of the 137 variables to be 
transmitted on a given flight from approximately 200 available varialiles. For 
the present flight test programs, ai^proximately 80 of the transmitted variables 
are monitored purely from flight safety considerations. Another group of 51 
variables are purely related tu flying qualities research experiments. The 
remaining 16 transmitted variables are of interest to both flight safety and 
the research experiment.

I.xperience to date indicates that ver>' good telemetiy coverage, with 
few "drop-outs", is obtained up to about 15 to 20 miles between the X-22A and 
the van.

Bquipment

The data are telemetered to a ground station and experiment control 
center housed in a mobile van (Figures Il-l, 2). The van contains the 
following equipment:

(a) an oiiridirectional antenna and a steerable, directional antenna
(b) a telemetry receiver
(c) a PCM decommutator and signal simulator
(d) a tape recorder for recording the complete data stream
U) • 32-channel digital-to-analog converter (DAC)



i IHI T

Figure II I MOBILE VAN, EXTERNAL VIEW

i iy*-(
Figure 112 MOBILE TELEMETRY VAN, INTERNAL VIEW



(f) four 6-channel chart recorders 
(g) a panel of 9 meters for continuous display of a fixed set of 

flight safety variables 
(h) a patdi panel to select a desired set of 32 variables for the 

DAC's 
(i) a paper printer 
(j) a mini-computer with 24K storage capacity, 800 nanosecond 

effective cycle time, 36 channels of Digital-to-Analog 
converters and 12 channels of Analog-to-Digital converters 

(k) a teletypewriter 
(l) a high-speed paper tape unit 
(m) a 9-channel digital tape recorder 
(n) a 36C channel VHF transceiver 
(o) a voi •”-actuated magnetic tape recorder 
(p) a weather station 
(q) two 5 kW 115-voIt, 60 Hz generators 

A simplified block diagram of the functions of this equipment during a flight 
is shown in Figure II-3. 'Hie primar)’ purposes of the equipment include flight 
safety monitoring, experiment control, and data processing, each of which is 
briefly described below. 

Functions of the Mobile Van/lxperiment Control Center 

As has been discussed, the complexity of the X-22A aircraft requires 
constant monitoring of a large number of flight safety variables. This 
function is performed by the mini-computer in the mobile van. High and/or 
low limit values for the variables are stored in the computer; the telemetered 
data is processed through the computer on-line and compared continuously with 
these limits. In the event of a variable exceeding these preset limits, the 
teletypewriter unit immediately prints out the variable in question and its 
value. The high speed paper tape unit acts as an independent backup by 
printing out on command the values of all of the telemetered variables. 

During a flight, the mobile van is the experiment control center in 
which all the pilot input and aircraft response variables are monitored on¬ 
line with chart recorders. The flight test director is in continuous communi¬ 
cation with the aircraft, and, on the advice of the engineers monitoring the 
flight variables, can, for example, request the repeat of a calibration record. 
In addition, although this capability has not been used, it is possible to 
program the desired equations of motion on the mini-computer, drive these 
equations with the telemetered control inputs to the aircraft, and compare 
the desired responses with the actual aircraft responses. This capability 
allows iteration of the VSS gains on-line to achieve the desired configuration 
dynamics. 
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The equipment in the van also serves to process the flight data 
digitally "off-line" after a flight. All telemetered data during a flight are 
recorded continuously on the bit-stream recorder. For digital data analysis, 
the appropriate portions of the appropriate channels are selected from the 
bit-stream recorder, and the format changed to be compatible with the IBM 
370/165 computer used for the analyses. This is accomplished through use of 
the van computer and equipment to produce the required digital tape which is 
then processed by the IBM 370/165 computer. In this form the flight data can 
be processed as desired. For example, statistical measures of control usage 
and task performance can be quickly obtained on a semi-production basis in 
any required format including probability density functions and power spectral 
densities. The digital parameter identification technique used to identify 
the evaluation configurations from the flight data is discussed in Appendix IV. 
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Appendix III 

IDENTIFICATION' OF SIMULATED CHARACTERISTICS 

The conduct of flying qualities experiments using response-feedback 
variable stability aircraft is strongly dependent on the capability to 
estimate dynamic characteristics from flight data. This capability is 
required both during the calibration phase of the flight program, in which 
the feedback gains to achieve the desired configurations are ascertained, and 
during the evaluation phase to verify the achieved dynamics. The estimation 
or identification problem is particularly difficult for lateral-directional 
flying qualities programs, in which all of the moment derivatives are varied 
to achieve modal characteristics which are highly nonlinear functions of 
these derivatives. It is mandatory in flying qualities research that the 
identification be performed carefully and with as accurate a method as possible. 

This appendix discusses in some detail the digital identification 
technique used in support of X-22A research programs, and presents typical 
results for both longitudinal and lateral-directional simulated characteristics. 
Included in the discussion is a brief review of the digital identification 
technique used, a summary of the data processing required, a documentation of 
the input information required by the identification algorithm, and a review 
of the flight test and data analysis procedures that are appropriate. 

Kalman Filter Digital Identification Technique 

The primary method used on X-22A flight programs to identify the 
simulated stability derivatives is the locally iterated Kalman filter techni¬ 
que developed by Calspan for the X-22A. The development of this technique is 
presented in Reference 3, and its characteristics are summarized ir. References 
1, 4 and 5. A schematic diagram of the identification process using this 
technique is given in Figure III-l,and is reviewed briefly below. 

The Kalman filter technique is an advanced method which is capable 
of treating both process and measurement noises for systems that may be 
described by general nonlinear equations. Referring to Figure III-l,the 
method employs a three-stage refining process to perform the identification. 

(1) Initial estimates of the parameters, and their variances, in 
the assumed equations are obtained by a method that is essen¬ 
tially an equation-error technique. Since the variances 
obtained by this method are somewhat underestimated, an 
improved variance estimate, employing the parameters estimated 
above, may be obtained by a Cramer-Rao lower bound computa¬ 
tion if desired. 
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(2) An extended Kalman filter, utilizing a "local iteration" or 
"multi-correction" algorithm, is used to refine the initial 
estimates of the parameters. Although the extended Kalman 
filter gives biased estimates when applied to a nonlinear 
problem, which is inherent to parameter identification, it 
can be shown that the multi-correction scheme reduces biases 
due to nonlinearities by improving the reference trajectory 
between data points. 

(3) A fixed-point smoothing algorithm, which actually works in 
conjunction with the multi-corrector at each data point, may 
be used to further refine the parameter estimates and separate 
out the effects of process noise. This step is extremely 
important as a first attempt at determining the mathematical 
modeling error, as well as improving the parameter estimates. 
Also, a more accurate variance computation of the parameter 
estimate is obtained. 

As orginally developed, the technique was only applicable to the 
three-degree-of-freedom longitudinal equations of motion but has since been 
extended to handle the lateral-directional equations of motion. 

Digital Data Processing 

To perform digital identification with the Kalman filter using the 
equations given above, a fairly extensive data processing procedure is 
required to transform the recorded flight data into a suitable format. A 
description of the genera] process is given in Appendix II, and those details 
pertinent to the identification procedure are summarized below. 

For use with the assumed equations, the digital data are transformed 
from measured variables to equations-of-motion variables at the center of 
gravity. These transformations are not strictly required for the identifica¬ 
tion algorithms, but result in more efficient (i.e., less costly) identifica¬ 
tion. The primary transformations required are on the aerodynamic motions, 
since angle of attack and sideslip angle are measured on a boom in front of 
the aircraft. In addition, the linear accelerometer package is displaced 
above the aircraft center of gravity, and hence the measurement must be 
corrected. “ 
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The data processing procedure may theretore be summarized as follows. 
The flight data of interest that are recorded on-line by the "bit-stream" 
recorder are edited and placed into IBM 370/65 compatible format by the mini¬ 
computer and re-recorded on to digital tape (see Appendix II for a 
description of these units). In this form, the data are transformed to the 
appropriate variables as described above, edited to be compatible with the 
Kalman filter identification computer programs, and again re-recorded into a 
final data tape. 

Input Information 

The final data tape discussed above i' now used for the identifica¬ 
tion procedure. In common with any technique based on Kalman filter theory, 
the following input information is required to start up the algorithm: 

1. Initial estimates of the parameters. 

2. Variances of the initial estimates. 

3. Reference conditions of the states. 

4. Measurement noise variances. 

5. Process noise variances. 
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The initial parameter estimates are obtained from a conventional least-squares 
equation error method, which also produces estimates of the parameter variances. 
It has been observed experimentally that the variance estimates obtained by 
this method do not correctly represent either the absolute or the relative 
accuracy of the initial parameter estimates. Operational considerations dic¬ 
tated use of an arbitrary multiplication factor to correct these deficiencies, 
although this option was less appealing from a theoretical viewpoint. Ex¬ 
perience has shown that this more direct method is adequate. 

The measurement noise statistics are obtained by visual examination 
of the flight records. Generally, the "hash" on the records is assumed to 
equal the variance of the measurement noise, which provides a conservative 
value. This estimate is then checked qualitatively by comparing plots of 
the residual sequences of the filter operation with the assumed noise statis¬ 
tics, and readjusting the statistics if required. The X-22A data acquisition 
system provides data with excellent signal-to-noise ratios in general, and 
therefore this method of estimating the measurement noise variances is suffi¬ 
ciently precise. In the interests of rapid and efficient identification pro¬ 
cedures, it is generally desirable to use the same statistics for all data 
records; on the other hand, these statistics also are weighting factors 
which can help to improve the filter performance and should therefore be 
chosen carefully. In addition to selecting the measurement noise statistics 
from visual examination of the data, the reference (or initial) conditions 
of the states are chosen to be the first datum points (t = 0) on each record 
tape. Since calibration identification records of the evaluation configura¬ 
tions are usually obtained about trimmed flight, the first point on the data 
tape is generally a valid reference condition. The fixed point smoother may 
be used to obtain an estimate of the initial conditions if necessary, but 
this computation is not generally required for the X-22A data. 

The most difficult choice of required input information is that of 
the process noise statistics. To some degree, the process roise covariance 
matrix Q is a "fiddle parameter" in the algorithm which may be used to improve 
its performance for a given data record. On the other hand, the requirement 
for rapid post-flight identification as nearly automatic as possible leads to 
a desire to hold these statistics at a fixed value for all flight records. 
To make this tradeoff, then, it is important to define precisely what the 
sources of process noise might be. For the X-22A data, there are essentially 
three sources of process noise: 

1. Gust or turbulence inputs. 

2. The variable stability system. 

3. Modeling errors. 

Of these, the gust inputs are of the least significance for the records that 
are analyzed, because the majority of calibration identification records are 
obtained in turbulence-free air to facilitate rapid checks or. the frequency 
and damping of prevalent rigid-body modes of motion. The variable stability 
system is the source of "noise" both as a result of its dynamics not being 
included in t.ie model and through its operation on noisy measurement signals. 
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The primary source of modeling errors, however, is the fundamental restric¬ 
tion that we seek the best 1inear model for the aircraft dynamics that will 
fit the data, as most frying qualities parameters are defined in terms of 
linear systems. 

With regard to the choree of process noise statistics, therefore, 
the following considerations are relevant. For simulated aircraft that are 
highly augmented with regard to the X-22A (e.g., higher rigid body frequencies 
and dampings'), the assumption of a linear model becomes increasingly valid, 
but the process noise added by the variable stability system increases. For 
simulated aircraft whose rigid body motions are similar to the X-22A (very 
little augmentation), the effects of the variable stability system are re¬ 
duced but nonlinearities may start to become important. The magnitude of 
the process noise in these two cases may be considered approximately the 
same. The worst case is one m which the X-22A must to highly de-augmented, 
as linear aerodynamic terms may approach ze"o, thereby accentuating non- 
linearities, and the variable stability system effects again become larger. 
For this case, it may be necessary to assume more process noise, particularly 
if the configuration is sensitive to turbulence (high ). 

For identification of the X-22A data, it is assumed that the one set 
of process noise statistics is acceptable for all configurations save those 
which involve the de-augmentation of several stability derivatives, and 
this set is used for th^ rapid processing of the data. The values of the 
statistics are selected primarily by iteration on early data sets to achieve 
adequate performance, and then held constant. 

Control Inputs 

It is well known that the con • ’ input can significantly affect 
the identifiability ol a data record f e-.rence 3, for example). Design of 
the optimum input for the identification of a given set of dynamics is a 
complex theoretical pronlem and generally yields inputs which are difficult 
to implement in a flight program. Monee approximations that provide at least 
some benefit to identifiabi1ity are sought. 

In flying qualities experiments, inputs for identification records 
have historically been simple analytically and chosen to accentuate some 
particular features of the response. Examples include rudder doublets for 
the Dutch roll characteristics, and aileron steps for roll mode time constants 
and trans^er function characteristics. It is easy to demonstrate 
that these inputs do indeed provide large sensitivities for the stability 
derivatives which have the primary influence on the characteristics of inter¬ 
est, but that other derivatives may not be identifiable with any accuracy at 
all. The usual procedure that is followed is to obtain several records 
with different inputs tailored heuristically to certain characteristics and 
thereby obtain in a composite fashion the total identification; this pro¬ 
cedure may be quite valid if the basic aircraft characteristics are well 
known and not too many derivatives are varied. 
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On programs such as one involving variations in lateral-directional 
characteristics, where a majority of stability derivatives are varied to 
achieve the desired dynamic configurations a single input does not provide 
sufficient identifiability. 

It was decided, therefore, to have the pilo*- attempt to put in 
switching inputs in both rudder and aileron for the calibration records in 
this experiment to enhance the identifiability of the records. Analysis of a 
simple example (see Reference 4) for a first-order system shows that the 
switching period should be 6-Ô times the time constant of the system; although 
a second-order system was not considered, intuitively one can say that the in¬ 
put switching frequency should be approximately the natural frequency in order 
to correctly pick out the damping ratio. The advantages of using the pilot 
instead of some preprogrammed input are that he can maintain the aircraft 
responses within the linear constraints and, to come extent sense the natural 
frequencies of the aircraft to initiate the switching. The disadvantages in¬ 
clude his tendency to act as a feedback controller, which decreases the linear 
independence of the sensitivity functions and, strangely, a tendency to switch 
inputs at frequencies about twice the Dutch roll frequency, which masks the 
Dutch roll damping ratios. 

Identification Results 

Examples of time history matches and identified derivatives for 
selected dynamic characteristics from previous X-22A flying qualities programs 
are given in Figures III-2 and 111-5. In all cases, the crosses are the flight 
data, and the solid lines the computed responses using the identified deriva¬ 
tives. 

These results were all obtained with the control derivatives fixed, 
in order to more accurately determine the stability derivatives. The values 
for the control derivatives were obtained by averaging the values identified 
from a large number of records in which the normalized covariances indicated 
good identifiability of them. The resulting control derivatives for the basic 
X-22A airplane are: 

U¿ep =-.135 

MAfs = *32 

These values were therefore used in conjunction with the appropriate gearings 
for each of the records to calculate the simulated control derivatives, which 
were held fixed at the correct values for each configuration. 
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The good agreement between the computed and measured data apparent 
in the four examples presented in this appendix is characteristic of the identi¬ 
fication results achieved in the first two X-22A flight programs (References 
1 and 4). This fact, in conjunction with the generally low normalized covari¬ 
ances, indicates quite accurate identification. In addition, the digital re¬ 
sults were generally in good agreement with hand and analog matching results 
of and Dutch roll frequency and damping, thereby providing further 
validation. 
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Appendix IV 

FLIGHT DEMONSTRATIONS 

This appendix presents an example of the flight plan that has been 
used to demonstrate the variable stability capability of the X-22A aircraft. 
During these demonstrations, the basic X-22A characteristics are shown first 
by having the evaluation pilot control the aircraft through the fly-by-wire 
(FBW) system of the aircraft; this system duplicates the safety pilot's con¬ 
trol of the aircraft, but through a better feel system. With this background, 
the many different characteristics which can be obtained with the variable 
stability system (VSS) are then demonstrated. In the following listings, the 
summary of the flight and the actual flight test plan for a sample demonstra¬ 
tion (Flight F-52 for Cmdr. C. Berthe, USN) are given. 
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SUMMARY OF X-22A DEMONSTRATIONS 

1. SP performs normal 30° A STOL takeoff and climb to 3500 ft MSI. 
Engage FBW system at 80 KIAS, 30° A and EP samples basic X-22A 
response characteristics (SAS ON and OFF). 

2. Disengage FBW and engage VSS with high frequency, well-damped 
longitudinal characteristics and good lateral directional response 
characteristics. EP samples aircraft with a variety of longitudinal 
gearings and force gradients. (Use Test Input Unit as desired). 

5. Demonstrate high frequency, neutral damping longitudinal characteristics. 
Change longitudinal short-term response to low frequency, medium damping. 
EP samples aircraft. 

4. Engage FBW. EP performs transition from 80 KIAS, X = 30° to 110 KIAS, 
A = 15°, and back to 63 KIAS, \ = 50°. EP investigates trim attitude/ 

duct angle tradeoff at 65 KIAS, A= 45°, 40°. 

5. Engage VSS at 65 KIAS, % = 50° with good configuration. If desired, EP 
performs transtion to 80 KIAS, % = 30° and back to 65 KIAS, X = 50°. 

(). Change lateral-directional characteristics, varying 4,, \md, and yaw 
due to lateral control. Sample variations in lateral gearing, and demonstrate 
reduced control power using stick limiting. 

7. EP performs approaches at 65 KIAS, / = -9° with high frequency, well-damped 
longitudinal characteristics using mirror and TALAR for guidance. Repeat 
approaches with low-frequency, medium damping characteristics if desired. 

8. Disengage VSS. SP performs transition to hover and back to A = 30°, and 
makes STOL landing at 80 KIAS, A = 30°. 
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TEST PROCEDURE 

1. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11- 

Perform "Pre-Start", "Engine Start", and "Pre-Taxi" checklists. 

Taxi to appropriate runway and perform "Pre-Takeoff" checklist. 

SP performs SIOL takeoff ( A.= 30°, 80-90 KIAS), climb to safe 
altitude ( ~ 4000 feet AGL). 

Engage FBI. at A = 30°, 80 KIAS (LORAS). EP samples A/C (FBW is 
basic X-22A as flown in right hand seat). Demonstrate 
1/2 SAS, SAS-OFF. 

Disengage FBW. Engage VSS with: 

Gold Ai = 22 
Gold q = 20 
Gold u = 50 
Gold SS = 18 (7.5 
Gold ES = 15 

Blue /6 = 74 
Blue r = 30 
Blue p = 50 

Ib/in) Blue AC = 55 
Blue RP = 26 

(High frequency, well damped: 2.5 rad/sec, 

Grey /3 = 70 
Grey r = 50 
Grey p = 36 
Grey SS = 50 
Grey AS = 18 
Grey SL = 00 

EP samples A/C. Demonstrate gearing (ES) and gradient (SS). 
If desired, use Til). 

Demonstrate zero damping: 

Gold £ 16 
Gold q ^ 55 

Demonstrate low frequency (¿¿^ 0.9 rad/sec, = -3): 

Gold Ai = 55 
Gold q = 62 
Gold u = 72 

If desired, vary gearing (ES). 

Disengage VSS. Engage FBW. EP transitions to = 15°, V = 110 KIAS, 
and then transitions to = 50°, V = 65 KIAS (LORAS). Investigate 
trade-off of duct angle and trim pitch attitude by maintaining V = 65 KIAS, 
moving A-to 45°, 40°, back to 50°. 

Disengage FBW. Engage VSS with gains as per #5 (reset Gold di = 22, 
Gold q = 20, Gold u = 50, Gold SS = 18, Gold ES = 15). If desired, EP 
performs transition to A = 30° to return to field, then transtions back 
to Ä = 50°. 

EP samples A/C as SP varies Dutch roll damping (Blue r ^50), 
{■OiC ! (Blue AC), and rol 1-to-sideslip ratio (Grey/5 => 80, 60: vary 
Grey r if required). Demonstrate gearings (AS) and stick limiting 
(Grey SL => 99, decrease AS to ^ 10 if necessary). 
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12. EP performs approaches from 2500 feet MSL at 7 = -9°, using mirror 
and/or TALAR for guidance information, performing wave-offs above 
200 feet AGL. 

13. Change longitudinal characteristics to: 

Gold = 55 
Gold q = 62 
Gold a = 72 

i.I performs approaches from 2500 feet AGL using mirror and/or TALAR. 

14. Disengage VSS. SP performs transition to hover and back to A = 30°, 
80 KIAS. Return to field and perform STOL landing. 

15. Perform "Post-Landing" and "Shutdown" checklists. 

86 



REFERENCES 

1. Snúth, R.E., Lebacqz, J.V., and Schuler, J.M.: "Flight Investigation 
of Various Longitudinal Short-Term Dynamics for STOL Landing 
Approach Using the X-22A Variable Stability Aircraft," CAL Report 
No. TB-3011-F-2, January 1973. 

2. Beilman, J.L.: "An Integrated System of Airborne and Ground-Based 
Instrumentation for Flying Qualities Research with the X-22A 
Airplane," paper presented at the 28th Annual National Forum of 
the American ilclicopter Society, May, 1972. 

3. Chen, R.T.N., Eulrich, B.J., and Lebacqz, J.V.: "Development of 
Advanced Techniques for the Identification of V/STOL Aircraft 
Stability and Control Parameters," CAL Report No. BM-2820-F-1, 
August, 1971. 

4. Smith, R.E., Lebacqz, J.V., and Radford, R.C.: "Flight Investigation 
of Lateral-Directional Flying Qualities and Control Power 
Requirements for STOL Landing Approach Using the X-22A Aircraft," 
draft submitted to NASC, June 20, 1973. 

5. Lebacqz, J.V.: "Application of a Kalman Filter Identification 
Technique to Flight Data From the X-22A Variable Stability 
V/STOL Aircraft," paper presented at NASA Symposium on 
Parameter Estimation, April 24-25, 1973. 

6. Gavin, T.J., and Till R.D.: "X-22A Fixed-Base Ground Simulator 
Facility," CAL Report No. AK-5113-F-1, January, 1973. 

7. Aiken, E.W., and Schuler, J.M.: "A Fixed-Base Ground Simulator 
Study of Control and Display Requirements for VTOL Instrument 
Landings With a Decelerating Approach to a Hover," draft submitted 
to NASC, June 30, 1973. 

8. Anon.: "LORAS II: Linear Omnidirjctional Resolving Airspeed 
System - Manual of Installation and Operating Instructions," 
LORAS Instruments, Inc. 

9. Scheuren, W.J., and Traskos, R.L.: "Phase II Military Preliminary 
Evaluation of the X-22J4 Variable Stability Research Aircraft; 
Final Report" Report No. FT-47R-69, 28 May 1969. 

10. Anon.: "X-22A Tri-Service V/STOL Aircraft--Final Progress Report," 
Bell Aerospace Company, Report No. 2127-933073, December, 1969. 

87 



GLOSSARY OR SYMBOLS 

Symbol 

ras 

8 0 

^ep 

h 

N 

n' 

V 

S 

AND ABBREVIATIONS 

roll control stick force, positive right, lb 

breakout force, lbs 

pitch control stick force, positive aft, lb 

rudder pedal control force, positive right, lb 

rate of climb (or descent), ft/sec or ft/min 

„ 2 
moment of inertia about body k-axis, ft-lb sec 

moment of inertia about body ^-axis, ft-lb sec" 

-> 
moment of inertia about body ^-axis, ft-lb sec“ 

2 
product of inertia in body axes, ft-lb sec“ 

total aerodynamic rolling moment in body axes, ft-lb 

total aerodynamic rolling moment in primed axes, ft-lb 

= , (rad/sec“)/( ) 

total aerodynamic pitching moment in body axes, ft-lb 

1 3a/ 2 
= ~ 2(-) » dimensional pitching moment derivative, (rad/sec )/() 

total aerodynamic yawing moment in body axes, ft-lb 

= (1-1^ ht ) (fJ* L ) , total aerodynamic yawing moment 
in primed axes, ft-lb 

= {', (rad/sec2)/( ) 

^ 2 
body axes (¾. ¢/ or ^ ) acceleration, ft/sec 

steady-state normal acceleration per angle of attack, g's/rad 

body axes roll rate, deg/sec, rad/sec 

body axes pitching rate, deg/sec, rad/sec 

bo<.y txes yaw rate, deg/sec or rad/sec 

Laplace transform variable, rad/sec 

-.—.— 
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GLOSSARY OF SYMBOLS 

Symbol 

t 

“o 

a 

“-l 

V 

"o 

w 

uy L 

y 

y 

VO 

* 

ln 

« 

«y 

/5 

/3, 

A) 

Jflg 

AND ABBREVIATIONS (cont.) 

time, seconds 

trim velocity in body *-axis, ft/sec 

velocity (also perturbation fron trim) along body «.-axis, ft/sec 

velocity along body *>axis measured by u-LORAS, ft/sec 

velocity (also perturbation from trim) along body y-axis, ft/sec 

trim velocity, ft/sec or kts 

trim velocity along body -J-axis, ft/sec 

velocity (also perturbation from trim) along ^-axis, ft/sec 

velocity along body 3-axis measured by w-LORAS, ft/sec 

total aerodynamic force along body *-axis, lb 

= » dimensional X-force derivative, ft/sec /( ) 

total aerodynamic force along body (/-axis, lb 

1 9V 
~ -m ¢() » dimensional Y-force derivative, ft/sec“/( ) 

total aerodynamic force along body ^-axis, lb 

1 9Z ' ? 
~ -m 3() * dimensional Z-force derivative, ft/sec“/ ( ) 

angle of attack, degrees or radians 

angle of attack measured by vane, degrees 

angle of sideslip, degrees or radians 

angle of sideslip measured by vane, degrees 

average propeller blade angle in ( ) duct 

glide slope angle, degrees 

displacement of safety pilot's pitch control, 
positive aft, inches 

displacement of safety pilot's roll control, 
positive right, inches 

89 



GLOSSARY OF SYMBOLS 

AND ABBREVIATIONS (cont.) 

Symbol 

àgP displacement of safety pilot's yaw control, 
positive right, inches 

j summation of VSS electrical command in ( ) channel, inches 

$c collective control stick position, degrees 

$*$ rolling moment control stick position, positive right, inches 

pitching moment control stick position, positive aft, inches 

$gp yawing moment control pedal position, positive right, inches 

^ damping ratio of Dutch roll characteristic roots 

trs damping ratio of feel system 

damping ratio of short period characteristic roots 

9 pitch attitude, degrees or radians 

X 'k-llk duct angle, measured from horizontal, degrees 

% roll mode time constant, sec 

<i> roll angle, degrees or radians 

roll to aileron transfer function 

10//31^ magnitude of roll-to-sideslip ratio in Dutch roll component 

(¿d undamped natural frequency of Dutch roll mode, rad/sec 

Oipg undamped natural frequency of feel system, rad/sec 

undamped natural frequency of phugoid mode, rad/sec 

undamped naturr.l frequency of short period mode, rad/sec 

( ) time rate of change of ( ), ( )/sec 

( )0 initial or trim value of ( ), ( ) 

( )L value measured by LORAS of ( ), ( ) 
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GLOSSARY OF SYMBOLS 

AND ABBREVIATIONS (cont.) 

Abbreviations 

AGL above ground level 

CTOL conventional takeoff and landing 

IFR instrument flight rules 

ILS instrument landing system 

LORAS low range airspeed system 

SAS stability augmentation system 

VAA visual approach aid 

VFR visual flight rules 

VSS variable stability system 

deg degrees (angle) 

fpm feet per minute 

kt knots (airspeed) 

rms root-mean-square 

Hz frequency (1 Hertz - 1 cycle per second) 
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X BODY 

y. WIND 

X EARTH 

? BODY / ¿EARTH 

? WIND 

BODY AXIS SYSTEM 
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