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ABSTRACT

This report summarizes desiqgn characteristics, simulations,
bench tests, and flight tests of an elementary self-organizing
controller (SOC) for the pitch axis of the F-101B aircraflt.
This controller was (lown with o cockpit electric side stick in
a pseudo-fly-by-wire configuration, that is, as a fly-by-wire
system with a normally disengaged mechanical backup. Blended
pitch-rate and forward normal acceleration feedback (C*) and
stabilator position feoedback were the primary return signals
used by the S0C. An opticonal Mach Trim Toop was also investi-
gated. The SOC, which incorporaled unigue modulated-noise
circuits to minimize adverse eflects of control-toop non-
linearities, had full authority over the aircraft stabilator
within the inherent rate and position Timits of the actuator.
32 test flights were conducted with the SOC, constituting
a total flying time of approximately 40 hours. These flights
enconmpassed nearly the entire performance envelope of the
F-101B and included piloting tasks representative of
missions flown with current fighter aircraft. The Air Force
pilots rated the SOC between Al and A2 on the Cornell Aeronautical
Laboratory (CAL) Revised Pilot Rating Scale. There were no in-
flicht malfunctrions of the SOC cquipment.
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1. [NTRODUCT ION AND SUMMARY

An elementary self-organizing controller (SOC) for the

F-101B pitch axis has been successiully desigyned, labricated,
installed, and flight tested. This controller was flown in a
pseudo-fly-by-wire configuration, that is, as a fly~by-wire

(FBW) flight control system with a normally disengaged mechanical
backup. 32 test flights were conducted with the elementary SOC
Vduring July through November 1969, constituting a total fiying
time of approximately 40 hours. These flights encompassed

nearly iLhe entire performance envelope ol the F-1018B and included
piloting tasks reprusentalive of the various missions flown with
modern {ighter aircraft. The test [lights were divided about
equally between two Air Force pilots, who rated the SOC between
A1 and A2 on the Cornell Aeronautical Laboratory (CAL) Revised

Pilot Rating Scale.

[ Backqground

The elementary SOC (References 1 and 2) is a single-axis
controller derived from the general purpose self-organizing
controller {(References 1-16). The theory of self-organizing
control having been adequately treated in the references, this
report will emphasize design and installation characteristics
of the elementary S0C and data [rom its qualilying tests on the

ground and flight tests in the F-T101B.

In this flight test program, the primary objective was
to demonstrate ability of the elementary SOC to cope with the wide
range (5.2:11 in stabilator control effectiveness, as well as variations
in other air“ramg static and dynamic characteristics, preduced

by operation . different Mach numbers and altitudes within the




F-101B envelope. The success of Lhis demonstration proves that
gain scheduling is nol required Lo meet the pitch-axis control
requi rements ol a supersonic fighter aircraft of this type. It
is hoped that future flight programs will provide an opportunity
to demonstrate the multivariable decoupling control capabilities
of the general purpose self-organizing controller.

The elementary SOC offers no inherent decoupling of"
multiple-axis response variables of a flight vehicle or other
plant. Some designers (Reference 11) have attempted to use the
elementary SOC for decoupling control by adding parameter-scheduled,
tinear crossover networks that generate the SOC error signals.
This is much less effective in our judgment than use of a general
purpose SOC. As shown in a number of references (2, 8, 9, 10,
12, 13, and 14), decoupling of nonlinear multivariable plants is
achieved very effectively with proper application of general
purpose self-organizing controllers., We caution the reader
not to expect miraclies from the elementary SOC by applying it
outside of the problem area for which it was designed. That
area, in summary, is control of essentially one-dimensional
objects, either linear or nonlinear, in the presence or absence
of sensor noise, and for which the ratio of maximum to minimum
plant gains is no greater than approximately 5:1, if reasonably

uniform response is desired throughout the gain range.

An additional caveat is offlered. Some investigators have,
in preparing analytical or computer models of the elementary SOC,
either eliminated the noise source (Figure 1)} or replaced it
with a coherent high-frequency dither-signal generator. While
these simplifications are admissible for control of low-order




plants when the sensors are noise free, the result can be

unsatisfactory in more demanding applications.  With regard
to the F-101B, hysteresis in the paralle! scervo valve ol the
stabilator can result in a pitch-oxis limit cycle oscilla-

tion at about 3 Hz in the absence ol the clementary SOC
internal noise signal; restoring this signal stops the
oscillation without reducing the bandwidth of the control

system.

1.2 Objectives of the Program

Paragraph 2 of the contract Statement of Work (2 May 1966)

reads as (ollows:

"Objective--Control of high-performance aircraft and aero-
space vehicles through widely varying Flight regimes poses
severe flight control design problems to provide satisfactory
vehicle flying qualities for effective and reliable mission
accomplishment. The objective of this effort is to demonstrate,
through a comprehensive flight test evaluation, the capability
of @ self-organizing controller (SOC) to achieve superior self-

adaptive and reliability characteristics.,”

As the work progressed, Lhe following cognate goals were

tacitly established:

(1} develop design information and criteria for fly-by-

wire flight control systems

(2) demonstrate performance and reliability of FBW

syatems

The orincipa! ¥BW design information and criteria sought during

)




the program were in the following areas:
{a) time constant of pre-filter model
(b) C* specifications {(the questions of (i) relative
weight between load factor and pitch rate and {(ii)

the time-response envelopes [or Cr)

(c) significance of positive vs. neutral specd
stability for fighter aircraft

(d) controller requirements imposed by actuator rate
limits, hysteresis, transport delay, and temperature
restrictions

(e} controller test (BITE) and diagnosis (GSE) procedures

(f) component selection and burn-in requirements for
FBW circuits

The performance and reliability goals became:
(a) denonstrate improved flying qualities for the system
in comparison with conventional controls at all

flight conditions and for all missions and maneuvers

(b) demonstrate failure-free operation in all flights

1,3 Attainment of Objectives

The contract objective and all related goals have been
attained.




1.4 Organization of Report and Other Data

This report presents a discussion of the e¢lementary SOC,
its design and installation characteristics, and data {from the
ground and flight tests.  The Tollowing materials were provided

in carlicr volumes Turnished to the Air Yorcee by this Contractor:

(a) Flight Worthiness Test Procedures and Results
(Relerences 24 and 26)

(b) Partial Manual to Flight Manual, T7.0. 1F~-101B

{(Reference 25)

(c) Instruction Manual for Ground Support Equipment
Model Mark IV GSE (References 27 and 28)

{d) Detaited Schematic Drawings for the Elementary SOC,
its Cockpit Control Panel (PFIC), Ground Support
Equipment (GSE)}, and System Wiring (Reference 29).

pSy]







2. BASIC DESIGN

2.1 Elements in Systems

Figure T presents an overall block diagram of the

elementary SOC system for the F-101B pitch axis., The fnlfowing
block symbolys are used in the igure:

ESS -~ Electric Sidestick

PFIC -- Pancl and Flight tnstrumentation Controls *

EFC -- Error Function Coupler

SLU --  S0C Logic Unit

CsC -- Command Signal Coupler

STAB -- Stabilator Parallel Servo Power

Amplifier (in MB-5 AFCS) and Actuator

ADYN -- Airframe Pitch-Axis Dynamics

PRG -- Pitch-Rate Gyro

FNA -- torward-Mounted Normal Accelerometer

CADC == Central Air Data Computer

arnd the signals identified in Figure 1 are:

ESS-P -~ Force applied by pilot to ESS pitch axis,
positive for pitch up '
FSM --  Smoothed (model) value of stick force, FESS-p
FX -~ {orpcaite input signal, positive for pitch up,
| consisting of smoothed sum ol Manual Pitch Bias
(FMPB); calibrated Test Signal Generator voltage
- V. e . - .
(Fio.)i scaled Mach Trim error, Ky (wSET M) s
and scated Mach Trim error rate, KM Mm '
I -« Lomposite error signal (see below)
a’ - fLontrol signal upstream of CSC disconnect

relays and smoothing
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u -~  Control signal from SOC, nowinally negative
for pitch up

b ~= STAB output displacemenl as measured by servo

fecedback potcnliometorT
-~ Pitch rate, rad./sec., positive {or pilch up
N -- Incremental normal acceleration at pilot's
P station, g, positive for total acceleration

exceeding ore gy

M --  Mach number

{ ) - Denotes measured and/or computed value of ( )

Roll-axis control via the electric side stick was accomplished
by means of direct connection between the ESS and the MB-5 AFCS
aileron servo power amplifiers. No roll-rate sensing was employed

and therefore roll-axis control was open loop.

The experimental airborne cequipment consisted of the ESS
(Government-Tlurnished), the PFIC, and the s0C (comprised of the
EFC, SLU, and €SC elements). In addition, special Ground Support
Equipment (GSE) was furnished by the Contractor for pre-flight
checkout of the system as well as ground demonstration and

evaluation of the S0C.

The reliability objective of this program was a 50,000-

hour MBTF in two-hour airborne missions {Reference 30). This

objective was exceeded by use of triple redundancy of all SOC
ejements {including power converters). Figure 2 illustrates the

basic approach employed in the redundant configuration.

Figure 3 shows the dominant transfer functions of the S0C
system for he (% mode with Mach Trim off. For clarity, redundant

branches are eat shown in this figure.

*preferable Lignal source to Stabilator Position Transmitter
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PFIC EFC SLU Csc
| - I 10
F O—w. 083 -
ESS-P I | T+TMS | LIM I
B | l_ecav
| * 1 | X ’ +T|'—' 5.5 + T | 6.2
F O_-.IZ Z .56+.08L}S 3 = L r—
MPB | i + T+7y5 | | RS 1+0.01s - 08 13T 147,58
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(5) | e ,.73V/9g 0.08 v RMSI v
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| (14 525) (14 £2gg) ; 10 j | 9
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Gm,’ 7V/9|-—]—| I 5
| 2 . 287 |- | 5 -0 M’
U223 |
|
103 ,
l .50 M 1 s | {)(szl m’
+
L_ 11.3
(1) FESS-P = +6.0 (Nose Down), -12.0 (Nose Up) VDC Full Scale
(2) FMPB = +3.6 VDC Full Scale
(3) Frog = % 4.0 vDC for +0.5 g Test Commands
(4) Pitch Sensitivity Setting: &
(5) Ty = 0.4 sec. through Flight 16
= 0.2 sec. Flight 17 et seq.
(6) Ty = 0.1, 0.2, 0.5 sec. (Pilot's Option)

Figure 3:

Dominant Transfer Functions for Pitch Axis Controller,

Redundant Signal

Branches,

L. * Mode,

Mach Trim Off,

Showing One of Three
F]lghts 12 et seq.

620K

MB-5 AFCS
Pitch
Amplifier
(EG121A)

5 V/g

109 v/ rad. /sec.

SPT




Figure 4 shows the exterior of the PFIC. The SOC en-
closure houses three identical removable modules, each of which
is an independent controller consisting of one EFC, one SLU, one
CSC, and one power converter. The summing circuit for uy,, ug,
and us and the engage-disengage switching shown in Figure 2
were incorporated as modifications to the existing MB-5 AFCS
equipment. The printed-circuit card being held in the photo-
graph (Figure &) implements the SLU for one of the three redundant
controllers. Additional photographs of the system appear later
in this report. Drawing 621-7 of Appendix | illustrates system
interconnections. '

2.2 PFIC Functions

The major functions implemented in the Panel and Flight
Instrumentation Controls’ (PFIC) were:

(1) power converter to energize the electric sidestick
(pitch and roll axes) and PFIC circuits

{(2) computation of Fg where

F
F. = —£88°P R S
S
M 1 + TMS

and Ty, the model pitch-command lag, was selectable
by the pilot to be 0.1, 0.2, or 0.5 sec.

(3) computation of Fy» where

Free *+ F

Tsc ¥ Fupg * KulMggrM,) + KMo

1+ T

XS

tThis name proved to be partly a misnomer, as it was found to be
more suitable to use a standard remote control unit to activate
the flight instrumentation {recorder).

13
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FTSG had the selectable values 0, ¢ 0.1, 0.5¢

and

FMPB was obtaincd fr$m a thumb-wheel potentiometoer
on Lhe ESS handgrip: KM
(Mach Trim OFF), 0.0h9, 0.12h, Q.2h7 ., 0.371, 0.494, and
0.618«q (labedlled MACIL GAIN == 2 5 10, 15, 20, 25 on
pane ) Ky wan zero (Moch Trim OFF) or 6.46 -scec.

(Mach Trim ON); MSET had the selcctabie values 0,3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3,

1.4; and Ty was 0.4 sec. (reduced to 0.2 sec. for

Flight 17 et seq.)

had the selectable values 0

o . . . .
{(4) computation of CR€ for monitoring via the airborne

recording oscillograph, where

(N Yy +12.56 ... .. e R
Zpl m m

(5) selcctable roll-sensitivity and pitch—sensitfvity ESS

gains {(the latter sctting determined the system stick-
" force-per-g gradient in pitch)

(6) Roll Trim. Note: Roll axis control was open-loop,

with the voltage sum of roll-axis stick force, FESS-R’

and Fyupps the Manual Roll Bias, applied directly

to the aileron servo power amplifiers.

*
(7) Mode Select switching for € (V_. /g = 11.5 sec.),

)

Co (12.5 sec.), Cf (13.5 sec. ), and modes**

*F;FB served alternately as a vernier for C*, 6§, or M, depending

on mode selected by pilot for the system.

¥Aircraft had two forward-mounted normal accelerometers. The FNA
used for computing C% and for acceleration feedback in closed-
loop control with th8 SOC in the C* mode is designated by the
Subscript '"1". The other FNA, denoted "2", was used only to
trigger g-disconnect limiting circuits in the CSC's. :

¥+For Flights 7 et seq., V__ /g values became 11.1, 12.1, 13,1
sec., respectively. ¢o
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(8) Master Power switching and indicator light, SOC
Ready switch and light, SOC Engage switch and light,
and Branch fFailure Warning light and reset switch.

Figure 5 illustrates the PFIC pancl. Figure 6 shows
the installation ol the clectric sidestick and the PFIC on the
right-hand sidc of the F-101B forward cockpil. This location of
the PFIC caused it to be partially obscurced by the pilot's arm;
however, there was insufficient space on the left side of the
cockpit for mounting of the PFIC on that side.

An overall schematic of the PFIC is provided in Appendix
! as Drawing No. 621-29-1, '

2.3 EFC Functions

The SOC was designed to operate as either a C* controller
or a 8 controller, and in both of these modes the pilot had the
option of using Mach Trim feedback. The (:7'r and 6 feedback error
equations arc summarized in Table | below. The SOC Error
Function Coupler (EFC) implemented the ec, eg, C*,*and H(s)
functions listed in this table. Selection of the C mode
(accomplished remotely via the PFIC) caused the EFC to compute
control loop error in accordance with Equation 2:4 (see table);
conversely, selection of the 6 mode caused the EFC to compute
error in accordance with Equation 2:5.

Di fferentiated GSPT positive Feedback’r added in the error
summation is an essential signal in the SOC system. The theory
of this feedback was introduced in Reference 6. The low-pass
filter, H(s), acts as a bandpass {(with 3 db. Trequencies of 5.65

and 9.9 rad./sec.} in terms of the position signal & The

purpose is to cancel the airframe short-period limit§zlcle
oscillations which would otherwise occur (at approximately 1 to

1.5 Hz) due to the ém phase lag produced by pitch rate gyro poles.
When C* feedback is used, the forward normal accelerometer output

sigral shoulu partially compensate the gyro characteristics;

+gSPT > 0 results from stabilator downward travel (producing
negative pitch acceleration) and vice versa for 6SPT < 0.

16
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Table V: Basic Error Equations

Units: FX’ g

Fe v 9

oM
ém’ rad. /sec.,
(Nz ) S
prom
5SPT‘ in./sec
. ¥ .

ec* K1 Fx"'Ki—;' FSM'KB C +K¢c* GSPT H(S) e, 24

3 e
1+'ix'-,
Fess-p
e
s ;
M 1T + M S
T R €= F R 2:6
SRRAC P e 2,
i
H{s) = e e e e e 227

(1+s/9.9)(1+s/5.65)
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therefore, the gain on 6SPT was originally specified to be smaller
* .

for the Cf mode than for the 6 mode (i.e., KJC* ~ K46)' But for

Flights 3 et seq., these gains werce made the same lor both modes

because of accelerometer anomalics (sce below).

Table |} lists the PFIC and EFC parameter values (Ca* mode )
used in the flight test evaluations. This table is discussed
further in Sections 3 and 4.

Appendix |, Drawing 621-2 details the EFC design. Figures 7
and 8, below, diagram the basic signal circuits of the EFC for its two
modes of operation. The low-pass filter consisting of the 36K
resistor and 10uF capacitor was inserted in the accelerometer output
path for Flights 7 et seq. Because this filter was loaded by three
EFC's, each having an input resistor of R13’ = 43K, the filter trans-
fer function was

1.03
1 4+ s/11.3

which had the secondary effect of reducing (Vco/g) by 3 percent.
The 11.3 rad./sec. corner frequency was necessitated by an 80-

Hz ripple component of approximately + 0.1 g on the accelerometer
output.T '

TAs o general comment, the accelerometer {and, to a lesser degree,
the rate gyro) available in the F-101B were not of top instrument
quality, having been originally provided in the aircraft for such
purposes as g }imiting rather than closed-loop control.
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2.4 SOC Loyic Unil

The elementory SOC was unique in that it contained means
for modulated-noise control sigynal generation., A functional
block diagram of the SQC Logic Unit (SLU) which incorporéted this
feature is shown in Figure 9, and Figure 10 portrays the
printed circuit board used to implement the SLU. The SLU re-
ceived the error signal, e, from the EFC and computed an augmented
derivative

which was used tolprovide lead compensation. The sign of ep was
then determined by a zero-crossing detector (electronic relay).
Up to this point, the SLU thus functioned as a relay controller
with lead compensation. The novel portion of the unit was that
which encoded sgn € the output of this first zero-crossing
detector, as sgn u, another binary control signal having the
same low-frequehcy components as sgn ep but with high-frequency
components governed chiefly by the characteristics of the noise
carrier used in a modulation process.

sgn u was a binary probability state variable (PSV), that
is, the distribution function but not the instantaneous state of
sgn u was controlled, A probability control voltage, PCV,
established the binary probabilily distribution for sgn u. spe-
cifically, the probability of sun u = + 1 ‘increased for increasing
PCV, while the probability of sgn u = - 1 decreased for increasing
PCV, and the opposite relationships held for decreasing PCV. For
its part, PCV was determined by a nonlinear lag operator acting
on sgn €p-

With the particular parameter values used in the lag operator
for PCV, the latter was capable of moving from its midpoint to
either of its limits (+ 3V or - 3V¥) in 0.003 sec., or from one of
its 1imits to the opposite in 0.006 sec. Once at either of its
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limits, PCV biased the noise source to approximately a 30 level,
i.e., sgn u became equal to sgn ep with almost complete certainty.
The minimum elapsed time interval of 0.006 sec. between the PCV
limits prevented any coherent oscitlation of syn e_ from appearing -

in syn u at frequencies above approximately 1/{0.01271) = 26.5 Hz.

Although the phase shift ol the nonlinecar lag beltween sgn e
and PCVY was 180" al 26.5 Hz {the natural auto-oscillation frequency
of the SLU encoder working in an otherwise lead-or-lag-free
negative feedback loop), the phase shift of this clément at basic
control-mode frequencies (0-5 Hz) was negligible. Theréfore,
encoding of sgn €p by the modulated-noise process to obtain sgn u
had the effect of rejecting sharply any components of sgn e above
the désign cut-off frequency of approximaté]y 26.5 Hz, while pro-
ducing no substantial effect on basic control-mode signals.

The useful filtering properties of the PSV encoder were,
in some respects, of secondary interest in this project compared
with the capacities of this device to mitigate adverse control
effects of hysteresisbin actuators and in the airframe structure.
Because the quantitative values of such hysteresis have not been
precisely determined, and probably vary [rom one aircraft to the
next, the following discussion considers only certain qualitative
aspects.

Suppose some element within the actuator has a hysteresis
loop of the type sketched in Figure 11. Suppose, further, that
sgn e, is oscillating in a limit cycle at a given frequency fLC'
Without the PSY encoder, the actuator input might then exhibit the
waveform shown in Figure 11 below the actuator input-output
hysteresis diagram; This input is not a recfangular wave (even
thouyh the sgn ep waveform is rectangular) because of lags and
rate 1imits between the controller and the actuator. For example,
in the F-101B, Lthe stabilator main power actualor is driven by a

hydraulic servo (the parallel servo) which has a signilicant
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Coherent input Waveform
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Distortion

Sketch I1llustrating Effect of Actuator Hysteresis

on Waveform of Deterministic Control Signal
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output-rate limit as well as first-order and higher-order dynamic
lags. For the assumed coherent inpul, the oulput of the hypo-
thetical actuator becomes the wavelorm shown at the top right of
Figure 11. The shaded regions of the sketch represent the lag
distortion imposed upon the driving waveform by the actuator
hysteresis loop. Note that this distortion represents a sub-
stantial delay (essentially a dead time of one-sixth of Ehg T imit-
cycle period}. -

B . . . I R I ...{! .
Now corntrast the above with the behavior of the actuator when

sgn e_ has been encoded as a PSV signal. Provided the actuator

inputpcan assume the form shown in Figure 12, despite the presence
of lags and rate limits between sgn u and the actuator, the new
output waveform becomes another PSY signal, as_shown'inﬁthe figure,
and this new output exhibits significantiy‘less‘lag distortion
than existed previously. In princfpie, then, and subject to the
above proviso, the PSY encoder has reduced the effective dead

time of the actuator. Theory says that this reduction in effective
dead time should increase the control system limit-cycle frequency,
flc- And with a raise in this frequency, the anplitude of. the. '
limit-cycle oscillation should be proportionately reduced (ignoring
possible resonance effects). The designer's question, however, ;s
whether the necessary rapid, random excursions about a mean dyna@ic
input to the actuator are achievable in view of the naturalzup?"
stream lags and rate limits. Based upon results of this prdject,
the answer appears Lo be: "For the F-101B tested, yes." The

matier seems to hinge on differences between the small-signal

and large-signal characteristics of system elements between the
controller and the fina)l actuator. |Indications are that the small-
signal responses of these elements are not as severely rate-limited

as are the large-signal {mean) responses.

Simulations (with appropriate actuator hysteresis) and ground

tests of the F-101B/S0C system measured a closed-loop f of

o
LC
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Figure 12:

PSV Input Waveform

Output Waveform
(Broken Line Corresponds
to ldeal Linear Actuator)

Sketch |llustrating Typical Effect of Actuator
Hysteresis on Waveform of PSV Control Signal
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20 Hz with the PSV encoders functioning.T Flight tests showed an
intermittent oscillation to be present at approximately 16 Hz'JF
{the lower fLC was possibly due to proximity in frequency of the
airframe second bending mode), with no oscillations observed at
frequencies higher than 16 Hz. No ground or lfight tests were
conducted with the PSV encoders disabled.  Simulation experiments
run without actuator hysteresis produced FLC in the range 33-60
Hz (note that the encoder elevaled ils own nominal 26.5 Hz auto-
oscillation frequency by a similar mechanism to that affecting the
actuator behavior). A hysteresis magnitude just great enough to
lower fLC of the simulation to 20 Hz with the PSV encoders
functioning was sufficient to introduce a substantial limit

cycle at approximately 2.9 Hz (close to the airframe short-period
mode) with these encoders disabled.

As shown in Figure 13, the SLU noise voltage varied with
temperature, with the nominal peak occurring at 15 °C and vol tage
decreasing for either higher or lower temperatures. The SOC
was designed Lo operate over an ambient temperature range of
5k °C to + 71 °C., Tor which the noisc RMS amplitude varied
as much as 2.4 to one. Although this range was acceptable from
the standpoint of Fflight. safety, it .did produce. some variation in
SOC performance between cold and equilibrium temperature conditions.
For future systems, noise-circuit temperature compensation is re-
commended, particularly if the range in ambient temperatures is
substantially greater than was encountered in the experimental
program. {(The simplest procedure might be to mount the noise
diode in a heat sink along with a heating resistar that has a
pesitive resistance vs. temperature characteristic and is powered

by a regulated voltage source.)

Tlncremental aSPT amplitude of this oscillation was approximately

0.20 in. peak-to-peak.

$Incremental hSPT amplitude {when oscillation was present) varied,

but averaqged approximately 0.25 in peak-to-peak.
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A detailed schematic of the SLU unit is presented in

Appendix | as Drawing 621-1.

2.5 Command Signal Coupler

The Command Signal Coupler (CSC) provided the branch dis-
connect logic, as shown in Figure 1h., Table 111 summarizes the
SOC warning and disconnect logic inplemented in the CSC elements.

The two disconnect conditions treated by the CSC units were:

(1) g Disengage Limiting -- |f the (NZ N fell outside of
Py
an acceptable zone bounded by positive and negative g

limits, the SOC was automatically disconnected.

(2) Value Signal Comparison Logic -- The Value Signal Com-

parison Logic, operating on a branch-by-branch basis,
compared the phase‘oF the sgn u signal of the branch
with the phase of the sgn ep signal of that branch.

If the phase relationship was improper, as signified
by the logical product of sgn ep and sgn u being neg-
ative for a sufficient period of time to trigger a

detector driven by an integrating circuit, a failure
of the respective branch was assumed. In this event,
the CSC disconnected the. offending branch, and trans-

mitted a warning signal to the PFIC.

The complete concept of the SOC failure detection, warning,
and disconnect logic is presented in Reference 32. Table |V sum-

marizes these concepts.

A reliability prediction for the triply redundant SGC was
reported in Reference 30.T The predicted system reliability

+tAithough entitled "First Interim Reljiability Prediction for Self-
Organizing Flight Controller", the conclusions of this reference

are essentially valid for the %ystem as flown.
3
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Table 111: C€SC Warning and Disconnect Logic

il

(1) g + g + 6 1 Warning

il

(2) D +0, + D

#2 Warning and Branch Disconnect

(3) 9,+9 + 9 +9 + Go+gs + Dy -0, + D, -0, + D, -0, = Red-Light
: ’ Failure
Indication
and System -
Disconnect

where
g9; = N, = PGL, or - NGL.
- p
and the disconnect flip-flop set terms were:
Dls'f"V1+Dp'Dn :
D, = v, + DO D

+ 0 D,

5
wn
n
<
»

<
il

smoothed sgn e_ + sgn u,
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greatly surpassed the contract goal of an equivalent MTBF of
50,000 hours, based on a two-hour mission. The predicted proba-
bility of a mission-abort failure, defined as any system failure
which would result in a warning to the pilot that the SOC had ex-
perienced a branch lailure, was 0,00158 lor two-hour airborne
missions. The predicted probability of a safety-of-flight failure,
delined as any system failure which would result in a loss of
pilot ability to control the aircraft through the S0C, was
6.025x10 ® for the same type of mission. Thus a mission abort

was expected about once in each 630 missions, and a controller
failure about once in each 160,000 missions, the Tatter represent-
ing an equivalent MTBF of about 320,000 hours.

It should be noted that the estimated failure probability
for the non-redundant PFIC was 3x10°" failures per hour, giving
a resulting probability of PFIC failure of 6x100% for a two-hour
mission, which was by Far the predominant factor in the calcula-
tion of system probability failure. Il it were not for the non-
redundant PFIC, the equivalent MTBF for the system would have been

predicted to be on the order of 80 million hours,

Aside from the above predictions, it is noted that no SOC
failures, either branch or system, occurred during the 32 flights
of the test program, which accumulated approximately 40 hours of
flight time with the SOC in operation,

2.6 Mach Trim Loop

The Mach Trim loop, implemented in the PFIC, was provided
as an outer-loop function to permit evaluation of positive or neu-
tral speed stability in control system design for high-performance
fighter aircraft. The principles underlying the design of this
loop are presented in Reference 17. Figure 15 presents an equiv-~
alent circuit diagram for the Mach Trim controiler in the PFIC for
the case of a '""MACH GAIN" setting of 25 on the panel of this unit,
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Authors differ on the question of positive versus neutral
speed stability for aircraft. In general, neutral stability is
advantageous for highly-maneuverable fighter aircraft in combat
situations, whereas some positive speed stability is needed for large
bomber and transport aircraft, and is often desirable during ferry
missions, takeoffs and landings, and under IFR conditions in fighter
operations. The Mach Trim loop of the experimental system was, as can
be seen from Figure 15, @ low-gain control. As such, this loop did not
produce particularly rapid settling to the commanded Mach number,
but was intended to prevent aircraft speed divergence, or at
feast to reduce the level of pilot attention required to maintain
a given cruise Mach number,

Drawing 621-29-1 in Appendix | contains the detailed
PFIC circuit for the Mach Trim function.

2.7 Packaging

Packaging of the self-organizing controller is shown in
Figures 16 - 18. The connector on the front of the enclosure
provided for tie-in with the Ground Support Equipment, while
those on the rear were for interfaces with the PFIC, the taper pin
junction assembly, the MB-5 AFCS, and the flight recorder, as shown
in Drawing 621-7 of Appendix |. The outer dimensions of the S$SOC
enclosure were 10.750" deep by 5.781" high by 11.750" wide, and
the all-up weight was approximately 12 pounds.

Figure 18 reveals the interior of one of the three re-
movable modules with its individual power converter, Each module
consisted of a motherboard on which were mounted connectors for
the five removable printed circuit boards for the EFC (1), SLU(1),
and CSC (3). The metal baffles between these removable boards
and the module provided shielding, structural rigidity, and a
pivot point for the extractor tool used in removal of the
boards.
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2.8 Simulations

‘Because the SOC and the object it controlled were both
highly nonlincar, computer simulations of closed-loop system
operation were the primary tool for design analyses as well as

system testing. Three simulations were employed:

(1) analog simultation (EAI TR-48 computer) of airframe
short period pitch-axis dynamics and characteristics
of the actuator, sensors, and SOC '

(2) analog simulation (SD 10/20, a +100 V computer)
of combined short period and phugoid mode airframe
dynamics, as well as actuator and sensors, for flight-
worthiness testing and pre-flight checkout of SOC
and PFIC (see Drawing 621-9 in Appendix 1)

(3) digital simulation' (1BM 1130 computer), which
included cffects of first three body bending modes
and, because It used exact dynamic and kinematic
relationships for the F~101B, was valid for large
perturbations in the aircraft response variables
(Reference 17).

Table V presents a summary of the ten flight conditions
used for design analyses and both groUnd and flight testing of
the SOC. The table includes the Mb {stabilator surface effective-
ness) value lor each flight condition and the ratio of M, to a
we ighted-average value of Ma,-denoted Mi*. The weights in this
average were calculated by estimating the relative frequency
of each flight condition in typical operations of the F~1018.

The M& values varied from a minimum of 0.45 Mf* to a maximum of

2.35 M. *, or a range of 5.2 to 1.

+Performed by DODCO, Inc., Princeton, New Jersey.
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Table Vi Flight Conditions

Number Altitude, ft. Mach Number M, Maiﬂa*
10,000 0.45 8 0.45(Min)
Z 10,000 0.80 31 1,73
3 10,000 0.95 L2 2.35(Max)
(540 KIAS)
L 20,000 0.55 9 0.50
gt 20,000 0.90 22 1.23
6 20,000 1.20 - 39 - 2.18
' (580 KIAS) .
7T 35,000 0.75 10 0.56
8 35,000 0.95 18 1.00
9 ‘ 35,000 _ 1.30 23 1.29
10 35,000 1.60 26 1.45
(or maximum
safe Mach)
Note: Mb* = Average M, calculated by considering relative

frequency of each flight condition in typical
operations of the F-1018B

= 17.9

tpenotes one of three conditions extensively used in checkout

of the SOC.

Il




Flight conditions 5, 6 and 7 werc used most oxtensively
in checkout ol the SOC.  Subjectively speaking, condition 5 was
the most represental ive, while conditions 6 and 7 appeared to be

the hardest Lo control among those al cach end of the M, range.

h
Simulation results summarized in Fiqure 19 illustrate the
way in which the tSPT Timit cycle oscillations were studied on
the TR-48 computer. This figure plots the peak-to-peak ampli-
tudes and the frequencies of these oscillations vs, K4Ck,'the
error-function gain on éSPT‘ (See pp. 19-22.) System behavior
is shown for three flight conditions. The broken-1line portions
of the curves in Figure 19 represent regions over which no
steady~-state oscillations were sustained, although damped
transient oscillations of the indicated maximum amplitudes were
observed in the sinulation up to those values of_KaC% for which

the amplitude curves cross Lhe abscissa ol this qraph.

. - The simulation usced to map relationships between the Y opt
limit cycle and K, ¢, did not contain actuator hysteresis, air-
frame bending modes, or the 11.3 rad./sec. smoothing later found
necessary to eliminate a strong 80-Hz ripple component from the
aircraft accelerometer output {see p. 21). This simulation
therefore exhibited some disagreement with flight data, although
the trends shown in Figure 19 were borne out well by flight
measurements. Larger values of K‘C* were required in actual
operation than are shown in this figure. Whether a value as
large as that listad in Table |1 (i.e., K‘C* = 1.00) was

needed remains a mool guestion.

Figures 20 -~ 22 present SD 10/20 simulation date
obtained in verification of Maéh Trim loop operation. As can
be seen frcm Drawing 621-9 in Appendix |, the simulation used
for the F-1018B phugoid mode was linearized for the analog
<:tr:!rnputzze'r;'r however, comparisons with results of the digital

+ .
"The linearization assumed the aircraft operation at constant
thrust in the neighborhood of a trim point.
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simulations showed good agreement as long as relatively small
speed changes were involved. The simulations revealed the
expected divergence of airspeed without Mach Trim (Fiqurc 20),
while with this function engaged, behavior ol the phugoid
mode was similar Lo that of the basic airframe, airspeed
showing a damped oscillation thal subsided in three or four
minutes. As previously mentioned, Lhe purpose ol the Mach
Trim toop, which was given very limited authority, was to
eliminate airspeed divergence, not to provide tight control

of Mach number.

Other analog computer simulations are presented in Section

o

Figure 23 gives results obtained during that portion of
the digital computer simulation work devoted to system short-
period response characteristics. (The C* performance boundaries .

are discussed in Appendix V. )

The digital simulations revealed no significant steady-
state bending mode oscillations. First-mode transients were
oscillatory but subsided within one or two seconds after
application of a étep—Function stick signal. Second-mode
oscillations disappeared in about 0.5 sec., and the third mode

was non-oscillatory.

MIL-F-B785 specifies that any residual oscillations of
the longitudinal control system must be less than +0.020 g.
Digital simulations showed a limit-cycle amplitude with the
SOC of 40.005 g under worst case conditions (F.C. 6). This

cscillation was conputed to be at L. 4 Hz.
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3. TEST RESULTS

3.1 System Bench Tests

As part of the flight worthiness test procedures {(References
24 and 26), system bench tests were conducted using the following
PFIC settings: Model = 0.2 Sec., C* Specd = 240 Knots. The pri-

mary power supply voltage was set at 28 Volts d.c., the environ-

mental temperature was room ambient, and the system was not under
vibration. Figures 24, 6 25, and 26 are representative of the

8 responses obtained. Figures 27, 28, and 29 are representative
of the C* responses obtained. Designations of flight conditions

are summarized in Table V.

3.2 Installation and Ground Checkout

The SO0C equipment, including GSE and spares, was delivered
to Wright-Patterson Air Force Base on 17 November 1967. The test
aircraft, F-101B 59-462, arrived at Wright-Patterson on 26 July
1968. Extensive demodification work on the aircraft was required
before installation of the SOC system could commence. The Air
Force completed these demodifications by 10 October 1968, and
the modifications for the SOC and its installation were accom-
plished by Air Force personnel between that time and 10 January
1969,

C. A. Crow, Jr. of Adaptronics, Inc. established residence
at Wright-Patterson on 13 January 1969 to exercise local project
responsibility for the Contractor during the ground checkout and
flight test phases. Only'minor interface problems arose during
ground Cheékout of thé SO0C, although delays were encountered due
to MB-5 AFCS mal functions.
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During ground checkout, all functions of the SOC were
canplétely checked utilizing the oircraft clectrical system., A
conplete survey of the ten flight conditions was run. At each,
flight condition every combination of pitch lag and mode setect
was checked, as well as representative settings of roll and pitch
sensitivity. Results of this survey were completely satisfactory.

Mach Trim loop operation was checked at flight conditions
5, 6, and 7 with satisfactory results. The Mach Set switch was
calibrated with the following results:

Mach Set Desired VDC Actual VDC
0.5 + 4,65 + 4.7
0.6 + 6.15 + 6.4
0.7 + 7.65 + 7.8
0.8 + 9.15 + 9.2
0.9 + 10.65 + 10.9
1.0 + 12.15 + 11.5

-The g-limit disengage settings were measured. Negative
limits were in the range +4.8 VDC to +5.1 VDC. Positive limits
varied from -20.5 VDC to -22.0 VDC. Satisfactory operation of
g-limit disengage circuits and of failure detection and warning
functions was verified.

The pitch trim thumbwheel authority was measured, Maximum
nose-up trim authcrity was +0.42 VDC. Maximum nose-down trim

‘authority was -0.49 vDC.

The test signal generator UP-DOWN switch was calibrated
with the following results:
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Small Step (0.1q)

Up Command + 0.26 VDC

Down Command - 0.23 V0C
Large Step (0.5q)

Up Command : + 1.25 VDC

Down Command - 1.23 ¥ybC

The pitch sensitivity switch was calibrated and the
following readings obtained:

Stick Full Back

Sensitivity Setting VDC
Min - 0.61
2 - 0.74
3 - 0.88
A - 1.02
5 - 1.17
Max - 1.13
Stick Full Forward

Sensitivity Setting vDC
Min + 0.41
2 + 0.43

3 + 0.47

L + 0.52
5 + 0.56

Max + 0.61

61




Although the roll sensitivity switch was also calibrated
during the ground checkout, it became necessary early in the
flight test program to reduce roll sensitivity. Following

are final roll sensitivity readings:

Full Right Roll

Sensitivity Setting vocC
Min + 0.135
2 + 0.195
3 -+ 0,305
I + 0. 307
5 + 0.420
Max + 0.485

Fuli Left Roll

Sensitivity Setting - VDC
Min - 0.055
2 - 0.120
3 - 0.240
b - 0.310
5 - 0. 360
Max - 0.432

Upon completion of the electrical checkout, hydraulic
pressure was applied to the aircraft and a full survey of three
representative flight conditions was run. Although results were
within limits, system response to a square-wave input showed a
slight ripple on C¥*, sz, and 6. This was corrected by changing
the 8cpT pickoff from the stabilator position transducer to the
- servo feedback pot. System operation was entirely satisfactory
and the aircraft was released to Maintenance on 16 May 1969,
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Several pre-flight tests were conducted with alrcraft
hydraulics on to determine the effects of the actual parallel-servo
characteristics on closed-loop performance of the SOC system. For
these tests, the aircraft GSPT signal (from the servo feedback pot)
was fed to both the SOC and the appropriate point in the GSE
analog computer. In other words, the simulated parallel servo was
by-passed in favor of the actual device in the aircraft, while
keeping the remaining elements of the GSE computer model in the
simulation. The tests produced reasonably close agreement between
results obtained by simulating the parallel servo. The aircraft
unit exhibited essentially the same low-fregquency, small-signal
properties as the simulation; however, there was greater attenua-
tion of high-frequency signais and some additional nonlinearities
{such as more than one set of rate limits) appeared to be present.

Figures 30 - 33 present the comparative results for flight
condition 7 with simulated and actual parallel-servo dynamics.
Figures 30{(a) and 31 present data obtained with the GSE computer
simulation of the servo, while Figures 30(b), 32, and 33 present results
obtained with the aircraft hardware. Note that the C.* response '
is somewhat slower with the actual servo. Also, the high-
frequency "buzz" decreased from approximately 47 Hz to approximately
20 Hz in going from the simulated to the actual servo (possibly
due to lower rate limits than those which were simulated) and
the amplitude of this oscillation increased when using the
aircraft parallel servo. These recordings were made prior to the sec~
ond and third flights using the SOC parameters of those flights. |

The first Functional Check Flight (FCF) of the aircraft
was flown on 6 June 1969. Aircraft discrepancies noted during
this flight were corrected by the Air Force, and the second
FCF, fiown on 30 June, was satisfactbry. Accordingly, the
first SOC Test flight was conducted on 3 July 1969.
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Figure 34 shows the SOC enclosure as it was installed
in an Avionics bay of the aircraft (behind door 213R). Figure
35 is an overall view of the aircraft, showning the Avionics
bay and ground support equipment for the MB-5 AFCS and the

soc. ‘

3.3 FElight Evaluations

40.9 hours of flight test time with the SOC were accumulated
during 32 test missions between 3 July 1969 and 18 November 1969.
The major objectives of the flight test program were (Reference 34):

(1) wverify proper engage/disengage switching of SOC,
increase pilof familiarization with the electric
side stick and SOC control panel (PFIC), determine
preferred PCiC sensitivity settings for the side
stick, and establish confidence in the SOC equip-
ment (8 missions);

(2) obtain recordings of system response to the calibrated
test input command at each of the ten flight conditions
for comparison with results of prior simulations
(13 missions);

(3) obtain qualitative (pilot opinion} evaluations of

system performance in both prescribed and arbitrary
maneuvers (11 missions).
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A multichannel Consolidated recording oscillograph
(CEC Model 5-114-P7-5) was used to record 27 aircraft and SOC
parameters (Reference 33}. In part (2) of the evaluations,
the aircraft was brought to straight and level flight at the
specified altitude and indicated Mach number (IMN). With the
Large-Small switch on the PFIC in its Large position, an incre-

merital pitch acceleration of +0.5 g:]'r was commanded (using the

test signal generator in the PFiC) when the pilot moved the Up-
Down switch to Up from its spring-loaded center position. With
Mach Trim off, first in the Ca* mode and then in the 8 mode, this
command was applied for approximately five secdnds, after which
the switch was allowed to return to its center position. However,
with Mach Trim on, the test input was held on for several minutes
so that both the short-period response and the response of the
system in settling to a new steady-state Mach number could be
recorded.

Figures 36 - 45 provide the reduced flight data obtained
in Ca* mode with Mach Trim off. These figures are presented in
the sequence of increasing M. /M * (not in the sequence of flight
condition number). Thus, Figure 36 relates to the case of
minimum stabilator effectiveness, while 45 relates to maximum
effectiveness.

Figures 46 - 55 present reduced flight data obtained
in 8 mode, again with Mach Trim off.

The performance boundaries shown in Figures 36 - 45
are discussed in Appendix [V. The test inputs are also drawn on
these'figureé. For Flights 17 et seq., the test signal lag
(Tx, p. 12) was reduced from 0.4 sec. to 0.2 sec., as the latter
corresponded more nearly to pilot preferences regarding Ty th¢_ 
model time constant. Thus, Figures 40 and 44 pertain to I
the case in which Tx-='0.2 sec., while the test signals

¥ ) [Cont'd. on p. 93]
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and responses shown in the other figures were obtained using a

time constant of 0.4 sec. The test signals, generated within the
"PFIC, were smoothed by a first-order lag so as to make them repre-
sentative of manual step inputs applied through the model pre-filter.

Because f1 ighl data arce scldom entirely repeatable, Uigures
36 - 55 should be viewed as indicative of trends, as they
are not average or precise (calm air) responses. Figure 41
illustrates the variance between test results at one flight con-
dition, Note that these responses were measured during the same
flight, the difference presumably being due chiefly to atmospheric
turbulence factors. |

Generally speaking, the Ca* mode responses showed adequately

~small rise times ahd.acceptable levels of overshoot. Steady-

state errors were reasonably small, except at the minimum M'5

flight condition (Figure 36). Although the figures indicate that
Ca* settling times may have been ionger than specified, the

full evidence suggests that normal air turbulence was responsible

for much of the apparent activity after 1.5 or 2.0 sec. Because a
steady-state command of +0.5 incremental g was applied, Co*/Fpoo.p = |
“corresponded to:'a like level. Ten percent of this command was

only 0.05 g; or 1.6 ft./sec , an incremental acceleration con-

sistent with typical air turbulence effects, particularly at high

q flight conditions.

The @ mode responses werc, on the other hand, poor compared
to both desired performance and prior simulation results. The
steady-state errors for this mode were undesirably large (from
the control system designer's standpoint) for all median or low
M, conditions. Pilot comment (pre§ented later in this section
and in Appendix 111) was that the 8 mode felt "uncomfortable
because of a tendency to overcontrol (i.e., a Pitch input commands
a more rapid ?g' build-up than is expected, especially noticeable
at high 'q')." This criticism appears to be directed principally
at the'familiar_tendence of an FCS to produce excessive g's per
unit stick force at high q, a characteristic usually found in

93




é systems having no input scaling for different q conditions.
The C* modes, because NZ was blended with the § feedback, over-

come thfs problem, In other words, the basic deficiency of the
§ mode reported by the pilots was anticipated, even though the
sizable § steady-state errors at low M6 conditions came as a
surprise. In retrospect, the SOC might have benefitted from use
of higher gain for all 6 work.

The recorded C* flight responses do not appear to correlate
well with simulation results, pre-flight tests (Figures 30-33),
and pilot comments. Several possible explanations which have
been advanced are:

(a) inadvertent pilot inputs or dynamic responses of the
electric sndestlck (which was not dynamically balanced)

(b) air turbulence and gusts

(c) non-ideal characteristics of the parallel servo and
primary hydraulic actuator

(d) aeroelastic characteristics of the aircraft

(e) non-ideal pitch rate gyro and forward normal accelerom-
eter dynamics, inc!uding presence of the 11.3 rad./sec. pole in the
accelerometer feedback path {(required to smooth accelerometer
r:pple components) |

(f) wuse of TSG O. h sec. filter time constant rather than
preferred 0.2 sec. in many of the test manuevers

(g) |nsuff|c:ent SOC gain working into the MB-5 AFCS

{(h) 'variation of SLU noise voltage due to temperature
changes

(i} recorder deflectlons too small for accurate readtng,
leading to errors in reduction of recorded data.

Each of these possible factors has been considered, and,
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while it is felt that many may have contributed to the discrepancies
between simulated and flight data, the principal cause is believed
to be that of non-ideal actuator, airframe, and (particularly)
sensor characteristics, with atmospheric turbulence probably

being the next most important factor.

Flight #7 seemed to produce results which correlated best

with prior simulations, as may be seen by cowparison of Figure
37 with Figure IV.4 in Appendix IV.

Figures 56 - 61 are reproductions of flight recor&ings for
several'key variables. Figure 56 documents the first in-flight
50C engage sequence, performed at an average M, condition. Note
‘that approximately 1.5 sec. after engaging the SOC in C,* mode,
GSPT began a 5-Hz limit-cycle oscillation with a peak-to-peak
amplitude of approximately 1.0 in. When the sidestick was
pulled back slightly {(Figure 56, second sheet), the oscillation
partly disappeared. 6 mode was not used in the first flight.
(Appendix 111 should be consulted for the pilot's comments on
this and subsequent missions.)

For the second flight, K“C* and K4e were quadrupled (Table i!).

The pilot reported that the pitch oscillation was now considerably
"smaller in amplitude, and this can be seen in Figure 57. The first
use of 8 mode occurred in the second Flight, and it was observed

that no oscillation was present in this mode, although a small
"center stick chatter was reported at a frequency of about 20-30 Hz.
(Note: The SOC worked into the parallel servo actuator, so actuator
motions were mechanically transmitted to the center stick during

SOC operations. )

The third m155|0n was flown with slightly greater K*C* and
reduced Keg (see Table 11), these coefficients now being equal to

i Cont'd. on page 1147

95




o )
Juo9 mu:v_uu 440 E_Lk yz mz ‘opol x .
*SL°0 voen m.wm 000°0Z :1# 3uybi1id4 duypsoosy 3uby 4 ‘949

N ] _.i_ IR
| .ommmcu 208 ey
| u;mnhu -uj IsE1d)

. hmmo
_..cn “ ; S L
ek
mammmmr"
wU”...”.i-l-li_l.l.‘-ll.l.l_lnl.lii‘l.l. ’ 4oV FaW .
\ ) BB E B I8 .
N L ﬂl et : : -
- R o
utd o .
P ' g
_¢.
ui /5 gt g #97
ug/b 1372 &ummmuu w d,
_ _ uir/b /40 ﬁ zvn
Ut : v . ur/8 ¢z e |
535 ,/ped €L°0 8 Zm
uy /6§74 Ta ur /B g 3




(P9PN{5U0)) 440 WIJL YoeW ‘Spol x°)
SL70 U2BW “°34 000°0Z ‘1# IUB1 {4 BuIplodSY IYSL 4

1gg34nbi 4

c 4-
Yl . H ' T

Sesjpex E1°0 e ut/b <z %
ur/B S1g X9 ui/b 5z-4 i5

97




L , . 430 WiJ1 Yo®y ‘3poy %) o
.K.o;umz.Eooooﬂm&zm:umc__P_ouszm_ZKmo.:.mt

i T O A A T A AT A0 O (TR O T I S L SRtk i T S B A0St 2 St s s oy et e B O B TTET T TR FTETE T ey
; o ) : : oy : A
H o . i 1 H + H b H i

ut/uy ggrg WSy

ui u, e
sss/per €00 8 uI/B STy %

A T T R T Ty T ¢ “N)-




puewwoy deis 51 6570+ (440 widl udel ‘9po e
*SL70 42eW "33 000°0Z €# 3YBI |3 ‘Buipiodoy IUBI |3 g wanby 4

-£<€3 TS S . car 0 S 0 0 0 e 0 T RN 0 0 o o o e et e S MO e~ SR O

[N R ™ T + T -
7 Lo H i b
,
i _‘_ !
Sd - S . i [P I
i . ; : H
—da " Sy N Y o L T i H
S uq...w_.q..___l«_«...lia T 1 . M ' :
VP\" i .,“
. O e U NI B i . i
i . . - o e 2 2 U T e am v
! Pl : PO | IR R A !

EERERDERR I ! T

- a . q. 1ar . & y ’- t " B .‘ 1

Wty v < 8T T T P A T T AL S i 0N N 4 bl UB
e : _ T

i
i
i

-

W ig

C T et Wiy

951

al . ! -
Sss/per ¢4 0 8 HE/3 Ty 3

ur/b g0z 9755340 uysup ggez 4dS, G1/6 gc-| 951,







FTSG 1.56 g/in CR* 3.15 g/in “Frec.p 2.61 g/in
-(N b i ' -3 rad/
<2p1>m 0.47 g/in . 0.I3Eh1_592
mRENRSuEE mwan nl — ' i o F
-~ ! p—————————————t -—wwwm----r y AN L L s i s e By ' T —— ' ! Y - ; TSG
: ! = — ‘ — {: $
r,‘ | | ‘ | o il | ‘ ‘ i || | . I‘i ; I ‘ Lol ‘ | \ MNRE ;“i*.'&'»*\.:“l'fl hig RS
T EREANSRN | ‘ { Lt TRELINGRENA E’Ilmrhm - zp1>m
i il RHR" adl i
- i
. { 1 ‘ C. %
o o T R
U | %
ey } eI'l'l
-.'A o
- Fess-p
| il | i
| ‘ { ‘ =TT | ! T
. | ‘
: i |¥1% -- '*IM% 1‘ ' ‘ | SEC
: ‘ [ : . L H . ‘ j Sladed boL . | [ ke [

Figure 59: rlight Recording; Flight #26 F.C. 6; 20,000 Ft.,
Mach 1.20; Cg* Mode, Mach Trim OFF +0.5 g TSG Step Command

101}



puewio) do3s 951 B G0+ NO will yoeW ‘opoW x%) :0Z-| yoew . _
34 000°0Z ‘9 974 *gz# Iybi4 :bBuipaooay 3ybitd g9 24nby4

o ‘585 _.|_ | swpp ———

.

z.\ —g

N/~ ekt dotomiabhb by g e, s

Ui

——

. o95/pel

ui/b gy-¢

ut/6 yg9-¢ m:mmum ur/6 t4-0

D

£






ey L.25 g/in 5 2.30 in/in

SPT

€z L.25 g/in ~Fegs-p 2.61 g/in

rad/sec
ém 0.13—in

Ssec
Ll HEEETeTEE e ] [
Al T | I I
] |
[ | | | [ | R

I ‘\‘ .

T
» w

AR
]’ i ‘ i ,.M\L \\ \-H\Jl

Figure 61: Flight Recording; Flight #7; F.C. 4; 20,000 Ft., Mach 0.55;
& Mode, Mach Trim ON; +0.5 g TSG step Command (Cont'd.)

105



1.56 g/in e, 4.25 g/in 8 ¢pT 2.30 in/in

-<sz ) 0.47 g/ in €2 L.25 g/in “Frgs-p 2.61 g/in
1

Cw 3.15 g/in by 03—

20sec. | 15sec.

| |
| |
-
| \ '-
B | ‘§' 1 _
| ‘ ‘ -| P?"FVWW“*HVLT.TEL%LL“ i
- )
‘ ‘ ‘ bl 4L '. i
‘ bk |' LE o, Ii|'||'Ii Pt L bE LLbL EINIAET ] ot L il i_lim .
l - l T i bl e i A [ LoE e i i s
L ARy | i ’ Bagnd!
) ] " I il I . S . mim
i I i | i | Iil II-I':'l I
{ I i 1|0 I f A‘
—~———— W“‘““”nu e o

light Recording; Flight #7: F.C. 4; 20,000 Ft., Mach 0.55;

Figure 61. F
8 Mode, Mach Trim ON; +0.5 g TSG Step Command (Cont'd.)

106




8 2.30 in/in

SPT

(N, ) 0.87 g/in ez 4.25 g/in “Fregp 2.61 g/in
P 8 rad/sec
n

0.13
Co* 3.15 g/in m

F 1.56 g/in e; L4.25 g/in

2%

=, i

i !:ii'l: T4 [ ‘
WL

L e i

Il':I I ] : ‘1‘\‘ (T L ::-.,..:..:.!'j';i;:i:' [ 1 I L }H}\‘ | m .-uf" I‘ [y “ i 4 !I.LT ; “; i | ‘H m h ||||" [
‘ i ¥ TR N I o e . ;
I i ) I | e ) A o i T ""1 e Y | | . | “ ] 1
: - [ 1 . t - j i K I e ul 1 o T -!"!!iif ol =||::.-.|.-i:"i!:h."!_:|'|| k] | g ‘jx M : . .- e T c R*
NN AR AN RN AR AR [ 1A AR N e Ly :1
; 2

i i i ; ; . h 0.55;
i : Flight Recording Flight #7; C.C. 4; 20,000 Ft., Mac ;
Figure 61 8 Mgde, Mach Tr?m ON; +0.5 g TSG Step Command (Cont'd.)

107



. . I
Fy 1.56 g/in e, 4L.25 g/in bepr 230 in/in
L. 25 g/i L \
(N, ) 0.47 g/in o > o/in “Fess-p 2:61 9/in
pr M %m 0.13 raqlsec
Ce*  3.15 g/in 'n
S0 | 45 40
|
""" L | ARSI Ll Ll . .
Y \ 1 | . ‘- !‘-
- :FX
T | ‘ | IREERNERN ‘1‘ ‘ T= |
. | ‘ P { J “ s : N
| T ™ ‘ d<-ZP1>
i ~r T ;
IR T T
““““ bt [l "
: ‘ - - - C R*
[T Y N O e O L 6 St e ' ‘
: : e,
€2
M ESS-P
=%
8 SPT
‘ | Tim

108

Figure 61

Flight Recording; Flight #7 F.C. 4, 20,000 Ft., Mach 0.55,

8 Mode, Mach Trim ON; ¥?.5 g TSG Step Command (Cont'd.)




1.56 g/in ey

-CNZ ) 0.47 g/in ©
Pi~m

Cr* 3.15 g/in
65

4.25 g/in
4.25 g/in

6 2.30 in/in

SPT

&  0.13 radfsec
m in

60

-

{
11 ! ‘ ‘ ‘ ‘ ‘ ! i ‘ ‘ ' ‘ | [ Co ; i |
L i | Ll O |

Figure 61:-

F
8

light Recording; Flight #7; F.C. 4; 20,000 Ft., Mach 0.55,
Mode, Mach Trim ON; +0.5 g TSG Step Command (Cont'd.)

109



2.30 in/in

Sspr

4,25 g/in;

€1

1.56 g/in

(v, D

2.61 g/in

FEss-p

4.25 g/in

€2

0.47 g/in

m

P1

rad/sec

in

13

m

3.15 g/in

c
R*

70

E o
N -
— [ w
o 7 Y
N * e L
z, S 8 uer
- " Hﬂ.ﬁ\u = . S ——— o
7= 4
Y-
=3
mn.fm.
L”uwi . B
» 3 000000
N

L
i
[ N

] W ﬂ lH|I I
— IH%HI + A E——

75

80

Nk .?im : 1
£ - |
: [ |
= P | B
- >1
= =1 T
<1
rd |

Ll

]

uny
[Wa}
O-)
£
-
m +
rc
o}
~2
Ll
-
wo
c
O
O E
O E
-0
[N
o
[al
-
i g
wy
(SN
%]
u
-
M~
e
<O
£ +
[9)]
-—_
Lo
=
Os—
[y
=
o
LS
ou
L @
[l
(= af
+ @
T
oo
— =
| PR
O
QL
.
3
(9]
uw

110



Fy 1.56 g/in e; L4.25 g/in 6cpr  2.30 in/in

"<Nz ) 0.47 g/in ez k.25 g/in -Fregp 2-61 g/in

P.™m /
d
Co* 3.15 g/in 6, 0.13 [o53EE

90 85

-]
-

=

]

e Ry

‘ i
" b . fln
| 5 i i . \ -
O PR O O iob | 7 O T T T O O O [ N 7 IO O A . ' I O I A O O Y N T I (O TN PO L [ I W (0
ARANAN, P A r r
e A e i ST b 1 . |
il A R T |'|| b L ¥ el b W T . i ] N R | :‘ i
i) A B i HEd b i | ] i : | K
ill b U Ll b I !I ISR \ Akl ) IR IR . ) i . ' il [
S LE ] T T ] : : T11 NN
AvRENRERn Wl | g by Ji 1l 1 ] AT R RERER S
I - \ [
[
!I ' !
I

light Recording; Flight #7; F.C. 4; 20,000 Ft., Mach 0.55;

Figure 61:. F i
8 Mode, Mach Trim ON; +0.5 g TSG Step Command (Cont'd.)
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Figure 61; Flight Recording; Flight #7; F.C. 4; 20,000 Ft., Mach 0.55;
@ Mode, Mach Trim ON; +0.5 g TSG Step Command (Cont'd.)
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Figure 61 : Flight Recording; Flight #7; F.C. 4; 20,000 Ft., Mach 0.55;

F
8 Mode, Mach Trim ON; +0.5 g TSG Step Command (Concluded)
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one anothoer, [he carlior ﬁSPT Limit-cycle oscillation was now
gone, bul in its ploce was an airlrame short-period oscillation
at aboul 1.2 I,y when the aircralt was not pulling incremental g's.
Examination ol the oscillograph traces, ol which Figure 58

reproduces a sample,. revealed a wide blur on the (ﬂz N signal,

: p;y m
and this blur was its widest for (NZ 3 =0, i.e., whenever the
< “p;./m _ :

]

short-period oscillation occurred.

The accelerometer output trace was found to contain.a étkong
80-Hz ripple component; when the mean output'of the accelerometer
went to zero, the amplitude of this ripple voltage rose to a level
equivalent to t0.1 g. Bench experiments with SOC circuits showed
that this ripple voltage and [(requency were.sufricient to cause
almost continuous saturation ol the ep.stage in the SLU (becéuse
of its differentiating action}. The need was thus evidenced for
elimination of the ripple voltage carried on the accelerometer
signal. A first-order low-pass filter {11.3 rad./sec. corner
frequency) was therefore installed in the accelerometer output
line for flights 7 et seq. For flights 12 et seq., the EFC gain
was lowered twofold, further reducing signal levels into the e
stage of the SLU. Although the use. of accelerometer output'smoothing
introduced a pole in the N feedback path which tended to degrade

P
overall performance of the SOC system in C* modes, removal of the
ripple voltage conpletely solved the saturation problem and rid
the system response of nearly all airfrane oscillations in the

short-period lrequency range.

Althouch the accelerometer output smoothing was able to
eliminate nearly all traces of ripple voltage from the sensor
signal, it could not, of course, compensate for nonlinear response
characteristics of the accelerometer. These nonlinearities are
seen in Figures 49 and 50, but are especially evident in Figure 5%,
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which reveals a tendency of the sensor to jump between discrete
levels of output voltage rather than producing a smoothly varying
output signal.

Figure 59 shows the improvement obtained with accelerometer
output smoothing. (The accelerometer trace on the recorder is
taken from a point ahead of the low-pass filter, and therefore.
does not show the effects of smoothing.) This recording was
obtained at F.C. 6 (generally, the worst case in terms of short-
period mode excitation, if any).

Figure 60 shows the short-term behavior of the SOC in C,*
mode at low M, with Mach Trim on. Lastly,.Figure 61 (nine sheets),
presents an entire Mach Trim transient in 6 mode at low M, and
details behavior of the system as it seeks equilibrium at a new
Mach number. The rather_jerky.chahges.in Fy are due to discrete
changes in CADC readout of IMN. Note the evidence of nonlinearity
in accelefometer response. The small SSPT chatter seen in these
traces had a frequency of approximately 16 Hz. Mach Trim perform-
ance has been shown here for low M, cases because these best
represent subsonic cruise conditions, the Mach Trim function
being useful chigfly during cruise and IFR conditions to avoid
airspeed divergence in the event the pilot is occupied with
navigation or other tasks.

Table VI summarizes procedures:follbwed by the pilots
in their qualitative evaluations of the S0C system. Table V1|
presents the combleted questionnaires of the two pilots who flew
the aircraft with the self~organizing controller..
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Table VI: Sclf-Organizing Controller Qualitative
Evaluation

Task 1 - SIMULATED LANDING

a. 10,000 rt.,C, mode, pitch lag .2, Mach Trim ofl, fly
simulated overhead traffic approach, final approach,
flare-out, and go-around

b. Repeét a. in 6 mode.

c. Repeat a. and b. with Mach Trim on and Mach Set at .5.

Task 2 - GUST RESPONSE

a. Cs mode, pitch lag .2, Mach Trim off, fiy through turbulent
air at varying airspeeds. Note controllability, damping,
etc. '

b.. Repeat a. in é modc.

¢. Repeat a. and b. with Mach Trim on and Mach Set corres-
ponding to specd [lown.

d. Repeat a. wilh S0C off and AFCS engaged.
e. Repeat a. with S0OC QFF and AFCS off.
Task 3 - AIR-TO-AIR COMBAT MANEUVERING

a. Beginning at 35,000 ft., supersonic speed, Cz mode, pitch
Jag .2, Mach Trim off, execute a series of high "g"
turns and rolls while rapidly varying airspeed and
altitude.

b. Repeat a. with Mach Trim engaged.

c. Beginning at 35,000 ft., Cz mode, pitch lag .2, Mach Trim
off, track another aircraft through a series of simu-
lated combat mancuvers.

d. Repeat c. with Mach Trim engaged.

e. While llying a relatively Joose formation on another
aircraft, evaluate Cz and 6 modes with the Mach Trim
off and SOC encaged. :

(Continued)
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Table VI: Sclf-Organizing Controller Qualitative Evaluation

(Continued)

Task 4 - SIMULATED AIR-TO-GROUND ATTACKS

a.

At ft., Cs mode, pitch lag .2, Mach Trim
off execute dive bombing passes.

Repeat a. with Mach Trim engaged.

Repeat a. without SOC or AFCS engaged.

At 3,000 ft., maximun safe speed, Ca mode, pitch lag
.2, Mach Trim off, follow a power line or road

for a sufficient time to permit SOC evaluation.
Repeét d. with Mach Trim engaged.

Repeat d. without SOC or AFCS engaged.

NOTE: FOR DIVE BOMBING PASSES ASSUME
GROUND LEVEL IS 5,000 FT. .

‘Task 5 - INSTRUMENT FLYING

a.

At 20,000 ft., Ca mode, pitch lag .2, Mach Trim off,
enter and fly holding pattern, '

Maké a TACAN penetration to a low approach.

Fly a GCA)ILS,

Repeat a. thru c. in 8 mode,

Repeat é. thru d. with Mach Trim 6h, Mach Set at .S.

NOTE: EXCEPT IN SMOOTH AIR THIS fASK.SHOULD
NOT BE PURSUED BELOW 1,000 FT.

Task 6 - LEVEL ACCELERATION-DECELERATION

3.

Attain 35,000 ft., 0.75 Mach, using Ca mode, pitch
tag .2, Mach Trim off. :

While maintaining level flight, accelerate to maximum
speed (approximately t.35 Mach).

Decelerate to Mach 0.7.
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Table Vi Self-Organizing Controller Qualitative
Evaluation (Concluded)

Task 6 - LEVEL ACCELERAT ION-DECELERATION (Continucd)

d. cheal a. thru c. wilh Mach Trim on and Mach Sct
at 0.9.

¢. Attain 20,000 L., 230 knots 1AS, using Cz mode,
pitch lag .2, Mach Trim off(.

f. While maintaining level flight accclerate to 0.9%
Mach (1.20 Mach if at Wurtsmith R-4207).

g. Decelerate to 230 knots I[AS.

h. Repeat f. and g. with Mach Trim on and Mach Set
at .7.

i. Repeat f. and g. with SOC off and AFCS engaged.
Task 7 - MACH TRIM CLIMB

a. ?ttain 10,000 rt., 0.8 Mach,using Cz mode, and .2 pitch
ag.

b. With Mach Set at 0.8, engage Mach Trim,.

¢. Increase to Military power and observe if SOC
maintains 0.8 Mach during climb.

d. Vary power to control rate of climb.
e. Repeat a. thru d. in 8 mode.

Task 8 - MACH TRIM DESCENT

a. Attaun 35,000 ft., 0.75 Mach, using Ca mode and .
.2 pitch f

b. Engage Mach Trim with Mach Set at .8.
c. Increase Mach Set to .9.
d.  Vary power to control rate of descent.

e. Repeat a. thru d. in 8 modc.

Task 9 - FORMATION FLY ING
(Concluded)
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L, CONCLUSIONS AND RECOMMENDATIONS

An elementary self-organizing controller (SOC) for the
pitch axis of the F~101B aircraft has been successfully demon-
strated in piloted flight tests. The $SOC provided good to excel-
_1ent'r transient and steady-state performance in- the C* feedback
mode over the 5,2:1 range in stabilator effectiveness
values (and comparable variations in other aerodynamic parameters)
encountered within the operational envelope of the test aircraft.
A simple modulated-noise control generation technique was employed
to obtain effective high-authority control at all flight conditions.
No mal functions of the SOC occurred during the 32 flights conducted
with this equipment.

The tests indicated two areas in which design.improvements
of the SOC should be sought:

(1) In & mode under flight conditions of low stabilator
aerodynamic effectiveness, steady-state response
errors were excessive. Means should be incorporated
in future SOC systems to reduce steady-state errors,
without a significant increase in controller maximum
éuthority levels used during transients.

(2) In both modes (C* and 8), the stabilator parallel
servo was subjected to high-frequency chatter (a
8cpt oscillation of approximately +0.05 in. at 16 Hz).

Although this chatter produced no vibration of the

aircraft noticeable to the pilot, it presumably led

TThe two pilots who performed the system evaluations rated overall
SOC performance "A2" on the Cooper-Harper Pilot Rating Scale.
(See Table VII.) Pilot A commented that the SOC in C* control with
Mach Trim off "could be rated even Al1." <Certain features of the
M-H electric side stick, furnished by USAF, were reflected in lower-
ing of the overall SOC performance rating. (Reference 34)
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to some accelerated wear on the hydraulic seals,

In an integrated hydraulic actuator package (as

might be used in fly-by-wire systems) this chatter
could also contribute to unwanted temperature rise of
the actuator. Means should be provided for eliminating
steady-state actuator oscillations in future SOC systems.
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APPENDIX |
DIAGRAMS REFERRED TO IN TEXT

This Appendix includes the following:

Drawing No. 621-7, Wiring Diagram, Single Line
fnterconnection Simplified System

Drawing No. 621-29-1, PFIC Schematic

Drawing No. 621-2, Error Function Coupler,
Mark IV SOC

Drawing No. 621-1, SOC Logic Unit, Mark IV SOC

Drawing No. 621-6, Functional Block Diagram,
Mark IV SOC

Drawing No. 621-5, Command Signal Coupler, Mark |V
S0C, Functional Block Diagram

Drawing No. 621-9, F-101B Simulation, Analog Computer,
Systron Donner SD10/20
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APPENDIX 11

DEStGN PRINCIPLES FOR SELI-ORGANIZING
CONTROL SYSTEM FLIGHT HARDWARE

Paper delivered at 1967
National Aerospace Electronics Conflerence
Dayton, Ohio
May 15-16-17, 1967

Note: Design changes incorporated in the SOC system
subsequent to this paper are described in the
body of this report,




DESIGN PRINCIPLES FOR SELF-DRGANIZING CONTROL SYSTEM FLIGHT HARDWARE*

By: Robert M., McKechnie, M1, Design Enginecer,
and Roger L, Barron, President, Adaptronics, Inc.

Introduction

This paper presents basic design
principles for self-organizing control
system flight hardware. These princi-
ples are illustrated by reference to
current work that will culminate in
early FY '68 flight testing of the Mark
v se!F-organizin? system for F-101!8
pitch-axis control augmentation, A u-
nigue feature of this self-organizing
controller {SOC) is the usc of noise in-
jection to aid accomplishment of high-
gain contral, Because of its stability
with high loop gains, the S0C can pro-
vide essentially unitorm response char-
acteristics throughout the airvcralt alti-
tude and Mache=nunher enavetape,  This is
achicved without air-data sensing or gain
schedul ing and produces no objectionable
Iimit-cyc?c oscillations or structural
excitation.

Prior applications work with self-
organizing control systems progressed
through the breadboard stage by mid FY
'66, with investigations of spacecraft
attitude control,®."* and control of high-
performance afrcraft.”™ The ongoing pro-
gram? for design, fabrication, and flight
testing of a single-axis SOC "brassboard"
is contributing greatly to the body of
S0C theory and applications experience,

Except for the work described in
References 7 and 8, SOC development has
thus far stressed single-goal, single-
actuator applications, Up to this time
this emphasis has been good because it
has forced SOC systems to compete from
the outset with conventional controller
designs on the latter's terms, e,g., in
problems where optimum deterministic
splutions exist and can be Tmploemented,

Laoking beyond these efforts, ad-
vanced S0C techniques are being developed
for multiple-goal, multiple-actuatar
flight econtrol systems.”** In these ad-
vanced applications, the S0C noise-in-~
jection process is instrumental in ac-
complishing high-speed parameter space
search to identify the effectiveness of
system actuators (including actuator po-
larities) and the interactions between
coupled response variables,

S0C Description

The Mark IV self-organizing control
system will be flight tested in an F-101B
aircraft., The Mark IV is a pitch-axis

*Work supported under fontract No. AF 33
(615)-5141 by Flight Dynamics and Avionlcs
Laboratories (RTD), Air Force Systems
Command, Wright-Patterson Air Force Bdse,
Ohio.

tibid,

Reprintéd from the Proceedings of the
1967 National Aerospace Electronics Conference (NAECON-67)
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controlier and will drive the stabilator

parallel serve. Roll and yaw axes will

be controlled by the existing MB-5 AFCS,
In this program, the Air Force is in-
stalling an Electric Side Stick” for
pilot pitch and roll commands. The exist-
ing F-101B pitch-rate gyro, forward nor-
mal accelerometer, and stabilator posi-
tion transmitter will be used by the S0C,

The Mark IV SOC system consists of a
network of three independent operational
modules, housed in a receptacle |ocated
behind door 214R in an unpressurized area
of the F~1018. The Panel and Flight In-~
strumentation Controls unit {PFICY is lo-
cated in the cockpit.

The system uses high forward-loop
gain with either rate-gyro feedback or C*
feedback, the latter being a weighted sum
of rate-gyro and lorward-normal -accelero-
meter ottpuls.™ The stabilator position
transmitter signal, ﬁSPT’ is used to com-

pensate the rate-gyro dynamics.” Positive
5SPT feedback is proportional to negative

at high frequencies and acts toequalize

effects of the rate-gyro poles, which
are near the jw axis at high loop gain,

The SOC module interconnections are
shown in Figure 1, Each S0C module con-
sists of one Error Function Coupler (EFC),
Figure 2; one SOC Logic Unit (SLU), Fig-
ure 3; and one Command Signal Coupler
(csSc), Figure 4, The EFC receives sig-
nals from the Electric Slde Stick and the
sensors; this unit provides the proper
scaling and computes the error signal for
the SLU. The SLU contains the circuits
which operate on the error signal from
the EFC to provide the pulse-density-
coded control signal, sgn u, or its in-
verse, 5P 0. The CSC smooths the SLU
output to obtain an analog control sig-
nal. The CSC also provides the logic

145




circuits (not shown) for failure detec-
tion, warning, and disconnect. The three

v,
SOC modules have interconnected CSC logic ¢ '(FESSP) (TI’II‘E) - (T%.,‘}d'ﬂ A (N'vm) 1, e Bgpy

s0 as to ward the pilot if one SOC module
fails and automatically disconnect the

1 *Mode) 0 25 (c®Modw)

system if two modules fail. I’{o:d Modu] '?'{u,ro 4 mods}
The PFIC contains the controls for Fess L
selecting various EFC parameters as well From —— Palod . M Ao» Tostu
as the warmning and failure lights, Pro- Ciacinc T 8
visions have been made to scleoct three Side Sheck
pre-filter {model) lag time cimstants, . —f—“-" s
8, wpylspr ]

(14 = 0.1, 0.2, or 0.5 sec.) from the Sam Rl T ol C S O,
PFIC, Also, a switch is provided for
choice of the accelerometer weighting ___

in C* - v, .
factor in € (Vcolg 1, 12.5, or 14,5 x e - From Rate Oyre
sec.}, and chnice betwoeen pure rate-gyro T ..
or C* feedback. Finally, PrIC circuitry - e From Forwoed

: £ ™ Normal Acceleromete

Is Included for a Mach trim follow-up
loop, used to achieve both long-period
speed stability of the aircraft and a
stick force per velocity change gradient
acceptable to the pilot. *?

FIGURE 2+ FRROR I UNCTION COUPLER (EFC) FUNCTIONAL BLOCK DIAGRAM

Electrical Design
General

The Mark {V S0C consists of three
independent modular subsystems, as shown
in Figure 1, Each subsystem is composed
of one Error Function Coupler {EFC), one
SOC Logic Unit {SLU), and one Command
Signal Coupler (CSC). The outputs of the
three subsystems are summed at the Iinput
of the EG-121A stablilator amplifier in
the existing MB-5 AFCS.'* (A switch on
the PFIC allows the pilot to change from
the MB-5 to the S0C once he has completed
a pre-engage procedure.) Each SOC sub-
system has five printed-circuit {PC)
cards, one 2B Volt d.c. input power supply,

=L3V Otfset Bias

vLaBY
. - (le018388) -9p Sgn ey -10
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FIGUARE 2: S0C 1O0QIC UNIT (3LU) FUNCTIONAL
ALOCK DIAGRAM
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and & mother board,

The S0C system uses MIL-rated com-
ponents {-54°C to +85°C) which have been
Individually burned in and tested under
environmental! conditions to insure pro-
per component performance. The resistors
used have + 1% tolerance, with + 50 ppm
temperature coefficients., The capacitors
have +5% tolerances with temperature co-
efficients of less than * 2.5%. Texas
Instruments SN524A operational amplifier
flatpacks, Falrchild BA710 zero-crossing
detector flatpacks, and Texas Instruments
Series 53 diglital logic flatpacks have
been mounted on Amp Crimp-Pacs before
being mounted on the PC cards, The PC
cards (manufactured by Electro-Circuits,
Inc.) were designed and fabricated ac-
cording to appropriate MIL specificatlons,
using plated-through holes and conductor
patterns on both sides of the cards,
After assembly and check out, the cards
were cleaned ultrasonically and conform-
ally coated,

Error Function Coupler

The Error Function Coupler (EFC) is
a single 2,3-inch by 3.45-inch PC card
which provides the error signal to the
SLU using the signals from the rate gyro,
forward norma] accelerometer, and the .
stabilator pasition transmitter (see Fig-
ure 2). - The EFC consists of three stages
which are:
order lag) for shaping the Electric Side
Stlck signal, (2) the H{s)} filter which

operates on the signal from the stabilator

position transmitter, and (3) the error
summing amp!ifier for forming the error
signal, e, The values for w, and w  in

the H(s} transfer function were selected
from computer simulation studies to be
5.7 rad./sec, and 10 rad./sec., respec-
tively., The EFC circuits scale all in-
coming signals to prevent any saturation
of the operational amplifiers, Actlve
components are used in all EFC stages.
Teledyne minfature Type 412 28-Volt re-
lays are used for remote selectfon (from
the PFIC) of 1y and V../9 values as well as

for selection between & and C* modes,

-3V
Qffyet
Blos
x2,
-4 To EGI2HA
140 /%% : - - Stabilatec
Jma Amplifl o
+. 5%V K3
-1 70 E—— ! " MB-% AFCS
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FIGURE 4: COMMAND SIGNAL COUPLER {(CSC) FUNCTIONAL BLOCK DIAGRAM

(1) the prefilter Model (first-

FIGURE 5:

MARK |V SOC LOGIC UNTT (SLU)

SOC Logic Unit

The SOC Logic Umit (SLU)} is the
heart of the Mark 1V System, The SLU
1s a singte 2.3-inch by 3,45-inch PC
card, as shown in Figure 5. This unit
has three major circuits:

(1) sgn e,

(2) statistical filter

(3) sgn u

The sgn e_ circult is an augmented

differentiator, which provides a lead

time constant of 0.15 sec., followed by a
zero-cross ing detector. The proper choice
of component values for this circult is
dependent on the location of the control
loop natural fregquencies. The F-101B has
structural bending modes at approximately
B, 12, and 20 Hz. The actuator natural
frequency is at 4.5 Hz, while the accelero-
meter has a natural frequency at 8.75 Hz
and the rate gyro has a natural frequenc
at 11.9 Hz. he first pole in the circuit
should therefore be at a frequency ap-
proximately five times greater than 20

Hz, The | + Ts operation is performed

by a Texas Instruments SN524A operational
amplifier., To provide sgn eps @ Fair-

child vA710 flatpack zero-crossing de-
tector Is connected to the output of the
& operational amplifier, This detector

has a switching window of = 10 mill]volts.
The high output of the typical wA710 is
+2.85 Volts, while the low output is -0.25
Volt,

The statisticagl fllter® is a section
of the SLU which has three subparts:

(1) PCV amplifier
(2) Noise Generator
{3) Statistical Source ampllifier

The PCY (probability contro! voltage)
amplifier is a low-gain closed-loop opera-
tional amplifier with centering, smooth-
ing, and limiting. The first approach for
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this amplifier was to use an integrator
with limiting, but a digital computer
analysis showed that the same response
could be obtained with smoothing and
limiting, while the pure integrator ap-
proach has severe drift problems. The
closed-loop corner frequency of the PCV
amplifier 1s 15.9 Hz, and limlting is
provided by a diode network in the am-
plifier feedback set to limit at +4 Volts
or -&% Volts, One other Important func-
tion of the PCVY amplifier is to center
the output of the sgn e

Zero-crossing detector, This centering
is desighed for ambient conditions and
holds well at extreme temperatures,

Noise Generator Desjan

As pointed out by Boskovich and Kauf-
mann, V.,. if the bandwidth of the inner
Toop exceeds the model bandwidth by a
factor of three or more, the over-all re-
sponse of wf ¢ @ssentially will be that

of the model.'"'?* For a model time con-
stant, iy, of 0.2 sec., it would follow

that the inner loop bandwidth should be
not less than 2.4 Hz.

The purpase of the Nolse Generator
in single~actuator SOC applications is
to aid the recalization of high band-
width in the contro! system. In design
of conventional controllers, the band-
width is often severely compromised to

"avoid excessive limit-cycle amplitudes
and excitation of structural! modes, both
of which can result if iocop gain is in-
creasaed to the levels required by the
bandwidth criterfon. Furthermore, when
conventional filtering is used In these
systems in an effort to attenuate high
frequencies, such filtering tends to in-
troduce unacceptable phase shifts within
the passband for control inputs,

In the SLU, the statistical filter
section acts as a low-pass filter which
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prodices no additional phase shilt at
any (requency., 11 is therefore possible
to suppress unwanted high-frequency modes
at virtually no penalty to system low-
lrequency response, The procedure is (o
desTgn the Noise Generator circuil for
maxiomm output at frequencies above the
passband for control inputs., When the
noise signal is added to the PCV signal,
the sum will be predominantly incoherent
at frequencies where the noise has large
amplitudes, Putting it in different
terms, an SOC input signal at a frequency
where the injected noise is strong will
undergo many more reversals of polarity
than will a signal at a frequency where
the injected noise is weak,

The statistical filter produces no
alteration of its input phase because
noise cannot convey phase information,
although it can attenuate as a function
of its own frequency distribution., The
same cannot be said of periodic (dither)
signals in view of the coherence of such
signals,

The Noise Generator circuit includes
a2 high-pass filter which produces a noise
signal of large amplitude over the fre-
quenca range where it is desired to have
the SOC reject coherent Inputs and pro-
duce an output uncorrelated with either
coherent or random inputs. Basic design
criteria that have been estahlished for
the high~pass filter are:

(1} The noise signal should be at-
tenuated 100 db or more at the upper edge
of the S0C input passband.

{2) At frequencies above the SOC in-
put passband, the noise amplitude should
increase with frequency, and the slope
of the amplitude vs, frequency curve
should be as steep as possible.

{3) The noise signal must be centered
{readily achieved via capacitive coupling}.

It is helpful to bear in mind that the
SOC closed-loop gain-phase roll-off fre-
guency and slope are affected In a manner
inverse to the Noise Generator frequency
distribution, but are unaffected by phase
shift within the noise high-pass filter,

The Mark IV SOC/F-101B system has a
bandwidth of 3 Hz at minimum dynamic pres-
sure (q) and 5 Hz at maximum g, this
range being due to the inherent change In
stabilator effectiveness with q. The
Noise Generator is designed with approxi-
mately 100 db attenuation at 4.4 Hz, and
the slope of the amplitude vs. frequency
curve for the noise high-pass filter is
+40 db/decade. This filter characteristic
is obtained with one flatpack; for more
demanding applications it would be desir-
able to use a two-stage filter (+30 db/
decade).

With the +40 db/decade slope, and
using a Noise Generator output of 0.3
Volt AMS as shown in Fiqure 3, the parallel
servo has-a negligible "buzz'" in both @
and C* modes, Under worst-case conditions
{(peak q), the "buzz", as seen on bcpn., s




+0.08 Tnch with a frequency of approxi-
mately 20 Hz, However, if the Noise Gen-
erator output is arbitrarily reduced from
0.3 Volt RMS to 0.15 Volt RMS, the 6SPT

Ybuzz" increases to #0,12 inch, still at
20 Hz.

No adverse excitation of structural
bending modes has been observed under any
of the conditions simulated.

The Statistical Source noise ampli-
tude of 0,3 Volts RMS causes 37.5 percent
reversals of sgn u within an SOC branch
when the PCV voltage of that branch is at
one of its limits ?fh Volts), As shown
in Figure 6, the resulting maximum stabil-
ator command from the SO0C is approximately
#8 deg. from trim., This would be suffi-
cient controlier authority to produce
+6.5 degJsec, pitch rate or 3.3 g's of
C* response at a low dynamic pressure con-
dition (0.75 Mach at 35,000 ft.,), if the
aircraft could undérgo such maneuvers
without stalling, which it cannot.

The Noise Genérator uses a Sounvis-
ter Solitron noise diode, type 5D1-Wi2,
as its basic noise source, This diode
has a Gaussian distribution of frequencies
and an output of 500 microvolts RMS, The
noise is filtered by a high-pass filter
chosen because of its suitability for use
with low-gain (60 db. open-toop) ampli-
fiers, The output of the Noise Generator
circuit varies between 0.4 Volts RMS at
-56Y¢ and 0,2 Volts RMS at +100°C,

The outputs of the PCV amplifier and
the Noise Generator are summed by the Sta-
tistical Source amplifier to produce the
u signal, The noise signal is biased by
the PCV amplifier cutput and the ampli-
tude relationship between these varlables
must be such that the Statistical Source
amplifier is not driven into saturation
wh?n the PCV fully biases the noise sig-
nal, ‘

The output of the Statistical Source
amplifier, u, is connected to the ggg_u
clreuit, which is a zero-crossing detec-
tor (Fairchild vA 710}, This detector
is followed by another to provide Sgn u.
The allowance for both sgn u and
g{gvides latitude in application of the

Command Signal Coupler

The Command Signal Coupler (CSC) is
a set of three 2.3=inch by 3.45-inch PC
cards which pruvide the output interface
between the SLU and the F-101B parallel -
servo amplifier, The CSC output, u, is
connected Lo the EG-T21A stabilatar ampli-
fier in the MB-5. The CSC has two func-
tions:

(i} Smooth, center, and scale the

' SLU sgn u or 5gn U output

[ii) provide failure warning and dis-

connect lodic functions
The u amplifier centers the sgn u or
YT signal; provides smoothing, using a
tag time constant, T ot 0,139 sec.; and

scales the u signal to the range 6,2
Yolts, nominal . Analog computer studics

were performed Lo determine a value ol 1
which would a!low good control response
and Fimit the amount of wear on the servo
valve which might result il 7 were -Low
smal 1. The contering signal i< required
becanse the zero-cronsing detec Linr output
iw ool symwetrical , as noted previansiy,

The fajlure detection, warning, and
disconnect is accomplished by cross-con-
necting the CSC units of the three SOC
branches. The failure detection and dis-
connect concepts are summarized in Table
1.

The CSC circuitry is implemented
using Texas Instruments SN52LA operational
amplifiers and Series 53 digital logic.
Teledyne 412 relays are also employed.

S$0C Performance

The F-101B Mark IV S0C system has
been extensively simulated on digital ang
analog computers, the latter work conduc-
ted with a bench prototype of the flight
equipment. The digital simulations, per-
formed by DODCO, lnc.,'” included three-
degree-of-freedom longitudinal dynamics
of the airframe and the effects of the
first three body bending modes.

The basic parameters of the Mark 1V
S0C system and the final design values
selected for them are:

(1) K = 1.0 Volts/Volt (0.33
" volts/Volt per branch)
(2) 1, = 0.139 sec.

(3) fa(C*) = 0,25 Volts/in./sec.
{4) fa(8) = 0,70 Volts/in./sec.

{(5) Slope of noise generator gain
curve below cut-on frequency =
+40 db/decade

(6) Statlistical Source noise ampli-
. ‘tude = 0,3 Volt RMS
The above values were used in obtaining
the simulation data presented here.

Figure 7 shows upper and lower bound-
aries on C* time rcsponses as specified
by the Air Force for the F-101B S0 system,
These boundaries relate to the case in
which a step input (FESSP) is applied at

time zero. The boundaries and other

curves in Figure 7 have been normalized

by dividing the magnitude of F inta C*,
ESSp

The upper boundary corresponds to Ehat for

“Category |" control requirements'* and
the lower boundary stems from the slightly
less stringent "Category 1" requirements,}
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Table 1: Summary of SOC Failure Detection and Disconnect Concepts
Pilot's o s

Fault Effect on SOCl Indicator Pilot Action
Single branch g-sensing Offending branch dis- Warning. Attempt reset,if
failure or marginal g connected, "apparent" unsuccess ful disconnect
condition tripping g- authority reduced to manually after reaching
sensing circuit in a 2/3 of original value, flight conditions amen-
single branch able to manual control,

or
1st branch failure
Excessive g-level or System disconnected, Failure Manual Control required.
2nd branch failure light,

u-u.kiﬁgﬁiﬂfiuqmaLu.
1.8 - R . [}
a r\ r—mLuubr andury .
l.‘-ﬁ' K
1.2 == t . \
I .
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[ 3. \ ——(O.TEM __q&qv_g.]
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e

024 Y S S

Q L Time, 3s¢. 2
FIGURE 7' NORMALIZED c' PERFORMANCE BOUNDARIES
AND SURVEY OF SOC RESPONSES

Digital Simulations

Digital computer simulations were
performed to analyze structural mode be-
havior and limit-cycle characteristics,
to evaluate effects of aerodynamic non-
!inearities, and to investigate Mach sta-
bility and related tong-term handling
qualities of the system,

Ten flight conditions have been des-
‘fn&ted by the Air Force for the $*°
rlight evaluations. For this set of con-
ditions, minimum q occurs at 0,75 Mach -
35,000 fr., while maximum q is met at
1,20 Mach - 20,000 ft. Figure 7 plots
responses of the SOC obtalned via digital
simulations for both of these flight con-
ditions as well as for an average q con-
dition (0.90 Mach - 20,000 ft.), Not

only these three responses but those for
al! ten flight conditions are within the

specified performance envelope. Most of
the ten responses have the general char-
acter of the one shown for average q.

It is believed that use of a model
time constant, T,, of 0.1 sec, would
cause al] of the SOC responses to lie with-
in the "Category | envelope presented in
Reference 14, However, simulations were
conducted using TT = 0,2 sec, in the be-

llef that this vatue will be preferred by
the pilot,

The digital simulations have revealed

- no significant steady-state bending mode

oscillations. First-mode transients are
oscillatory but subside between one and
two seconds after application of a step-
function stick signal, Second-mode os-
cillations disappear in about 0.5 sec,,

while the third mode exhibits no oscilla-

tion whatever.

N the normal acceleration sensed

z 1]
near the cockpit, varies smoothly in all
the conditions simelated., MIL-F-B786
specifies that any residual oscillations
must be less than 0,020 g: the {imict-
cycle amplitude with the 30C is +0,008 g
under worst case (peak q) conditions.

This oscillation occurs at 4.4 Hz for this
case,

The SOC responses shown in Figure 7
were obtained with the Mach trim fol low-
up disengaged. Although this loop inter-
acts very little with the inftial C*
transient, it causes a long-term C* decay,
because with the Mach follow-up the air-
craft always seeks to regain its trim
condition,

Analog Simulations

Analog simulations have verified
proper operation of the SOC hardware,
The results below were recorded at bench
amblent temperatures, but have been con-
firmed in tests at temperatures through-
out the range -55°C to +71°C. One SOC

- branch was used alone to obhtain the runs

shown, but K, was scaled to give this

branch comparable authority to that
avallable when three branches are connected
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namally,

The ffgures pfeseds recordings of the
WELH

“Mode! output, F_ 5 € stabilator sur-

: M ‘
face position {(relative to trim}, &_; and
normal acceleration at the cockpit Ztation,
N_. . The analog simulation used a lin-

: zp earized, two-degrec-of-freedom rep-
resentation for the F-101B longitudinal
dynamics.® Structura! modes, aerodynamic
nonlindarities, ‘and long-period dynamics
were ignored. ' '

C* command responses of one-g and
two-g magnitude are shown for the same -
minimum-g, average, and maximum-q flight
conditions used to prepare Figure 7. In.
addition, ® command responses of 2.5 and
.8 deg./sec. are shown for the average-q

- clse.

"Effects of sensor noise, sénsor stic-
tion, air turbulence, and wind gusts have
also been simulated [results not shown);
the SOC has not been found particularly
sensitive to any of these phenomena,

Reliability Prediction -

The Mark Iy S0C fynctions with little -

apparent degradation of performance in |
the event o?-a branch failure,. The fail-.
wre detectlion, warning, and disconnect
~.clrcuitry of the Mark IV has been de-

" signed to detect .the first branch failure,
disconnect the offending branch from the
system, and notlify the pilot that such a.

- failure has occurred, The recommended
‘course of actien fn the event of such
warning is for the pilot to attempt a
"reset” of the disconnected branch,
ing in this attempt, the pilot should
. then dlsengage the 50C and employ manual -
- gontrol as . soon as this is practicable.
After two branch failures it is possible
but not certain that the SOC can continue
to control the aircraft in response to :
the pilot's commands, Therefore, in the
event that two branch failures occur, the
Ha;? IV 80C disengages itse!f avtomati-
cally,

" A reliability prediction for the
Mark IV S0C has been calculoted by Bird.
Engipeering-Research Associates, Ing b
The system elements which were considered
to comprise the S0C were the three SOC
branches (éach consisting of one EFC, one
SLU, one C5C, and one mu?ti-voltage power
supply) and the PFIC, The prediction
procedures used were the part-stress an-
alysis procedyres of Paragraph 5.0 of
Hl!-HDBK-Z!?A ® and toechniques previously
developed by Bird Associates for proba-
bility state variable systems.}”

The estimated probability that one
branch failure will occur in a two-hour
airborne mission Is 0,00158 (one failure
in each 630 missions)., The estimated

.missions, approximately).

Fait-

probability that two branch failures will
oceur in a two-hour airborne mission is
0.721 X 107" (one tailure in cach 1.4
million missiony),

. In the Mark 1V system, the PFIC is a
non-redundant element and has a predicted
failure probability lor a two-hour mis-
sion of 6 X 107, The probability of a
Mark IV systewm failure has been calculated
as the probability of PFIC failure plus
the-probability that an undetected failure
in the S0C will be accompanied by an ad-
ditional branch failure of any sort, The
lagtter probability is extremely small

(0:.025 X 107 for a two-hour mission},

and, therefore, the probability of system

:failure is comparable to the PFIC figure

of 6 X 107 (ong failure in each 160,000
This represents
an equivalent predicted MTBF for the sys-
tem of 320,000 hours., If it were not for
the PFIC, the system predicted MTBF would

- be BO million hours,

Concluding Remarks

The success of the SOC in aircraft
single-actuator applications is being
built on fast, well -damped response to
commands and disturbances, smooth steady-
state behavior, minimum excitation of
high-firequency modes, and low sensitivity
to changes in flight conditions, :

This paper has described the design
characteristics and performance of the
Mark IV F-101B SOC system. The noise-

“injection process used in the S0C statis-
tical filter is shown to be compatible

with stringent control -augmentation re-
quirements, We believe the SOC design
presented here pravides a major link in
the formulation of flight control systems
for multiple-goal, multiple-actuator
tasks,
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APPENDIX 1!

FLIGHT EVALUATIONS OF MARK IV SELF-
ORGANIZING CONTROLLER

The following pages contain the flight test rccords, by
number, through Flight Number 22. On-site support of the flight
test program by Adaptronics, Inc. ccased on 9 October 1969. Ten
more flights were made after that date, but no recorded events
or debriefings are available, although oscillographic data are
included in Section 3.3 of this report along with data from the
earlier flights. The overall evaluations of the SOC by the two
test pilots are presented at the end ol Section 3. 3.
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SUMMARY OF PILOT DEBRIEFING AFTER FIRST SOC TEST I'LIGHT

3 July 1969
PILOT: Major John Taylor, USAF
TAKE-OFF: 1330 EDST
LANDING: 1430 EDST

SOC ENGAGED FIRST TIME: 1340 EDST

The first SOC engagement was performed at 19,300 ft, in-
dicated, 0.86 IMN, and with the ESS Pitch thumb-trim wheel set
at -2. No engage transient was noted. The pilot stated that he
engaged the SOC at least 15 times with the Pitch Trim wheel on
the ESS set at various positions between its extremes. No 'engage
transient was noticed at any time. However, a disengage transient
was present but was nol uncomfortable.

The pilot stated that Pitch thumb-trim action was sluggish,
but that this function did not seem to be needed. The SOC main-
tained constant aircraft aititude regardless of Pitch Trim setting.
There was no need to hold constant stick force to maintain con-
stant aircraft attitude.

ESS Roll sensitivity and Roll Trim sensitivity were ex-
cessive and almost uncomfortable,

The pilot preferred the maximum Pitch sensitivity setting.

Speed during flight was varied between 0.75 and 0,87 [IMN.
Good response and stick force gradients were experienced at all
speeds. Maximum g's pulled were 3.2 at 0.86 {MN, 20,000 ft. The
g rise was smooth and the pilot was able to 1y at the MB-5 CSL
limit with ease, there being no lade. Pilot stated he was pleased
with this capability,

The entire Flight was flown in the CfF mode.

A1l three Pitch Lag settings were tried. Pilot stated he
could tell no difference between settings of 0.2 and 0.5, but
that 0.1 seemed more sluggish than other settings.

No warning or trip lights were observed except one time,
when the SOC tripped when pilot switched from a Pitch Lag setting
of 0.2 to 0.5. No trouble was experienced re-engaging the SOC.

Gust response was good.
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Mach Trim loop was not used during this flight. The
pilot stated that he reacted somewhat negatively to the resulting
neutral speed stability, but thinks his opinion may change when he be-
comes more used to the characteristic. In response to the explanation
of reasons for providing neutral speed stability (tracking tasks),
pilot stated that this characteristic would probably be well
suited for its intended uses.

Pilot reported an objectionable steady-state oscillation
at or near ESS neutral position {but not away from neutral). Fre-
quency was estimated to be 3 Hz, with center stick movement of
+0.5 in. The oscillation would appear and disappear spontaneously
for no apparent reason. The oscillation produced some aircraft
rocking which bordered on the discomfort level. The oscillation
was not present when any significant ESS command was aEplied, but
would sometimes appear when going through the neutral ESS position.

In his summation, pilot expressed enthusiasm for system
tested and his desire to gain further experience with it.

Note: No voice recording made on first flight.
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Flight 4/ 2

PILOT DEBRIEFING

Date: 18 July 1969

Pilot: Major J. Taylor Observer: Chas. Rowles

1. Roll sensitivity 3 is, "right where | want it". Maximum roll
sensitivity is Loo nmuch. Roll and Pitch sensitivity blend
well.

2. Pitch sensitivity 4 is preferred (P. L. = .2, C2 mode).

Maximum Pitch sensitivity is too much.
3. Initial turn-on transient is very small.

L, C* mode Pitch oscillation is about the same in frequency as
in Flight #1, but has considerably smaller amplitude.
Oscillation is "just a little annoying." Amplitude varies:
oscillation goes away when pull g's.

5. In & mode have smooth flight, no oscillation. Get small
stick chatter, frequency about 20-30 Hz, but no aircraft
response to same.

6. First 15 minutes of this Flight spent on ESS gains, € mode
camparisons, and P. L.'s Sequence was Ci, €2, €3; for cach
C mode, P. L. = .5, .2, .1; for cach P. L., minimun ESS-P
sensitivity to maximum ESS-P sensitivity. "Can't tell
di fference between dilferent C modes'. -

7. Flight conducted in 0.7 - 0.8 IMN range primarily. Some
0.85 IMN work. Pulled 2 g's at 0.8 IMN, 20,000 ft. (CSL limit.)

8. "Flys pretty nice; | like it."
9. Not enough nose-up trim in C* modes. Nose drops slightly
- lower with each oscillation. |f goes to nose-down trim,
gets trim response, so trim signal is there,

10. Roll Trim adequate.

1. Didn't change airspeed very much,  Usced climbing and descending
turns.

12. Did not engage Macl. Trim loop.

13. LO-45 minutes SOC operation. No warning lights, drop-offs,
' or blinks.
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Flight #2(Continued)

14. Disengaged SOC prior to switching into 0 mode. Envaced
SOC in 6 mode at 19,000 ft., 0.8 IMN. Engaged with P, L. =
.5. Most 8 work with .5, but some .2.

15. Noticed a tendency for "drift" in 6 in terminal phase of
transicent (not stecady-state).

16. Could fly up to CSL limit in 0 mode, but some g fading
{(as in basic F-10t autopilot) at CSL ltimit in 6 mode.
C* mode is therefore preferable for Flight at CSL limit.

17. Smooth air during flight. |IFR conditions. Many radio
interruptions., Lost radio contact several times.
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Flight j2

REPORT OF EVENTS
(From Pilot's Voice Recorder)

Date: 18 July 1969

Pilot: Major J. Taylor Observer: Chas.Rowles

Event No:

I
-2

Ground Test

Recorder on in air

€2, Pitch Lag -2

Pitch sensitivity 3, Roll sensitivity 3.
Ready - Engaqe

STight Pitch oscillations.

Roll control is good. (Real nice)

Little stick nibbling ~ not nearly so bad as 1st
flight.

Maximum Roll sensitivity - too much.

Minimum Roll sensitivity - not bad at this speed,
would probably be inadequate of low speeds, like
3 best.

Maximum input, 2 q's, holding against CSL.

Pitch oscillations only when no input command,
Like 4 Pitch sensitivity.

C1, Pitch Lag .5, minimum Pitch sensitivity roll
sensitivity 3.

Aircraft response somewhat sluggish.

€2, Pitch sensitivity 2, Pitch Lag .5.  Pitch oscillations

a little worse.
Pitch sensitivity 3 - somewhat sluggish,

Pitch sensitivity 4 - somewhat sluggish
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|

12

i

AL

Flight #2(Continued)
Pitch sensitivity 5 - somewhat sluqgish,
Pitch sensitivity maximum,
SO0C working much better.
Still slight oscillations but much reduced in amplitude.
Pitch Lag ;2, minimum Pitch sensitivity.
Quicker response. |
Pitch sensitivity 2.
Not enough nose up trim.
Not quite holding altitude as well as Ist flight.
Pitch sensitivity 3. |
Feels good. Mach .7, 1-1/2 g.
Pitch sensitivity 4.
Good response.
Roll control very good.

SOC is smooth as can be with input. Aircraft and
center stick steady.

Pitch sensitivity 2.

Move sensitive - not bad.

Pitch sensitivity maximum.

C1, mininum Pitch sensitivity, Pitch Lag .1.

Not great deal of difference between Pitch Lag .1 and.2.

Pitch sensitivity 2.

Pitch sensitivity 3.

Pitch sensitivity 4. Pretty good response still.

Pitch sensitivity 5.
Pitch sensitivity maximum.

Lost about 5 minutes of'recording

161




Flight #2(Continued)

20 C3, Pitch Lag .2, minimum Pitch éensitivity still
has s light Pllch oscillations. About same as Cl
and C2.

21 Pitch sensitivity 2.

Pitch sensitivity &4,
.7 IMN, 20,000 ft.
22 Maximum Pitch sensitivity.

No difference in C1, C2, C3. |

23 Pitch Lag .1, minimum Pitch sensitivity.
24 Pitch sensitivity 3.
25 Pitch sensitivity maximum,

All C* modes felt good. Real good response,

Pitch oscillations a lTittle annoying but not really
that bad.
SOC off.

26 8, Pitch Lag .2, minimum Pitch sensitivity.

.73 IMN, 19,000 ft.
Slight nose up transient.

Little higher frequency stick shake. No aircraft
oscillation.

Seems little more sluggish.

Very smooth.

27 , Pitch sensitivity 4.
Aircraft respoﬁds faster in 8. Tendency to overshoot.
28 ~ Pitch Lag .5.

Responds very quickly.
Like initial response but get feeling am going

to overshoot. Aircratt definitely smoother. No
oscillations.
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Flight # _3

PILOT DEBRIEF ING

Date: 24 July 1969

Pilot: Major J. Taylor Observer: Chas. Rowles

1.

There was a noticeable improvement over Flight /2.

Oscillation is still there but would not call it an oscillation.
It is more of a "hunting". Doesn't bother the pilot too

much, Response is good enough to proceed with calibration
flights if we feel we can get the data we want.

® is very smooth. The vibration on the center stick is not

‘noticeable unless one is looking for it.

The center stick vibration is still present in all C»
modesb Less stick shaking than Flight #2. Frequency Is
a~ 2 CPS.

Response to step commands in 6 is more rapid. You get more
g's.

Pitch Trim is still the same, i.e., not enough nose-up trim.

Mach Trim was engaged at .8 IMN, Mach gain = 15. In C¥* the
speed varied between .75 IMN to .85 IMN when step command
(small} was introduced. SOC responds faster in the 8 mode.
Speed varies between .78 IMN and .82 IMN.

When introducing @ large up step command the nose of the
aircraft would go up approximately 15° above the horizon

and aircraft would run out of airspeed before the nose would
start to drop. Response to the smali step command felt

the same as pilot had seen in the simulations. {(Note: This
with Mach Trim engaged.) , -

There was no noticeable difference in aircraft response (feel)
with Mach Trim engaged except that the SOC wants to hold
airspeed.

Pilot suggests a higher gain on Mach Trim.

The SOC was turned on at beginning of the flight and was

not turned off until starting return to base, No disengages
or warning 1lights. o
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Flight /3
REPORT ON EVENTS
(From Pilot's Voice Recorder)

Date: 24 July 1969

Pilot: Major J. Taylor Observer: Chas. Rowles i
Event No, _
2 ©80C Engage. C1 Mode - Pitch Lag .2 - 20,000 ft. -
" .75 IMN,
Pitot comment- after approximately 15 seconds: -
"Just a little bit of ouscillation there yet - Not
oscillation but hunting - less than last flight -

Approximately 1 CPS, 0.1g acceleration'.
3 Cl, Pitch Lag .1,large up step command.
Pilot maneuvering with ESS.

Pilot comment: '"Flies smoothly against CSL".

4 Cl, Pitch Lag .2, large up step followed by pilot
maneuvering with ESS.

5 Ci, Pitch Lag .5, large up step followed by large
down step.

ESS mancuvering.
6 C2, Pitch Lag .1, large up step
| ESS mancuvering.

Pilot comment: “Can pull 1.1 incremental g's
against CSL - smooth.

/ C2, Pitch Lag .2, large up step followed by Iargé'
down step and ESS maneuvering.

8  c2, Pitch Lag .5, large up step followed by large
- down step. Then small up step. '

Pilot comment: !''Not noticeable",
ESS maneuvering.

Pilot comment - at .8 IMN, 20,000 ft can pull 1.6
incremental g's against CSL.
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Flight /3(Continued)

9 €3, Pitch Lag .1; large up step followed by large
down step.

ESS maneuvering.

Pilot comment: '"Flies real nice - | like the way it
feels. Oscillation today is different from first
flight - slowed down considerably - less than 2 CPS."

10 C3, Pitch Lag .2, large up step followed by large
down step.

ESS maneuvering.

11 €3, Pitch Lag .5, large up step followed by large
down step. -

ESS maneuvering.

Pilot Comment: '"Doesn't seem to want to hold altltude
Nose drops with full nose-up trim'".

12 &, Pitch Lag .1, large up step followed by large down
step.

ESS maneuvering.

Pilot Comment: “Aircraft is smooth as glass - still

a little quiver on the center stick but not as much

as last time - real nice. Better trim in 6 - enough

to hold altitude. Step commands get faster response
than in C* modes - ¢'s rise rapidly - aircraft feels
real good. Wouldn't notice stick quiver if not looking
for it".

13 8, Pitch Lag .2, large up step followed by large
down step.

ESS maneuvering.
Pilot comment: "Rapid response but not excessive”

14 8, Pitch Lag .5, large up step followed by large down
step. Small down step followed by small up step.

Pilot comment on small steps: '"Very little response.
Not noticeable on the down command".
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Flight #3(Continued)

15 C2, Pitch Lay .2, M.y 8, M= .8
‘Mach Trim engaged. Power was reduccd and speed fell
off. At .75 {MN nose dropped, speed increased to
.8 IMN and nose started up. Speed was .83 IMN when
aircraft nose continued up to 7° above horizon.
(Note: Mach gain = 15).

16 Mach gain = 25. 20,000 ft., M = .8. Power off -
speed fell to .75 then nose started down. Power on -
airspeed builds up and nose starts- up. |t takes a

change in Mach of .05 to start nose moving.

17 6, .8 IMN Mach Trim engaged. Power off. Nose falls -
passing .78 IMN nose starts up.

Pilot comment: 'Mach Trim seems more sensitive in 8.
Airspeed only went down to .78 [MN'",

- Large up step - Intend to hold for about 4 minutes,
Ran out of airspace before nose started down.
(Note: Pilot was operating in a 2,000 ft. altitude block).

Aircraft recorder out of paper. May have been out
for a few minutes.

Pilot continued Mach Trim loop but no further significant
observations.
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, Flight #3
Date: 24 July 1969 {(Observer's Record)

Pilot: Major J. Taylor Observer: Chas. Rowles

2. SOC on

3 Ct, .1 Large up
b, C2, Large up

5. .5 Large up

6. €2, .1 Large up
7
8

.2 Large up
.5 Large up
9. C3, .1 Large up
10. .2 Large up
11. .5 Large up
12. 6, .1 Large up
13, .2 Large up
14, .5 Large up
15. €2, .2, Mach Trim on.

16. M. G. 25, .8
17. & , M. G. 25, .8
18. C2, Large up = 4 minutes

19. Qut of paper.
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Flight # _4

PILOT DEBRIEFING

- Date: .25 July 1969

Pilot: Major J. Taylor

1.

He is very pleased with the system. It is working well,
The SOC seems to improve with age. There was very little
oscillation in the C* modes toward the ¢nd of the {light,
however at slow flight the oscillation is still present.
The pilot feels that the oscillation is definitely air-
craft short-period dynamics.

A thorough investigation of the Mach Trim loop was made.
The pilot made several large speed changes and the Mach
Trim loop worked very well. Aircraft response seemed to
feel like that of the basic aircraft (almost). Pilot

feels there is no need for a change in Mach Trim gain.

There was plenty of Pitch Trim authority today.

When the SOC is engaged with the Mach Trim on there is al-
ways a noseup transient of .5 to .8g. There is also a
disengage transient. There is still no engage or disengage
transient when Mach Trim is off.

Pilot prefers C* modes at higher speeds. The 8 response is
too fast (too small a stick force/g?).

At end of flight -pilot selected 17,000 ft., .4 IMN. C*
response was very good - there was no oscillation,

The pilot reported that aircraft response was much better
at the end of the flight. He suggested that the reason

may be that the accelerometers had not been performing
properly since it had been a long time since they had

been exercised thoroughly. Speed on this flight was varied
between .4 IMN and .9 IMN. G forces were as high as k4gq.
Altitude varied from 30,000 ft to 17,000 ft.

Pilot recommends no changes to system, at least until he
has another flight in same configuration.

Pilot remarked that so far in the flight test program he
has had no disengages nor even a warning light. It is too
early (5 hours of fiight test) to remark on reliability but
at least we have a good start.
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Flight i

REPORT ON EVENTS
(From Pilot's In-Flight Notes)

Date: 25 July 1969

Pilot: Major J. Taylor

Event No.

1 21,000 ft.,.7 Mach, €2, .2, Mach Trim on when engaged.
Slight nose-up transient = .5g. Oscillations started
about 10 seconds after engage. Definitely aircraft
short period. Not as bad as on Flight #3.

Mach Trim operated as expected. Mach = .7, set MSET;

to .8. Aircraft nosed down and eventually settled
down at .8.

Feels natural,

3 Mach Trim Loop Tests.
4 Step commands with Mach Trim Loop engaged.
5 6 mode experiments.

Note: Pilot later returned to C* mode but did not
event it.

Note: Practically no information on the voice
recording. Pilot was continually cut out
by UHF radio transmissions from other
aircraft and Flight Test Radar.
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Flight /5
REPORT ON EVENTS

(From Pilot’s Voice Recorder)

Date: 30 July 1969

Pilot:_Major J. Taylor

Event No.,
10

This is the response of the basic aircralt, no MB-5,
no SOC. (Pilot excited aircraft short period in
order to qgive us a basis for comparison. }

- Recorder ofr,

Note: Since the oscillations had vTrtua!lxhdisappeared

11

12

after severe maneuvering on Flight , it was
agreed that the pilot would give the aircraft a
good work-out prior to engaging the SOC.

Recorder On,

23,000 ft, Mach = .7

Mach Trim Off,.

Roll Sensitivity = 3, Pitch Sensitivity = &

C2 mode, Pitch Lag = .2

SOC Engage. |

Pilot Comments: "With full leflt wing down Roll Trim,

the aircraft still wants to roll to the right, There

is a little bit of Pitch oscillation, same as at

the beginning of the last flight",

22,000 ft, Mach = .7

Large up step command

Followed by large down step command

Recorder Off,

Pilot went through maneuvers with SOC engaged.

Pilot Comments: '"Oscillations are still there - not
too large - not too abrupt - slightly annoying. In
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Flight #5 (tonffnued)

C* modes, and aircraft oscillating, switching to 8
immediately stops the oscillations., When switching:
back to C* mode, the oscillations start i
immediately. Also in f mode, Pitch Trim is good -

have to reset Pitch Trim to neutral. Roll Trim is
barcly sufficient to keep aircraft Tevel in b,
Switching back to €4, both Roll Trim and Pitch
Trim arce insulfliciont  ® ‘

13 Recorder On.
C2 Mode, Pitch Lag = .2

Mach Trim On,

_22,000 Ft, MSET = -7’ MaCh = -7
T4 Small up step command.
Pilot Comment: ''Cannot feel response - switching
to large step command."
15 Large up step command.
Pilot Comments: "Oscillations get larger in mag-

nitude as airspeed decreases. Oscillations at
slow spceds cause 1.5° peak-to-peak oscillation
on angle of attack indicator - not observable on
g meter."

Pilot Question: ‘'Can the shift in c.g. cause a
change in oscillations?!

Recorder Off.
16  PRecorder On.
& mode.
Mach Trim On.
Large up step command,
Pilot Comment: 'Much more responsive reaction in 8."
Recorder Off.
Recorder On.

C2 mode, 35,000 ft, 6500 lbs fuel.

Pilot Comment during maneuvers: '‘Still have small
oscillations -~ not as large as earlier in the
flight - oscillations almost gone."
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F1fth i 5

PILOT DEBRIEFING

Date: 30 July 1969

-Pilot: Majour J. Taylor

1. The aircraft responded the same way as in Flight #4. There
is still not enough nosc-up Pitch Trim, Also, with full
left wing down Roll Trrm, the right wing tends to go down,
Pilot had to hold left wing down roll command on ESS to
maintain level flight,

2, Pitch Trim in & mode is 0.K. Roll Trim is barely suf-
ficient with full left wing down trim,

3. Pilot likes A very much. It is very smooth and there are
no oscillations.

Note: At higher and lower speeds, the pilot has
experienced a preference for C*,
L, The Mach Trim operates better in #§ mode; gives fTaster

response. There is no need to change the gain on Mach Trim.

Note: Pilot uses maximum setting on Mach Ggain.
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Flight / _6

PILOT DEBRIEFING

Daté: 5 Auqust 1969

Pilot: Lt. Col. anhu'ﬂnapl Observer:  Mr., W Alpj'nﬂt

: This was the Tirst Tamiliarization 1ight tor Col. Zimmerman.
He seemed to be favorably impressced with the SO0C. The 1.2 Hz
oscillations were present, but only mildly anmoying. The pilot
commented several times on the center stick "chatter"., Col.
Zimmerman and Mr. Ahrendt determined that this chatter was not
present on the airframe,

Voice and oscillograph recordings were obtained. (Voice
recording has not yet been transcribed.}

173




Flight /1 7
PILOT DEBRIEFING
Date: 7 August 1969

Pilot: Major J. Taylor | Observer: Mr. Wm. Ahrendt

1. The pilot reported that the oscillations previously noted
in C* modes had completely disappeared. Chatter on the
center stick is now present in all modes.

2. A preference for C* modes at high q was noted. At medium
q there appears to be little dilference between C* and 6.

3. Data for onc Flight condition,. 10,000 Mach .55, was
recorded.

L. While returning to the ficld the pilot lowered the landing
gear and flaps with the SOC engaged. The landing configu-
ration was flown down to 4000 ft. and 160 KIAS. Control
was very good.
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Flight /7

REPORT ON EVENTS
(From Pilot's Voice Recorder)

Date: 7 August 1969

Pilot: Major J. Taylor

Event No.
2 Basic autopilot.
€2, Pitch Lag .2, 20,000 ft., Mach = .7.
SOC engaged.

Pilot Comment: ''No oscillations. Looks better than
before. Looks like we have a winner."

C3.

Pilot Comment: 'No oscillations. Looks real good.
Still has chatter on stick."

6.

Pilot Comment: 'Chatter on the stick is the same in
all maodes - like it was in 8 before."

c2.
Recorder off.

Pilot Comment: "lt's really nice - I'm glad we got
it fixed." ‘

Pitch lag to .5 then to .1.

Pilot Comment: | can see a difference today. It
seems more sluggish at .5."

3 Recorder on.

Mach = .7, MSET = .7, Machlgaln = Max.
14,000 ft., Mach Trim on.

Pilot Comment: "It settled down right on 7.
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Flight #7 {Continued)

Recorder on.
Engage and disengage with Mach Trim on.

Pilot Comment: "Still get transient with Mach Trim on.
Not with Mach Trim off."

Autopilot kicked off.

Autopilot on.

SOC engaged.

6, Mach Trim off.

11,000 ft, 7800 lbs. fuel. High speed, pulled 3.8 ¢'s.
Pilot Comment: '"In C* the damping is faster, very
positive. At higher q,C* feels better. 6 feels

like the aircraft will overshoot. Can tell no difference
at medium q."

10,000 ft.

Deceleration and acceleration.

Trimmed for level flight.

275 Kts. 11,000 ft.

Decelerate - "Aircraft holds altitude."

Accelerate - '"Works as advertised."

Recorder on.

20,000 ft., Mach = .55,

€2, Pitch Lag = .2

Large up step command.

8, large up step command.

Fuel 5000 l1bs.

MSET = .5, Mach = .55,

€2, 20,000 ft., Fuel = 4500 Ibs.
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10

Flight #7 (Continued)
Mach Trim on.
Large up step command.
Recorder off.

Recorder on.

8.

“Large up step command with Mach Trim on,

Pi]ot'CommenL: "Quicker, bctter damped response in
6. It flys so good | hate Lo turn it off."

Recorder off.
Recorder on.

Pilot Comment: "I Tike the S0OC better with Mach
Trim on. " : i

Gear and‘flaps down. 4000 ft.

Pilot Comment: 'Nice handling - better than the
center stick."

SOC off.

Pilot Comment: "It seems strange to go back to the:!
center stick."
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Flight # _8

PILOT DEBRIEF ING
Date: 8 August 1969

Pilot: Major J. Taylor

1. Very good flight. Two {light conditions were completed.

2. The SOC feels very good. Pilot reaction to the SOC is
becoming more favorable with cach flight.

3. Qutline of the flight is as rccorded on the voice
recorder. ‘
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Flight #8
REPORT ON EVENTS

{(From Pilot's Voice Recorder)

Date: 8 Auqust 1969

Pilot: Major J. Taylor

SOC engaged - C2, Pitch Lag = .2.

Pitot Comment: '"Feels good, real smooth,"
Event No.
5 20,000 ft., Mach = .9.
Large step command up.
6 €2, Pitch Lag = .2.
Large up step command.
Switch to 8.
/ Large step command up.
Mach Trim on. MSET = .9.
8 C2, Pitch Lag = .2.
Large up. step command.
Recorder off.
Switch to 6.
Recorder on.
9 Large up step command.
Recorder off.
Switch to C2.
10 35,000 ft., Mach = .75, €2, Pitch Lag = .2.

Large up step command.

Recorder off.
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1

12

13

AL

15

16

Fliabt #8 (Continucd)

Switch to ¢.
Recorder on.
Large up step command.

Step command probably distorted as it pulled aircraft
into CSL. Definitely faster responsc in 6,

Recorder off.

Mach Trim on.

Switch to C2.

Recorder on.

Large up step command.

Disregard event 12. Pilot had to break off before
response was completed.

Large up step command.

Airspeed dropped to .71,
Airspeed up to .76.

Airspeed stabilized at .75.
Recorder off.

Switch to §.

Recorder on,

Large up step command.

Jerky résponse. Up against CSL.
Small up'step command.

Recorder off.

C2, Mach Trim on.

Recorder on,

Small up step command.
Recorder off,

End of flight.
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Flight / _9

PILOT DEBRIEFING

Date: 8 Auqust 1969

Pilot: Major J. Taylor Obscorver:  Mr. Wm, Ahrendt

The oscillograph failed during take-off so Lhere are no
recordings for this flight.

The pilot found moderately rough air and evaluated SOC
gust response. The SOC scemed to damp out what little
aircraft reaction that occurred.

Flight through the transonic range was up to 1.2 IMN at
35,000 ft., was evaluated. There was good control
throughout. (C2, Pitch Lag = .2). It was found that Roll
sensitivity at supersonic speeds is reduced. The pilot.
had to increase Roll sensitivity to position #5. '

The SOC feels good at supersonic speeds. 8 control is too
sensitive at these speeds. The pilot expressed the opinion
that he would probably choose the C* modes for all flight
conditions, but that 8 was also very good at the inter-
mediate conditions. . '
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Flight /9

REPORT ON EVENTS

(From Pilot's Voice Recorder)

Note: Oscillograph went out on take-aff. No record obtained.

Pilot Comments:

t.

Trying gust response. Not really vough air but SOC
seems to be damping out what there is.

Supersonic, Mach = 1.2 at 35,000 rt. SOC feels
ood. No noticeable effect in transonic range.
€2, Pitch Lag = .2).

Trying Pitch Lag = .5. No noticeable difference.
Roll sensitivity at 1.2 is reduced. Needs position
5.

Feels good at supersonic speeds, Like C* modes
at these speeds.
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Flight 4 10
P1LOT DEBRIEFING

Date: 11 August 1969

Pilot: Major J. Taylor

1. The pilot experienced trouble with the MB~-5 from the
beginning of the flight. Whenever the AFCS was engaged
the aircraft would go into a steady nose up position. He.
was quite pleased that, in this condition, he could en-
gage the SOC and control the aircraft normally.

2. The true airspeed computer was faulty during the first
part of the flight but appeared to be workina nomally
during calibration runs. Pilot was able to complete the
Mach Trim part of the runs.

3. The aircraft was grounded for faulty vertical gyro and’
faulty CADC at the end of the [(Tight.
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Flight 410
REPORT ON.EVENTS

(From Pilot's Voice Recorder)

Date: 11 Auqust 1969

Pilot: Major J. Taylor

Event No.

10

11

12

13

14

“C2

(Voice Recording begins here).

10,000 ft., Mach = .45,
CADC True Airspeed Computer not functioning.

Recorder on.

Engage SOC and discngage SOC to sece if autopilot
still bad. SOC on.

Pitch Lag = .2, 10,000 ft., Mach = .45,

r b

Large up step command.

Switch to 8.

Large up step command.

Recorder off.

Switch to C2.

Mach Trim on. Mcpp = A5 M o= 45,
Recorder on.

Large up step command.

Recorder off.

Switch to 6.

Large up step command.

Pilot Comment: "It really goes after it in 8."
Recorder off.

Mach Trim off.

Switch to €2, Pitch Lag = .2.

10,000 ft., Mach = .8.

Recorder on.
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17

Large up stcep command.
Switch to 0.

Large up slep command,
Recorder ol .
Switch to C2.
Mach Trim on.
Recorder on.

Large up step command,
Recorder off.

Switch to §.

Flight #10 {Continued)

Flight aborted due to faulty MB-5.
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Flight # 11
PILOT DEBRIEF ING
Date: 20 August 1969

Pilot: Lt. Col. Zimmerman Observer: Mr. Wm. Ahrendt

Colonel Zimmerman appeared quite pleased with the SOC operation.
He flew from .88 IMN down to landing configuration and landing
speed. He stated the SOC was particularly good in the landing
configuration.

The pi]of noted two 'problems' -

1. He usually got a transient when he engaged Mach Trim.
He assumed that the Mach Set switch settings were IMN.
When it was explained that these settings were for
true Mach, and when the function of the Pitch Trim wheel
with Mach Trim engaged was explained, he agreed that the
reason for the Mach Trim engage transient was that Mach
Set was appreciably different from true Mach when Mach
Trim was engaged.

2. He stated that '"the center of Roll Trim appeared to be
shifting'". With any significant change in airspeed
he had to re-trim in Roll. [t was explained to him
that the Roll axis control was not a part of present
tests but that the problem would be investigated.

At the conclusion of the debriefing Colonel Zimmerman stated that
he had now gained confidence in the SOC and was looking forward
to future flights. He brought up the subject of landing with

the SOC engaged. It was explained to him that actual landings
with the SOC engaged were not intended to be part of the test
program.
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Flight J11
RCPORT ON EVENTS

(From Pilol's Voice Recorder)

Date: 20 August 1969

Pilot: Lt. Col, Zimmerman Observer: Mr. Wmn. Ahrendt

Event No.

SOC Engage. 20,000 ft., Mach = .6, C2,

Pitch Lag = .2, Pitch sensitivity = .4, Roll
sensitivity =
Pilot Comments: '"Much better than last time."
"Feels pretty good."
Recorder on.

1 Mach Trim off. Large up step commnand.
Recorder bFf.

2 Recorder On. Mach Trim off. Large up step commnand.

Recorder off.
Recorder on.
Mach Trim on. 8.

3 Large up step command,
.Recorder off. SOC off.
Recorder on. SO0C on. 0. Mach Trim on.

L Large up step command.
Mach Gain maximun.
Recorder offl.

Recorder on.

5 Large up step command.

Recorder off,

Recorder on. €2 mode. Pitch Lag = .2.
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LaFge up

Pilot comment:

Recorder
Large up
Recorderr
Recorder
Large up

Recorder

step

on.
step
off.
on.

step

off.

Flight #11 (Continued)

command. Mach Trim on.
"Seems to be better response in C2."
Mach = .88.IMN, C2. Mach Trim on.

command.

Mach = .88 IMN, 6. Mach Trim on.

command.
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| C ot Flight # 12
PILOT DEBRIEFING
Date: 2 Auqust 1969 .

Pilot: Lt. Col. Zimmerman Observer: Mr. Wm. Ahrendt

1. Calibration runs at 20,000 ft., .6 IMN were run in C2
and 6, both with Mach Trim off and on.

2. Pilot was well satisfied with the way the S0C responds
and feels. He is eager to get the calihration runs com-
pleted so that the qualitative evaluation can be started.

3. The authority of the Pitch Trim wheel with Mach Trim

engaged was investigated. |t was confirmed that this
authority is at least .1 Mach on either side of Mach
set,
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Flight /12

REPORT ON EVENTS
{From Pilot's Voice Recorder)

Date: 22 August 1969

Pilot: Lt, Col. Zimmerman Observer: Mr. wWm. Ahrendt

Event No.

) 20,000 rt. Mach = .6,
SOC on. Mach Trim of[(.
Recorder off.
C2, Pitch Lag = .2.

2 Recorder on.
Large up step command.
Recorder off.
Switch to 6.
Stick chatter seems to be reduced.

l[Note: New cards (621-2) being used. ]

Recorder on.

3 Large up step command.
Recorder off.
Recorder on,

L C2, Large up step command.
Recorder off.

5 8. Mach Trim on.
Large up step command.
Recordér off.
Switch to C2.

Recorder on.
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Flight /12 (Continued)

6 C2, Large up step command,

Mach Trim on,
Recorder off.
Trim for level (light,
Pitch Trim wheel reads -6,
Recorder on.
/ Mach Trim on. Mach = .7, MSET = 7.
Recorder off.

Mach Trim off. .7, Mach = .7,

MsET

Pitch Trim wheel reads -6.
Recorder on.

8 Mach Trim on.

Retrim aircraft. Pitch Trim wheel reads -9.5.
Full up on Pitch Trim wheel.

Aircraft slowed to Mach = .6 [IMN.
Recorder off.

Full nose down on Pitch Trim wheel.
Afrcraft increased to Mach = .82 IMN,
Mach Trim on.

Mach = .7 |MN.

Full nose up on Trim wheel.

Recorder on.

SOC on,

Mach Trim off.

Mach Trim on,

Recorder off.
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Flight # 13
PILOT DEBRIEFING

Date: 5 September 1969

Pilot: Major J. Taylor Observer: Mr. Wm. Ahrendt

The entire Tlight went of [ without a hitch. SOC power

was left on from the first turn-on, on the ground, until return
to base. The SOC was engaged at 4000 rt. and the pilot attemp-
ted a climb at .7 IMN, Mach Trim on, using power to control

the rate of climb. Mach Trim is too sluygish with present
parameters for precise speed hoiding, with the aircraft "hunting"
approximately * .05 IMN around Mach set. A Mach Trim descent

was tried at the end of the flight with the same results.

A1l test points were flown for 35,000 ft., Mach .95.
In addition, two points were obtained at 35,000 ft., Mach
1.3. SOC response was very smooth throughout the flight.

One rather severe transient in Roll was encountered
toward the end of the flight. |In trying to counter this
transient there appeared to be no Roll control on the ESS.
The pilot disengaged the SOC and AFCS and recovered using
normal control.
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Flight /13

REPORT ON EVENTS
(From Pilot's Voice Recorder)

Date: 5 September 1969

Pilot: Major J. Tavlor Observer: Mr. Wm. Ahrendt

: €2, Pitch Lag .2, Mach Trim off, 35,000 f¢t.,

.95 Mach.
Event No.

2 " Recorder on.
Recorder off.

3 Recorder on.
Large up step command.

4 6. Large up step command.
Recorder off.
Switch to €2, Mach Trim on,

5 Recorder on.
Ltarge up step command.
Pilot conment: ‘YAt .95 slight changes in speed
requires change in Roll Trim."
Recorder off.
Switch to &, Mach Trim on.
Recorder on.

6 Large up step command.

Recorder off.
Switch to C2.
35,000 ft., Mach 1.3.

Recorder on,
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Flight // 13 (Continued)

7 Large up step command.
Switch to 0,
8 Large up step command.

Recorder off,
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Flight /14

PILOT DEBRIEFING

Date: 8 September 1969

Pilot: Major J. Taylor Observer: Mr, C. Rowles

Flight condition 35,000 ft., Mach 1.3 was completed. The
SOC operation was very smooth. The pilot noted that the “chatter"
on the center stick was considerably reduced.

(Note: This was Maj. Taylor's first flight with the
modified 621-2 cards.) -

Due to extensive afterburner operation no further check
points could be flown. However, during return to base the pilot
made a few shailow simulated bombing runs with Mach Trim off,

He was extremely plecased with the ease of acquiring the target
and the lack of pilot effort required to maintain his point of
aim. He also commented favorably upon the fact that no trim
changes were required during the bombing runs.
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Flight /14

REPORT ON EVENTS
(From Pilot's Voice Recorder)

Date: 8 September 1969

Pilot: Major J. Taylor Observer: Mr. C. Rowles

- 35,000 f¢t., Machr= 1.3, C2, Pitch Lag .2, Mach Trim on.
Recorder oﬁz
Event No.

2 Large up step command,
Recorder off.
Switch to 8.
Recorderlon.

3 Large up step command.
Recorder off.
Switch to €2, Mach Trim off.
10,000 ft., Mach = 0.95.
Recorder on.

4 Small up step command.

5 Large up step command.

Recorder off.
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Flight # 15
PILOT DEBRIEFING

Date: 8B September 1969

Pilot: Major J. Taylor Obscrver: Mr. Wm. Ahrendt

Flight condition 10,000 7t., Mach 0.95 was [lown.
Flight condition 35,000 ft., maximum Mach was attempted but
the pilot elected to abort the (light when the lire warning
light came on upon selection of afterburner.

Turbulance at 10,000 ft. was noticeable but not severe.
SOC response in the turbulence appeared to be quite good.
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Flight # 15

REPORT ON EVENTS
(From Pilot's Voice Recorder)

Date: 8 September 1969

Pilot: Major J. Taylor Observer: Mr. Wm, Ahrendt
C2, Pitch Lag = .2, Mach Trim off. 10,000 ft., Mach =
0.95.

Event No.

2 Recorder on.

Large up step command.

Pilot comment: ''We have some turbulence.

Switch to 8

Large up step cémmand.

Recorder off.

C2, Mach Trim on, Mach set = 0.9.

Pilot comment: (1) "Seems to handle that turbulence
pretty good." (2) "It's handling that turbulence pretty
good. "

Large up step command.

Recorder off.

Switch to é.

Recorder on.

Large up step command.

Recorder off.

Pilot comment: ''May bhave to do those points over at
10,000 ft. There was a reasonable amount of turbulence

there."

35,000 ft. C2, Pitch Lag = .2, Mach Trim off.

Viay
Recorder on.

Note: Flight aborted due to fire warning light.
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Flight # _16,
PILOT DEBRIEF ING

Date: 9 September 1969

Observer: Mr. C. Rowles

Pilot: Major J. Taylor

One point flown at 35,000 ft, Vy,y, C2, Pitch Lag .2,
Mach Trhq on. SOC operation was nomal.

The flight was aborted due to a fire warning light.
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Flight / 16
REPORT ON EVENTS

(From Pilot's Voice Recorder)

Date: 9 September 1969

Pilot: Major J. Taylor _ Cbserver: Mr. C. Rowles
Event No.
] Ground shot,

' Recorder off.
Recorder on.
VMAX = 1,4, C2, Pitch Lag = .2.

35,000 ft., Mach Trim on.

2 Large up step command.

Flight aborted due to fire warning light.
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Flight #17
PILOT DEBRIEFING

Date: 29 September 1969

Pilot: Major J. Taylor Obscrver: Mr, Wm. Ahrendt

The pilot reported that the osciliations noted during the
first few flights were back again. They scemed to be exactly
the same as before.

He attempted to obtain data at 35,000, V , but doubts
if it will be useable. max :
Note: Upon checking immediately after the flight, it

was discovered that the resistor in the filter

network, which had been placed on the accelerom-
eter output, was on the wrong pin in the junction
box. Correction was made and the S0C operated
normally on the following flight on 29 September.
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Flight # 17

REPORT ON EVENTS _
(From Pilot's Voice Recorder)

Date: 29 September 1969

Pilot: Major J. Taylor ‘ Observer: Mr. Wm., Ahrendt

"There are the old oscillations back."
Recorder on.

"Don't want to take it supersonic today. Data
probably wouldn't be any good anyway."

Switch to 8.

"Oscillations disappear. Must be something associated
with the accelerometer output."

"Seems just like the first flights."
SOC off.
Basic éutOpilot. ""Seems 0.K."
Recorder on.

Event No.

3 SOC on. C2.

Pilot Comment: Oscillation with just little nose up
input is almost like PI0. It seems as if the filter
put on the acce]erometer output is missing."

Note: This was actually the problem See note to
pilot debriefing.
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Flight 4 18
PILOT DEBRIEFING

Date: 29 September_l969

Pilot: Major J. Taylor Obscrver: Mr. C. Rowles:

The oscillations noted on Flight /17 were no longer pres-
ent. The SOC operated normally.

This was the first of the flights for qualitative eval-
uation of the SO0C. Formation flying and ILS approaches were
evaluated. Formation flying without Mach Trim and with Mach
Trim was conducted. The pilot remarked favorably on the ease of
aircraft control. The C2 mode was preferred. 6 mode was too
sensitive for smooth control. The pilot preferred the Mach
Trim off for formation flying.

ILS approaches with Mach Trim off, Mach Trim on, and in
basic aircraft were flown. There were no problems, Aircraft
is easy to control both with Mach Trim on and off. Both were
easier than basic aircraft.

There was moderate turbulence at low altitude bhut S0C
handled it very well.
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Flight # 18
REPORT ON EVENTS
(From Pilot's Voice Recorder)

Date: 29 September 1969

Pilot: Major J. Taylor Observer: Mr. C. Rowles
"Oscillations not there now. [t's flying like it
used to."

Formation Flying

"'ESS feels unnatural for formation flying. Putting
in a nose down command feels strange."

'""Feels good after you get used to the ESS."

"I think | prefer the Mach Trim off for formation
flying."

"d mode is a little sensitive. Prefer C* mode.'

'"Feels good in formation. Only problem is that the
side stick feels unnatural."

Event No.

3 Recorder on for {LS Approach.
Pilot Comment: 'Feels real nice in approach. At low
speeds we have to fly against CSL limits and can't
quite hold attitude,"
Second ILS with Mach Trim on.
Third ILS with SOC off - basic airplane.
Pilot Comment: "There is mild turbulence on all

these low altitude passes. |t gave the SOC a pretty
good workout."
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Flight # 19
PILOT DEBRIEF ING
Date: 30 September 1969

Pilot: Major J. Taylor Observer: Mr. C. Rowles

Obtained all check points at 35,000 ft., V . IMN was

1.4 to 1.5. max

SOC operated normatlly.

At the end of the flight when power was reduced, Mach
Trim on, the nose dropped and negative g limit was exceeded.
The S0C disengaged but was re~engaged normally.

This was a short flight, .6 hrs., due to extensive after-
burner operation.




Flight # 19

REPORT ON EVENTS
(From Pilot's Voice Recorder)

Date: 30 September 1969

Pilot: Major J. Taylor : Observer: Mr. C. Rowles

35,000 ft., Viax
€2 mode, Pitch Lag = .2
Event No.

3 3 Recorder on.
Mach Trim on.
1.4 IMN.
Large up step command.
Mach Trim off,

4 ‘Large up step command.
Switch to 6.
Mach Trim on.
1.4 IMN.
Large up step command.
Mach Trim of f.
1.5 IMN.
Large up step command.
Mach Trim on.

5 1.45 IMN,

| Large up step command.
Switch to C2

' Negafive g limit disengage.
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Flight # 20
PILOT DEBRIEF ING |

" Date: 30 September 1969

Pilot: Major J. Taylor Observer: Capt. D. Ghertson

Acceleration and deceleration tests were run at 20,000 ft.
SOC maintained attitude during large changes in airspeed. Also
maintained attitude when speed brakes were extended and re-
tracted. (Mach Trim off)

Simulated bombing attacks, 30° dive angle from 20,000 ft.
to 5,000 ft. were conducted. Very easy to stay on target in
basic SOC (Mach Trim off). Pilot stated he is beginning to ap-
preciate neutral speed stability for certain tasks. He would
like the capability to switch on and off as desired.

Low altitude (3,000 ft.), high speed (450 KIAS) tracking.
C2, Mach Trim off is preferred. Very easy to follow road used
as target. 0O mode is too sensitive for this task. With Mach
Trim on, considerable retrimming is required. Moderate turbulencce
but SOC handles very well.
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Flight /i 20
REPORT ON EVENTS
{(From Pilot's Voice Recorder)

Datc: 30 September 1969

Pilot: Major J. Taylor Obwerver:  Capt. D. Ghertson

Recorder on. (€2, Pitch Lag = .2
20,000 lt., 230 KIAS, Mach Trim on.

Event No.

2 Acceleration from 230 Knots to .7 IMN, followed by
deceleration. Mach Trim on.

Pilot Comment: '"It is more difficult to put in smooth
commands with Mach Trim on."

Recorder off.
Mach Trim off.
SOC off.

3 Acceleration and deceleration with basic aircraflt.

Simulated bombing attack. 20,000 ft. to 8,000 ft.,
230 KIAS to 450 KIAS. 30" dive angle.

Simulated bombing attack in CSS mode. Same conditions.
SOC on, C2, Mach Trim off. Same conditions.
Recorder on.

4 Roll in at 20,000 ft., 240 KIAS, 32° dive angle.

Pilot Comment: '"Hard to put in nose down command
using ESS. Pipper stays on target once it is there,
If pipper is below target, it is easy to bring it up.'"

5 Mach Trim on, roll-in at 20,000 Mt., IMN = .7,
28" dive anglec.

6 C2, Mach Trim off, rotl-in at 20,000 ft., about 30"
dive angle.
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Flight / 20 {continued)

Stmulatled Janding patiern at 9,000 t.  Speed brakes
out. Speed brakes in. Flaps down. Landing gear
down . ‘

”Hnldinq.up against CSL. Hard to hold nose up."
Simulated (lare-out. Gear up. |

Mach Trim on, MSET = .5, Simulated landing pattern.
Gear down.

Flaps down.

Pilot Comment: "CSL limits control authority below
180 KIAS. " '

Recorder off,

Low altitude, 3,000 lt., high-spced tracking. Mach
Trim ofl, C2 mode.

Switch to 0,

Pilot Comment: “Uncomfortable, Hard to turn without
pulling too much ‘g'".

Switch to €2. Mach Trim on. 0.7 IMN.
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Flight [/ 21
PILOT DEBRIEFING
Date: 1 October 1969

Pitot: Major J. Taylor Obscrver: Mr. C. Rowles

Simulated air-to-air combat, simulated in-flight refueling,
air-to-air tracking (tail chase), and TACAN approaches to qo
around were evaluated during this flight. All maneuvers were
evaluated in both C2 and 6 modes and with the Mach Trim off and
on. They were also flown in the basic aircraft mode.

The pilot feels that the 6 mode is not suitable for these
tasks. The (2 mode was very good, with the Mach Trim on or off;
however, he prefers the Mach Trim off. |In either case, the C2
mode is better than basic aircraft only. Very little pilot ef-
fort is required over the wide change of rapidly changing flight
conditions.

The pilot again expressed some dissatisfaction with the
ESS, especially when making nose down inputs. He likes the idea
of a side stick controller, but feels that this particular model
needs improvement,

The pilot stated that he likes the SQOC, especially in the
C2 mode with Mach Trim off. '

Note: The canopy seal sprang a leak early in the flight

creating so much cockpit noise that the voice
recording could not be read.
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Flight / 22
PILOT DEBRIEF ING

Date: 3 0cLtober 1969

Pilot: Lt. Col, R. C. Zimmerman Observer: Capt. Ghertson

This was a familiarization flight for the pilot. He
feels he is now ready to commence qualitative evaluation flights.
He feels comfortable flying the SOC. :

Flight # 22

REPORT ON EVENTS
(From Pilot's Voice Recorder)

Date: 3 October 1969

Pilot: Lt. Col!l. R, C. Zimmerman Observer: Cépt. Ghertson

"Working out pretty well again as usual."
This after trying C1, C2, and C3.

"Can't tell much difference in C* modes."
Made actual TACAN penetration.
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APPENDIX 1V

SOC SYSTEM CLOSED-LOOP C* PERFORMANCE SPECIFICATION

The SOC system closed-loop C* performance specification is
given by the two curves in Figure V.1, labeled "SOC SPECIFICATION
UPPER BOUNDARY, C*', and "SOC SPECIFICATION LOWER BOUNDARY, C*'",
These curves are functions of normalized FESS—P’ it being assumed
that a step change from 0 to 1 in normalized FESS-P occurs at
time 0.

The specification upper and lower boundaries apply for the
ten simulated flight conditions given in the main text of this re-
port, System response falling on or lying between the specifica-
tion boundaries is acceptable provided that the response is smooth,
i.e., does not contain high-frequency modes of excessive amplitude

superimposed on the dominant response.

The broken curve labeled "MODEL (EXPECTED SOC RESPONSE)"
is the nominal response of the SOC system for a model time con-
stant of 0,2 Sec,

Category I, 11, and |I! envelopes shown on Figure IV.1 are

based on several independent studies of aircraft short-period
handling qualities requirements and appear as Figure 3 in Boeing
Document D6-17841 T/N, New Short Period Handling Quality Criterion
for Fighter Aircraft, L., G. Malcolm and H. N. Tobie, Nov. 10,

1965,

"The Category | envelope is considered the require-
ment where optinum response is required. Flight conditions
where this envelope may be applicable are: ground attack,
penetration, aerial combat, etc.

The Category |l envelope is considered the require-
ment for satisfactory response where the piloting task
is not as critical as for Category 1. Flight conditions
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where this envelope may be applicable are: refueling,
cruise, etc, This envelope is the proposed envelope

presented in NADC-ED-6282, where a detailed discussion
is given." (Malcolm and Tobie, p. 8) '

The specification upper boundary is identical with the
Category ! upper boundary, while the lower boundary is identical
with the Category !l lower boundary.

Figures V.2 through IV.7 are representative of responses
obtained during flightworthiness testing. Flight Conditions 5,
6, and 7 were chosen as being representative of the ten flight
conditions tested. Flight Condition 6 produces the highest 'q",
Flight Condition 7 the lowest, and Flight Condition 5 produces
an intermediate ''q".
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