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ABSTRACT

A study was conducted to explore the feasibility of a safety masrgin
system for powered-1ift aircraft which require a backside piloting tech-
nigue. The objective of the safety margin system was to present mmltiple
safety margin criteria as a single varisble which could be tracked marually
or aubomatically and which could be monitored for the pirpose of deriving
safety morgin status. The study involved a pilob-in-~-the-locp analysis of
several safeby margin system concepts and a simulabtion experiment to
evaluate those concepts which showed promise of providing a good solution.
A system was ultimately configured which offered reasonshle compromises in
controllability, status information conbent, and the ability to regulate
the safety margin at some expense of the allowable low speed flight path
envelope.
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SECTION I
INTRODUCTION

A. BACKGROUND

Safety margins for powered-lift alrcraft are inherently diffevent .from
thelr counterparts for conventional aircraft both in how they are defined
and in how they are controlled. This is illustrated by the low speed flight
path versus airspeed envelopes shown in Fig. I-1. While both the conven- |
tional and powered-lift examples possess a common ‘n.dle-“sfﬁ‘ﬁ stall tall speed,
their minimum safe target speeds vary greatly. As demonstrated in Refs. 1
through 3, powered-lift safety margins can involve several criteria including
various expliecit forms of airspeed, angle of attack relationships, and 1ift
margin — not just a simple proportion of stall speed. Also, when operating
under multiple margin criteria, the pilot ox autopilot is confronted with
either (i) evaluating and maintaining several airspeed and angle of abttack
functions simultaneously or (ii) ubilizing conservative margins and tracking
a nearly constant airspeed or angle of afback.

In addition to the complex nature of powered-lift safety marginsg, some
powered-1ift aircraft require a different piloting technique from that of
conventional aircraft. Where flight path ehanges cannot be ea,s:Lly sustained
using pitch attitude commands, it is necessary. to ,vary, the magrntude of a
vertically inclined thrust vector to regulate f1ight path and to vary pitch
attitude to maintain safeby margins — \the so-called backside or STOL
technigue. , ’

The implicabtion of the above ideas is th{ai':‘it way be difficult to utilize
the minimun allowable safety margins of a given powered-1ift alreraft and
thereby to take full advantage of its short landing capabili®ty. Consider an
example. For a given powered-lift airplane, '$everal safety margin criterie:
combine to establish a maximuin safe flight envelope as shown in Fig. I-2 in

the form of a y - V envelope. The problem 1s how to utilize effectively the

TR 1095-1 1
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lowest speed defined by the safety margin criteria consistent with suitable

manval or automatic operaticn. There is no obvicus solubion to safe opera-

tion and maximum utilization of the low speed flight envelope through use

of existing displays such as pitch attitude, indicated airspeed, or angle of

attack. Therefore, we must examine more sophisticated albernatives.

These ideas are based, in part, on the results from a series of simula-
tor experiments to explore airworthiness criteria needs for powered-lift
aivcraft as summarized in Ref. 4. As a result of the FAA-sponsored Powered-
Iift Standards Development Working Group (PLSDNG) » a set of tenbtative
standards was produced and presented in Ref. 1.

The problem of how to maintain a minimm allowable margin using a
special cockpit gauge was addressed briefly on an experimental basis in
Ref. 5. A more general treatment was given in Ref. 6 which, in turn, led

to the program reported here.

B+ TPROGRAM OBJICIIVE

The objective of this sbtudy was to lnvestigabte safety margin system
concepts which would (i) provide the pilot with crucial information regard-
ing the state of the aircraft with respect to its flight erielope, and (ii)
maintain a level of safeby consistent with present-day standards.

The fundamental safety margin for a powered-lift aircraft wes assumed
to be composed of The speed and angle of abback margins recommended by the
Powered-Iift Standards Development Working Group (Ref. 1). These margins
are a function of angle of attack, airspeed, and thrust for given configura-
tion conditions, e.g., flap angle, nozzle angle, and weight. The criteria
can be interpreted as defining safety margins in both unaccelerated and.
accelerated £filight. :

Some of the problem areas and tradeoffs which were considered in the

selection and development of a safety margin system included the following:

0 Performance in maintaining safety margins while
ubilizing a display which may not show margins
directly

TR 1095-1 b



© Fase of both antomatic and manuval sircraft control
in tracking a given safety margin error

© Fase of system monitoring on reversion from automatic
to manual operation

© System mechanizations as they relate Lo sensor
requirements and computer requirements

© IBnvelope tradeoffs when backing off from the
minimum allowable marging in order to enhance
characteristics of a safety margin system.

The effort underitaken in this program was primarily a feasibility study
of the problem. In order to minimize cost and time, the NASA Augmentor Wing
alrecraft was used as the subject of the study, and the flight phase was
Timited to final landing approach. The Sperry STOLAND system was used %o
fill basic computational and display needs.

C. UTECHNICAL APPROACH

The approach used to study a safety wargin system for powered-lift STOL
aircraft was both analytbical and experimental. The analytical portion of
the study primarily involved examination of a large number of possible
mechanizations which made full use of muitiloop conbrol sysbem analysis
methods. This analysis considered ease of control, display of safety
margin status, and performance in maintaining safety margins. The analysis &
also considered implementation of the system in an airborne digital comput‘er.
The ultimate goal of the analysis was to sort a large num‘ber of possibilities
and to find e few which would be worth examlmng exper:;.mentally cn a ground-
based similabtor.

The objective of the experimental' program was to study safety margin
system concepts in a realistic envivonment taking into account the complexi-
ties of the aivcraft, its systems, and a human pilot. Assuming that a
feasible safety margin system were found, the ultimate goal would be ©o
propose further developmental work inciuding experiments which could be
flight tested on the NASA Augmentor Wing alrcraft in order to verlfy and
expand on the simulator results.

TR 1095-1 5



D. REPORT ORGANIZATION

The chronological progress of the safety margin system program is
reflected in the organization of this report. Seecbion IT conbains the
definition of a number of important concepts which form the basis of this
study. These include definition of the assumed safety margin criteria,
special terms which are useful in dealing with safeby margin systems, and
finally, a list of useful implementation concepts. Section ITI describes
the analytical investigation which includes a systematic survey of imple-
mentation concepts followed by a discussion of implications for the
experimental investigation. Section IV then describes the experimental
investigation with a description of the simulation and the results obtained
Tfrom viewlng preliminary system configurations, various design adjustuwents,
implementation matters, and a refined safety margin system. Finé.]ly, in
Section V, conclusions and recommendations are presented. Appendix A
conbtains aircraft stabiliby and control data used in the system analysis.
For a concise summary of multiloop analysis relationships, Appendix B is
offered. Appendix C gives a detailed analysis of a class of safety margin
system concepts. Appendix D provides a description of an on-line pilot
identification procedure used‘ during the similator experiment. Finally,
Appendix E presents airborne digital computer modifications used in the
gystem implementation.

The reader who wishes to obbain an overview of the program a:nd a
thorough account of the refined system configuration uiltimately developed
should consulit Sections IT and IV with particular emphasis on Bubsection IV.F.
The reader interested in understanding the conceptual development should
study Section ITT in addition. Finally, for a detailed treatment of the
closed loop analysis methods, Appendices B and C should be studied in
conjunction with Section III.

TR 1095-~1 6



SECTION II
DEFINLITION OF SAFETY MARGIN SYSTEM CONCEPTS

It is convenient to precede the reporting of analytical and experimenteal
efforts with a definition of various conceptbs connected with safety margins
of powered-1ift airvcraft. We shall begin by citing the safeby margin
criteria which are to be addressed. Next, important cockpit instrument
display concepts will be identified. Finally, we shall define certain
safety margin system implementation concepts which are relatively uncon-

ventional and may require clarification.

A. SAFETY MARGIN CRITERTA

The safety margin criteria addressed in our safety margin system” design
were those recommended by the FAA-sponsored PISDWG and which are presented
in Ref. 1. In order to avold unnecessary complexity, the condition of
inoperative power wnits was, set aside. The following applicable criteria

Lt

thus remained:

1. Percent airspeed margin relative to minimumm aig:-speed
at approach thrust!: '

2%
mn

2. Absolute airspeed margin relative to minimum airspeed
at approach thrust:

V-V . >10kt
mn —

* The term "safety margin system” itself will te defined shortly in IT.C.1.

t According to Ref. 1, "approach thrusi" refers to the trim thrust for
a given approach flight path angle. 1In order to Ffacilitate implemen-
tation, we chose to interpret "approach thrust" as the instantaneous
thrust setting.

TR 1095-1 7



5. Percent alrspeed margin relative to minimum airspeed
at maximom thrust:

i Y

Viming,

4. Absolubte airspeed margin relative to minimum airspeed
at maximum thrust:

V - Vin, > 20 kb
5. Instantaneous vertical gust margin at approach thrust:

V sin (« -a) > 20 kt
max =

In effect, these criteria combined to form an operabting envelope in
terms of any three independent flight condition variables (e.g., 6, V, and
@); or, if constrained to steady unaccelerated flight, any pair of inde-
pendent flight condition varisbles (e.g., V and o or V and 8). We shall
make use of these relationships shortly.

In addition to the above safety margin criteria, we must also mention
the flight path control power criteria because they were included in our
conslderation of a design example. Simply stated, Ref. 1 suggests that
for any specified nominal operating condition (normally in terms of ¥ and
7), the aireraft shall be capable of an upward ﬂig'a‘t path angle.increment
of 4 deg or level fli’g;ht, whichever is larger, and a flight path angle
decrement of & deg. Hence, if the aircraft were to operate at 65 kt on a
nominal T.5 degEl’ide slope in headwingis from zero to 35 kb, it must have
a £light path angle capability of:’ ;

Tpin = T-5 - L = -11.5 deg
and.
Yosze = ~T-5(1 - 35/65) + 4 = +.5 deg (> level flight)

TR 1095-1 8



B. COCKPIT INSTRUMENT DISPLAY CONCEPTR

It was convenient to employ two display concepts in the implementation
of a safety margin system. One was used as an object to track in either

a mamual or awtomatic mode, and the other was used in a monitoring role.

1. Flight Reference (FR)

In conventional aircraft, airspeed is normally regulated in order %o
maintain adequate margins; however, as discussed in Refs. 1 and L4, powered-
11Tt aircraft require a more general label for the variable to be regulated.
The variable could be airspeed, angle of attack, pitch abbitude, or a com-
bination of each. Hence, the term "flight reference” was used as 2 general
term to describe that quantity which is actively regulated to maintain a
given f1ight condition. This concept was originally proposed for use in
Ref. 7, and adopted by the PLSIWG.

2, Safety Reference {SR)

The "safety reference" was a newly defined term (as opposed to FR) %o
represent a displayed guantity to be primarily monitored rather than tracked
or regulated as the FR.

An example of an 3R could be an angle of attack gauge monitored only
to detect Pproximity to stall (while the airspeed indicator would represent
the FR which was actively tracked).

The concepts of FR and SR apply to both manual and aubomasic operation.
In the case of an autopilot, the FR would be the ‘outer loop variable regu-
lated by the aubtopilot and the SR would bhe whatever the pilot acbively
monitored for an indication of safe operation.

Under some conditions, FR and SR could be cne-in-the-same, for example

indicated airspeed frequently serves bobth purposes in conventional aircraft.

TR 1095-1 9



C. SAFETY MARGIN SYSTEM IMPLEMENTATION CONCEPTS
1. Bafety Margin Systen

We shall use the term "safety margin system" to describe the specific
implementation of a flight reference and a safety reference. The purpose
of such a system is to provide for safe manual or automatic operation while
similtaneously serving as an aid to maintaining a given targe®t operating
point or flight condition.

2. Dynemle Safety Margin

The dynamic safety margin (DSM) is the true, instentaneous, critical
safety margin as defined by any given set of safeby margin criteria. If
the individual criteria are represented by the set [DS.M_l > DSM,, ... DSM ] 5

e —— e — o

”*’chen “the DSM equa.ls the mindmum numer:.cal member of*‘the set, i.e.

DSM = min(DSM,, DSM,, ... DSI))

In this study we found that only two safety margin criteria applied to
the airplane example used®, the absolute airspeed margin relative to minimum
airspeed at maximum thrust and the instantaneous vertical gust margin at
approach thrust. Hence,

TV = Vs
A ER T
3 = — x 100
M] 20 kt %
and :
A [0 -
My = — 50 %% -
sin 7

The combined minimum allowable margin (DSM = 100%) is plotbed in Fig. II-1
for the powered-1it airplane example used in this study.

* Nevertheless, the other margins were computed during the simulator
experiments in order to monibtor and thus verify their insignificance.

TR 1095~1 10
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3. Static Safety Margin

The term static safeby margin (SSM) is a general term which applies to
mappings of any palr of state variables into a steady sbtate safeby margin
for the purpose of forming a flight reference or safety veference. The
v - V plot of dynamic safeby margin in Fig. IT-2 could be, for example,
conformally trensformed into SSM as a function of (V and y), or (V and %)
or (6 and NH), etc. TFigure II-3 shows a static safety margin as a function
of V and 6 (or SSMV,B)'

If we were to consider the five directly measurable variables 8, I\TH, v,

o, and h we could formilate (g) 5> l.e., ten safety margin schemes, namely:

SSMG)NH

SSM@,V

SSMG,Q‘.

SSMe,fl

SSMCL i

z

The significance of a static safety margin formmlation is that only two
input variables are required compared to three for the dynamic safety
morgin (V, o, I\TH). Also, the static safeby margin, by definition, equals
the dynamic safety margin in 1 g steady flight. Withoub careful examina-
tion, the unknown aspect is how useful a particular SSM is under non-steady
conditions. This was the subject of mmch of ‘the analysis effort and some
simmlation.

L, Tift Margin

— = R

refers to the capability to produce a given level of normal acceleration

TR 1095-1 12
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by inecreasing pitch attitude wp to the point of © e It involves angle
of attack margin combined with the ability to produce 1lift by increasing
angle of attack.

A 1ift margin criterion was not included in the list of criteria
composing dynamic safety margin but could be, if desired. In this study
1ift margin was considered as a separate possibility for a safety margin
©light reference. TIis main advantage was that it consisted of a conbtinuous
function compared to the aforementioned mulbifunctioned dynamic safety
margin or static safety margins. A y - V plot showing a steady state contour

of constant 11ft margin is shown in Fig. IT-L.
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EECTION IIT
ANALYTICAL INVESTIGATION

A large number of possible ways of 1mplement1ng a safety margin system
ex1st even though the safety margln crlterla are spec1f1c 1n terms of -
the allowable flight envelope. The first possibility considered was, of
course, use of the dynamic safeby margin itself as a flight reference.
There was also a large number of stabic safebty margin combinations which
were attractive from the standpoint of minmimizing the sensed states and
therefore minimizing sensor hardware. Finally, there was a possibility
of using 1if% margin as the basic flight reference although it would require
a reduction in available flight envelope.

For each safety margin system implementation possibility it was neces-
sary to consider at least two flight conditions, a high thrust condition
Ffor which airspeed margin was critical and a low thrust region for which
vertical gust margin was critical. In all, 23 separate safety margin/flight

condibtion conbinations were analyzed prior to the experimental phase.

In this section we shall first present the analybical approach used to
perform the system analysis on the large number of possibilities. Next,
we shall present the results of this survey of implementation concepts.
Finally we shall discuss the implications of the analytical investigation

for the subsequent experimental investigation.

A. ANALYSIS APPROACH

The systems analysis which was carried out to survey the large nuwber
of implementation possibilities made full use of the multiloop analysis
methods described in Ref. 8. TFurther simplification of analysis methods
was obtained using the. 51mp11fiéd longltudlnal equatlons “of motlon déseribed
in Ref. 4. The primary advantage in these multiloop analysis methods was )
that they Tevedled CRAarACteristics f & closed-100D Systel Wibhowt. UAReces-

garily complex computation. Since the flight reference system involved

TR 1095-1 17



outer loop regulation, it was generally convenient to assume that piteh
attitude was well regulated. Also, bhecause flight path, like flight
reference, was regulated by an ouber feedback loop, it was desirable to
look at the pilot-vehicle dynamics with and without flight path regulation.

The major considerations in our analysis of various system concephs

included the following:

©@ Conbrollability ~— manual or aubomatic
® Effectiveness in maintaining margins
@ Indication of margin stabus

© Compatibility between manual and
automatic operation

@ Tfase of implementation -— hardware and
software.

Some of these items could be assessed directly from appropriate transfer
function relatlionships, in particular the first ‘three. Compatibility
between manual and aytomatic operation was addressed by striving for a
system in which The aubomatic mode could mimic manual operation, i.e., the
auvtopilot feedbacks and geins would be similar to those of a pilot. Ease
of implementation was evaluated subjectively in terms of sensor and computa-

tion requirements necessary for lmplementation in an operational system.

A n"i;mber of the closed-loop transfer functions which were considered
in our systems survey are listed in Table ITI-1, along with comments on
their specific value. Feabures of particular interest included direct
control response, i.e., FR/9 command, crosg-coupling effects between the
flight path and fiight reference loops, gust response effects, and per-

formance in terms of safety margin regulation.

The analytic approach centered around pitch-attitude-constrained
equations of mobtlon because of the greatly reduced complexity with virtually
no compromise in computational accuracy in the spectral reglon of interest,
i.e., below 1 rad/sec.

TR 1095-1 18
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TARTR ITT-1

LIST OF FEATURES CONSIDERED IN
THE SAFETY MARGIN SYSTEM SURVEY

1. Direct Controllabilaty

Response of flight reference, FR, to prich attitude, o

-
T
8 A

or, 1f a flaght path loop is closed (d —w=35):

R R d

| _ Y *Ta% s
Sla>s A +7T. NT
a B

¥ The multiloop analysis notation 1s explained in Appendiz B, however,
a concise definition of syrbols is.

Fa¥ = characteristic polynomial
£ A
Naa = control or gust mwmerator
Xy K
1\1‘5;5% é- conbreol or gust coupling numerstor
Yxl & loop gain and associated compensation
X. .
-5——; % transfer function between Sk and x
. - - - —
gé % transfer function betrreen Sk and %, with the xJ loop closed using 5!.
k %y ] 4

where £ 0%, are dependent variables

and sk, 5] g 8ve 1ndependent varaables, i1.e., conbrol or gust winpubs.

(Continued)
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TABIE TII-1 (Continued)

2, Cross Coupling Effects

Response of flight reference to throttle, 6, compared to response
of dynamic safeby margin, DSM-

ER

5 = --é—cowe.red. toﬁ- =

)

R L
A

and, the response of flight path to throtiéle if flight reference

is regulated-
R 4
& iy R

)

= R
FR =0 A-!-le‘lg

3. Response of flight reference to horizontal and vertical gusts, u_5 and wg~

E = @ -Eni = E
1J.g a wg A
or, if a flight path loop is closed
'R a
IR Nﬁz ! Nﬂg 5
“lass 4t 55
similarly for “g'
¢ THE
F?BOHLC‘“Y (;‘E‘iboy(}()
posaee.
(Contimed)
20
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TABLE IT1T-1 (Congcluded)

L. Safety margin status given by flight reference:

REPROp

TR PR ornared bo: Ul

Wy B comeredt ORIamay, PA%EIT?S B
Ponp

2

Pt
o]

DSM DSM DSM -
oW o Ts 0 respectively
g g

5. Closed loop regulation of dynamic safedy margin performance with flight
reference loop closed.

v ¥R JER yD5M
]+ =228 [ B 8
M 2 SH _FR
bSM L _ug Nﬁg Ng
n - R
Y P Yo
1+
4
where the term:
M
7 - ugMNgSR
e

is an indicator of effectiveness of DSM regulation.
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.Tgble ITI-2 summarizes the key relationships used which are based on
(1) basic aireraft equations of motion, and (ii) a linearized general flight
reference equation. The elements of (i) and (ii) are conbined system
equations of motion from whieh important transfer functions are derived.

Tt is important to recognize that only a few system parameters are involved:

Aircraft parameters consist of the dimensional stability
derivatives:

i %o
X, X, %, O, 7 and V

Flight reference parameters are: ku, kW, ka", ke , and ka
As shown in Ref. k the above aircraft parameters are relatively invariant
for powered2lift aircraft, and the Augmentor Wing airplane is, hence,
representative. The flight reference parameters depend upon specific safety

margin criteria and implementation concepts as we shall describe next.

B. SURVEY OF IMPLEMENTATION CONCEPTS

The survey of implementation concepts was carried out to establish
likely system candidates which would then be examined on the simmlabor.
It is important to note that this survey did not directly provide the
system ultimately recommended, but it did serve as an instructive exercise
which led to a wseful simuiation effort. The survey began with considera-
tion of the dynamic safety margin (DSM) as the flight reference, but certain
undesirable features prompted further study of alternatives. One large
group of alternatives consisted of the various static.safety margin (SSM)
combinabtions. These were attractive because they offered the potential

for operating at the minimum allowable safety margin at least for steady

I e P — e T T e e T e T T T e e [

NP —— -~

. [N —— - —_ — e rm—— -

— - —_— —— ———— - e = —_— e T L

The derivative Z;T represents the effective heave damping when the
elevator is used Lo balance the pitching moment equation.

d & g (1.t}
w W ZMBE_W
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TABLE ITI~2

SUMMARY OF FLIGHT PATH/FLIGHT REFERENCE DYNAMICS

AIRCRAFT EQUATIONS OF MOTION

s-Xy X |[w] (g, -9 6T [ x, u]
= +
t
Zl1 5 Zw d _Zcx. -ZG 3 o) +Zw wg

FLIGRT REFERENCE EQUATION

FR = kuua. + kwwa + kéd + kse + kaa

COMBTNED ATRCRAFT AND FLIGHT REFERENCE EQUATIONS

s - X X 0 {lu (}{_) X -s =X
a o _

B8 L'}
- =] - - g
z, (s Zw) ofja-= z, Zg || [+] 0 sz,

l
- - ™ o g
Yoo O - k) VHFR[ Rk 4KV K 0 -k

AUXILIARY RELATIONSHIPS

& g
'Wa = W ~ wg
IR A REPRODUCIILATY OF THb

d DRIGINAL PAGE IS POOR

d = Vo ~W el

Yy = %a

7 = V SIOFES
ou v N;‘R"g. ~ v (ky + kV;V)(XVZS - ‘ZWK'E-) + (kg - kd)[}z‘aza. - 25(X -g)] - K €7,
—3_ 5 - i
3y FR NER g =0 ku[xazw - ZS(XW - %)] + (}:“_ kS -Vg)(xuzs - zuxs) * ke [Zu(xw - %) _ Xuzw]
9g A Ngﬁ ku(xwza - waa) + (kw - k&)(xazu - ZX,) + X (X5 - ZX)
T T R4 = 13

Tl NI;R g 50 klx, - '\EJ') Zg - BX5) (79 +E N&Z) - BX ) + k(X2 -2 (X - %)]
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TABTE TIIT-2 (Concluded)

JRANSFER FUNCTIONB

a AR S xg, = (s +ﬁf]—)(s -r.r;—a)
NS = -Z, [s..xu+x°'-z;g2u] = -z (s +T;~1)
o
M= R0 - e e ¢ (- k(s - KD % (5, - 02 + (g # NG - T - 1) - x5 ]
e N 7+ 20+ O, - 3pEle - %) X ] + K Ils - X0 - 5) - 1 5]

N':R 29- = (g, - kyMxz - 205 - )] + (g + ENIX (s - 2) + 2K ] - k(X - g)s + ez,1

W
s s = KR, ~ By, - @) - (g + KWIGZ, + Zols = X1 + K[(X, - €)z, +3.(s - X))
I‘Fuz = k(-3 - e )
R g = B2 - Kz
IZ:‘:: = mkals - X)) - xKs 4 k7 (s - o %

REPRODTCIOTOITY O THE
ORI Ay PAGY (b POOUR
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state conditions. In addition, a 1ift margin (IM)-based flight reference

was considered although it involved a loss of avallable flight envelope.

In the following pages we shall present the results of the survey of
the above-mentioned implementation concepbs beginning with a flight refer-

ence based on the dynamic safety margin, i.e., FR[DSM].

1. PFlight Reference Based on Dynamic Safety Margin

The most direct solution for a safety margin system was considered to
be a flight reference exactly equal to the dynamic safety margin. The
advantages were that (i) true safety margin status would be displayed on
the same symbol which the pilot or amtopilot tracks and (ii) the full
flight envelope potential would be realized. In effect, the DSM represented
an ideal. The question which was addressed in this study, however, was
how serious would be the disadvantages in other features, especially
controllability and the cross coupling interactions with the Flight path
loop.

Togble IIT-3 gives a functional definition of FR[DSM] as implemented in
the WASA Augmentor Wing airplane simulator model. Figure IIT-1 shows the
steady state y - V trajectory corresponding to DSM equal to 100%.

The upper portion of the 7y - V curve was referred to as the high thrust
condition and involwved that portion of the DSM corresponding to constant
airspeed. Tracking the flight reference in this region was equivalent to
tracking indicated airspeed except for the change in scaling (the target
FR was 100% or V = Vs + 20 kt = 64 kt; and + 1% FR corresponded to
+.2 kt).

Similarly, the lower portion of the y - V curve was referred to as the
low thrust condition. The DSM in this region corresponded to a constant
vertical gust margin or a nearly constant angle of attack. (For an airspeed
of 70 kt, 100% DSM corresponded to an angle of atback margin of arcsin
20/70 = 16.6 deg.)
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TABLE ITII-3

DEFINTTTON OF FR[DSM]

FR[DSM] = DSM
= mn (DSM.l, DSM2)

V-V

vhere DSM, = 100% x o
20 kb
C\',max - &

and DM, = 100% * —=55
sin @ ===

v

For the NASA Augmentor Wing airplane wxth

W = 10,000 Ib
B = 65 deg
5 = TO deg

v

at sea level, standard day conditions

v = Mkt
mn

o (deg) = -14.466 - 0 5933 V(kt) + 0.003316 ¥ (kb)

* 09773 W (#) - 0.003236 Nf{ (%)*

¥ Thae Craxe function shown is fitted to 2 NASA-supplied plot of

o versus non-dimensional blownng coefficient.
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The first step in analyzing
small perturbation model of the

flight reference:

or

(lote that bu, is

and DSM2
or /_\.DSM2

e.8.,, for DSM =

‘}’ =

Vv o=

and Nﬁ =
ADSM2

the FR[DSM] was to construct a linearized

flight reference and aircraft. For the

V- Viin
D3 = 100% >
" P oo
ADSM, = 5% /Ib Au (kt)

the airspeed perturbation.)

CI:ma‘X - 0
= 1005 x sin~ 20 Kt
7
. .. da
.100 . =
- e | e, T g - o
in 2V : ;,__Q'DTH
20
DS 5
+ Mé X v Aua

iy 1/2
Sin—-'l 20 kt 202
v 1 - 5
v

DSM, = 100% (low thrust condition)

=7.5 deg

68.3 kt
91.69%

0.68%/1ct o~ W.OFB/kt Aw, + 2.25%/% o

If we define a general linearized form for the DSM to be:

IR 10951

ADSM

k;- Aua + k;} Awa + k% ANH
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then at any high thrust condition (where speed margin is critical) k= 5% /1t
and k;; = kg = 0, exactly. Correspondingly, at the specific low thrust

condition considered above

k? = 0.68%/kt
k= -h.9Fh/kt
ks = 2.25%/%
Note that for the low thrust condition k* = ~-5%/kt (100% safety margin/20 kb

vertical gust). The k;‘;_ and k; are nearly negligible based on their relative
influence on important transfer function quantities. It was possible, in
fact, to show all important characteristics of the vertical gust margin

criticel DSM using kX = ~5%/%t and kf =k = 0.

For the ailrplane dynamics, stability derivatives were obtained directly
from the simulabtor model used in connection with the program. The deriva-
! i 4 1 t
tlves for several inporbant flight conditions are tabulabed in Appendix A.

The controllability of FR[DSM] through pitch attitude was judged with
and wi'thcl)ut £1ight path regulation using the appropriate abttitude-constrained
transfer functions. The results are summarized in Fig. ITI-2 in which the
frequency response a.symp‘éotes are drawn for the amplitude of -D%M using
log scales.

For the high thrust condition, where DSM is proporitlonal to airspeed,
the usual low freguency breakpoint corresponding to speed damping is evi-
dent. As flight path is regulabed, that breakpeint moves to a lower frequency
but the essential control features are little affected.

The corresponding -’%—I plot for the low thrust condition shows & con-

trolled element that is more nearly a pure gain, especially when the flight

path loop is closed. One notable feature which does not show up in this
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sketch, however, is a pair of complex =zeros with low damping ratio for L

g
when flight path is not regulaked:

sy . -6[0.2;0.33] ~

o = (0.2)(0.36) (f/xad)

This pair of complex zerod could produce an oscillatory condition if
FR[DSM] were tracked too tightly, endithetcondifion is present whenever
angle of attack or a variable dominated by angle of abback is co:f;béc:lled.
by commanded pitch attitude. This is easily shown by considering the
approximate factorsf form of the appropriate numerator:

_ W 2 g
Ncg_ Ne—[s "Xus"vzu]

Since Xu_ is typieally small, the numerator damping ratio is also smali.
Hence, closing a tight loop on o (a ——b-—ec) could result in a Ilightly
dampad closed loop system as the system poles migrate toward the numerator

<=

zeros. '

A cross coupling problem involving flight path and flight reference
was anticipated based on the y ~ V curves for the airplane used in this
study. The particular variety of cross coupling was the sense of pitch
attitude change required to hold dynamic safelty margin while making changes
in flight path angle. We shall refer to this as 7y - 6 cross coupling.

As illustrated in Fig. II1I-3, for varying flight path angles in the
high thrust range (96% to 98. 5% NH) no piteh attitude change is requirved
to maintain dynamic safety margin. We shall refer Go this as neutral
¥ - O cross coupling. If operating at a lower thrust setting, say % LA,

+ The following shorthand notabion is uded for first amd secowd srder
polynomal roots:
. ; 2
fa) 2 (s +a); [Le] 2 & +2tes +o

t  "Approximate factors" refers to the expression of specific transfer
function quantities in bterms of their dominant stability derivative
factors.
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we then encounter adverse y - 8 cross coupling since a piteh down is
required to hold DSM during an upward flight path angle correction. Finally,
if we transition into the lower half of the ¥ - V curve where vertical

gust margin is critical, the cross coupling becomes proverse — an increase

in 7 requires an increase in 6 to maintain DSM.

We chose to study ¥ - 6 cross coupling analytically by computing the
6 time hiskory for a given change in ¥ in the presence of reasonable flight
reference regulation, i.e.,

R

e _ "YFRN];

Y __1_( aFR)
7 (¥ + 4y 05

where FR = DBM

and b FRI @ Wepp = 015 rad/sec

FR

Il

S

Figure ITI-l shows how widely the 6/y proportion varies between holding a
constant speed margin and holding a constant vertical gust margin. Accord-

ingly, this répresented a major area of interest for subsequent simulator
experiments.

The effectiveness in maintaining the safeby margin by direchbly regula.ti_ng
dynamic safety margin was demonstrated by compubing the maximum safety
margin excursion in a steady shear (ﬁg = constent); no flight path regula-
tion was involved. The comparison was made against the case where pitch
attitude was held constant. For an inbegral feedback and a nominal cross-
over frequency of 0.15 rad/sec (based on prior simuwlator observations) we
obtained the time histories 'shown in Fig. III-5. Depending upon whether
the speed margin was eritical (k{fl = +5%/kt, Bt = 0) or vertical gust margin
was critical (kr = ~5% /1, k* = 0) the peak margin excursion was 10% to 20%
for a steady 1 ki/sec shear with the margin excursion eventually washing
out. Without DSM regulation the excursion ranged from 20% to 35% and the
excursion persisted. Thus, the margin excursion was improved by about a
factor of two.
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In sumwary, the analysis indicated the following characteristics for
a flight reference based on dymamic safety margin:

© Conbrol varies from typical airspeed-like gmalities
to angle-of-attack-1like in transitioning between
apeed-margin-critical and vertical=gust-margin-
critical conditions — tight control is difficult
in either case.

© When the airspeed margin is critical, an adverse
cross coupling between y and € exists, i.e., a
pitch down 1s required for an upward flight path
correction.

€ Margin status information is correct because the
Tlight reference is dynamic safety margin directly.

@ DNominal regulation of DSM improves safebty margin
performance.

2, Fllght References Based on Stetlec Safety Margin

A flight reference based on the static safety ma.rgm concept appeared
atbractive because it Woulcl requ::.re Tthe use of two gsensors at most rather
than the three required for the dynamic safety margin. Also, full use of
the allowable low speed Tlight envelope would be possible. Thus a survey
was made to determine if any of the various static safebty margin combina-~
tions would also prove abirachtive with regard to other requirements such

as controllabiﬁty and status information.

The survey of 85M impiementations was conducted using the same analyti-
cal approach described previously for the DSM. Ten SSM combinations were
considered, each ab high and low thrust conditions. Many of the combinations
were redundant, however. Consequently, only five high thrust conditions
(speed margin critical) and seven low thrust conditions (vertical gust

margin critical) needed to be analyzed.

a.. Determination of Static Safety Margin Dynamics. The first step

was to determine linearized equations for each of the S8M combina-

tions to be considered. The general procedure consisted of:
given  DSM(V,a,Ny),
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then the differential 8SM(x,y) (where x and y are the static

safety margin variables tc be used) is simply

oDSM

ODSM
e

ASsM(x,y) = = &y

X

for steady state conditions, i.e., 1 g flight. The partial
derivatives can be computed directly.using steady state trim
equations corresponding o the simplified longitudinal equations

of motion. One simple formulation of the trim equations is:

-Xu -XW Ol u -g 5 .
A =2 1w = 0. Xyl
p ¢ w ., Pls
~k* -k* 11DSM 0 k¥
u W 5} J

7

=0
5 ' ( A‘( '
{-X, X, Olu (i{m -g) g 5 |
. T
Zu —ZW oy a = -Z&J -ZS .
-k* k*r 11DSM ks v kg
| - L. J

The value of using equations such as those above was that it
perirﬁtted static safely margin flight reference gains to be computed
as explicit functions of aircraft stability derlivatives (Xu’ Xw’ Zu’
ZW, and V) and dynamic safety margin f£light reference gains

( k7, k*, and kg). Consider the following example.

Suppose that we .desired to compube the ]inea:g'ized static safety
. . . . {ODSM OISM
margin coefficients for SSM(V,8), i.e., W‘g and S5 o In

terms of partial derivative notation:

ODSM
oDsM|  _ 3B e
511 2] - L8

3510
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Solving for the

obtain

ODSM
05

3%

ODSM

and

ODSM
511

ADSM |

RN

numerators

X o]
W
-ZW Z6
- * -~
kw k&
~X 0
W
-ZWr 0
-k* 1
W

by forming appropriate determinants, we

Xu X‘IJ.ZW kg
= X7 kr -~k |l —— = Z | =—
W O u X W b4 ujfa
w W B
= XWZS

B is:
55
— * ——
ng kw WZWZ ‘
5]
z f X 7. ko
K* - = k* 4 }‘;W’-Zuz—a
W 5]
k-ﬁ-
.&k%__gz__-‘i-___.
X Tw X 72
W w0

By evaluating the above 88M gains using typical Augmentor Wing

stability derivatives and the Iinearized DSM coefficients found

previously, we could further simplify relationships:
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k= ODSM kK = ODSM
u o ou o4 © T 38 “
T N t
High Tarvst | i
(Spe&d Margin 1I1 ka Zero
Ciitical) %
Low Thrust ; X,
(Vertical Gust | - =kt i
Margin Critical) W W

1]

Recall that for speed margin critical k* 5%/ k% (k{; and kr = 0)

~5%/kt (k% and L

and foriver‘bica,l gust margin critvical k:;
aressmall)le ¢
In the following pages we shall not develop each static safety
margin in deitall as was done for the V-0 cowbination; it suffices
to say that the same procedure applies.. Ins_fead., “;&'e‘ shall present.
the numerical resulbts finally cobtained for each SSM possi:bili"sy
linearized at .a high thrust condition and low thrust condition.
The respective flight refer'ence gains are given in Tables IIT-4a
' andi ITI-kb. Negligible gains are stricken with a diagonal line: /.

Using just the tabulated flight reference gains from Tables III-La
H . .
and ITI-kb it was possible to reduce significantly the cases to be
analyzed.

© Tor speed margin critical, any static safety wmargin
involving airspeed was equivalent to the dynamic
safety margin.

@ For wvertical gust margin critical, all static
safety margins involving vertical velocity, w (i.e.,
angle of attack) were equivalent and essentially
dependedionly on k. In turn, they were also
equivalent to the dynamic safety margin.

© Under all conditions, the static safety margin
involving £light path angle and thrust was
excessively sensitive and clearly unsatisfactory.
(This was due to having an aircraft operating point
at or near the minimum thrust required.)
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TABIE IIT-La

SUMMARY OF LINEARIZED SAFETY MARGIN FUNCTIONS
(High Thrust Condition — Speed Margin Critical)

kK (4/k6) K (Bx6)  k(Baes)  ky(gh—)  E(#/4)

DSM 5
SSM 5 0

SSM, 5 0

SSM, 4 5 o

SSM_ 5 0

SSM-W 3.7 =19.7

SSM -6.6 ~135.7
W
- - - "'2-2
ssM, 1h.2

SSM -12.6 -k.9

SSMa, 5 17 ~b2,7
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(TLow Thrust Condition — Vertical Gust Margin Critical)

TABLE IIT-%b

K (/) k (B)  k(B/aes)  kylmes) K (#/4)

DSM

SEM

, W

S?N%;e

SSM
w

3SM
1A

SEM
W

58M
W

BS8M

S8M

S8M

5,4

8,5

SDSMs

a,s

o1
oA
5.3
3

4.3
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-6.1

-6.0

6.2

-6.2

1

~16.5

6.6

2.9

=-1007

2.3

15.2

6.7
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b. Anplysis of Static Safety Margin Dynamics. The stabic safety margin

evaluation process thus continued with an analysis of eclosed loop

dynamics similar to those conducted for the dynamic safeby margin.
The linearized flight reference gains obtained previously were
combined with the linearized airplane dynamics in order Lo study
controllability, performance, and indication of safety margin
status. In Teble ITI-5 we summarize the potential for each of the
static safety margin possibilities. For a more debailed treatment
of the analysis of static safeby margin dynamics the reader is
referred to Appendix C.

3. Flight Reference Based on Iift Margin

The potential use of 1ift margin as a flight reference was studied for
reasons previously menbioned. Lift margin was viewed using the same approach
applied to other flight reference candidates (DSM and various 8SMs) and
found to have certaln interesting properties which would make it a safeby
margin system candidate if other means failed.

Implementation of a 1if%{ margin function would involve a multi-dimensional
function of at least airspeed, angle of atback, and thrust, and possibly
pitech rate and elevator deflection. The function would likely have no
simple rational form such as DSM (i.e., the basic margin criteria) but would
requirve either a look-up table or a fitbted analytic formulation. The form
of the 1ift margin function was not a subjecht of this study.

The behavior of the 1ift margin was examined using linearized derivabtives
cbtained from a 1ift margin roubine implemented in the NASA Augmentor Wing
simulator model. There was no significant variation in the 1ift margin
vartial derivatives over the expected range of operabting conditions between

7 = -5 deg and y = -7.5 deg. Representative values were:

k= 1.2%/kt
ko = 2.4kt
ky = -0 . 5% /%
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TABLE III-5

SUMMARY OF STATTC SAFETY MARGIN ANALYSIS (APPENDIX C )

STATTC
SAFETY INPUTS SPEED MARGIN CRITICAL (MIGH THRUST} VERTICAL GUST MARGIN CRITICAL (LOW THRUST)
MARGIN
SsM Arrspeed and Equivelent to DSM — sirspeed-like response, Nearly equivalent to DSM — lacks relatively minor
w,W Angle of Attack adverse ¥y - 8 eross couplang. effects of airspeed and thrust.
Sigmficant improvement in direct controllability and
Arrspeed snd reduction of cross coupling effect an fiight path
SSMu a P:.Ech Atbitude Ditto response. Improvement in long term DSM regulation
’ over 8-fixed, bubt incorrect mergin andacetion an short
berm.
Arrspeed and
SSMu . Flight Path Angle Ditto Unacceptable control response — posibive real zere in
, & (or Vertical Velocaby) the flight reference numerator.
Axrspeed and No direct indrcation of vertical gust component.
SSMu 5 Torust Datto An adverse cross coupling influence of thrust on
4 fligh% path response.
Better direct controllsblility than DSM, (buk
s Angle of Attack adverse 7 - 6 cross coupling still present). Nearly equuvalent to DSM — lacks relatively minor
Mxr,e end Pitch Abtatude Incorrect indlcation of horazontal gust. effects of airspeed and thrust,
Ineffective in regulating DSM.
Angle of Attack
SSMW a and Flight Path Angle Bosentially equivalent to 8SM e Datto N
’ (or Vertical Velocaty) ?
Angle-of-attack like controllability (es in
SSM“ Angle of Attack DSM). large adverse cross coupling bebween Ditto
%) and Thrust thrust and FR.
Pitch attitude and Angle-of-attack-Inke controllebality. Inadequate
SSMB 4 Fixght Path Angle margrn status information. Ineffective in Same as hagh thrust condation.
’ (or Vertieal Veleeity) | regulating DSM.
Excellent controllability — one-~fo-one with
SSMQ 5 Piggg éﬁﬁide prbeh attliude. o status information. No Same as high thrust condition.
! regulation of DEM.
Flight Path Angle |
. Unusable — too sensitave to thrust and flaght - R
SSMd, 5 (ox Vertical Velocaty) path changes . Same as high thrust condition.

and Thrust




Based on the gbove partial derivatives, we found the controllabllity of
1ift margin to be essentially similar to angle of attack with the charac-

teristically low damping ratio of the complex pair of zeros, i.e.,

NFR kV?"32+<-X + X-g s-—gz + '
5] LN \ kkv V u k'?kuv,

~2.9[0;250 1 7’/@

e

Thus, it was considered to be equivalent to vertical-gust-critical DSM in
this respect.

The lift-margin-based flight reference was found to be effective for
maintaining dynamic safebty margin via an FR ——)——ec loop closure. The key
expression of closed-loop effectiveness introduced previcusly (and explained

in detail in Appendix C),
5
LB 8
SM _FR +e
B

was evaluated for a general flight reference involving u and w:
. . A .
. .

s|:52-(X +Z)S+XZ ~XZ'€|
p - i} W S 3 W U

o X ~g ez
(s-Z)sa+-X+ x £
\ W T

w .
X/ V] VM TE TRV
n 1

lf_ﬁ@::i?q—i—_ %ﬁ_‘i_iﬂargig; rk#iuﬁigd::é :

'

_Nﬂg NJJSM . 1(0)(0.15){0.40)
NﬁZM " [0.20;0.40](0.50)

Since this tends to be small compared to unity for fregquencies below

0.4 rad/sec we could expect the closed loop —M ‘for 1ift margin regulatlon\

v\to be comparable to that of direct DSM regalat%.on
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The main shor'bcom:l.ng of 1ift margin was that it produced a distorted
indication of sa.fet;y' margln — ma.lnly, cr:L'b:Lca.l margins indicated low.
This was determined by comparison of ¥R and DSM gust numerators:

For speed margin critical,

k
R k sles-7% +—27g
Nﬁg u ( v ok “) . 0.25(1.1)

HEM‘ -k7 8 (s - ZW) T (0.5)

Il

1.e., the indicabted margin change compared to the actual

was 0.5 at low frequencies and 0.25 at high frequencies

For vertical gust margin critical

k_t
g 11: 8¢ ss-JXX = X)

k_l.e
Vg . . . 0.5(0.02) I
oM - "~ (0.07) o
g -kW s (s - Xu) .

Tt was believed that 1ift margin could be of value only if switching between

two margin criteria proved umnsuccessful in simulator experiments.

¢, IMPLICATIONS FOR THE EXPERIMENTAL INVESTIGATION

The gurvey of various flight reference implementation concepbts thus
described did not result in a 1ist of candidates which were likely to be
' totally satisfactory in a safety margin system role. Trom the possibilities
considered — dynamic safety margin, Hen static safe'b'y m&rgln comb:_na:tlons
and 1ift margin —— none appeared to meet all reguirements. As 11]__{18;1'_8:1366.
by the summary in Table III-6, good controllability could only be obtained
at the expense of good safety margin status information or the ability to
directly regulate safety margin excursions, and vice versa. In most cases,
there was also a significant difference in characteristics when switching
from the condition where speed margin was critical to the condition where

vertical gust margin was critical.
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TABIE TII-6

SUMMARY OF THE SURVEY OF FLIGHT REFERENCE IMPLEMENTATION CONCEPTS

FLIGHT REFERENCE BASIS TMPTEMENTATTION CONTROLLABILLITY STATUS INFORMATTON MARGIN REGULATION
DSM 1 1inpud Fair Tdeal Good
3 inpuks Fair Ideal Good
SsM 1 input Fair Ideal Good
uw,w 1+ znput Fair Good Good
a8M 1 input Faix Idesl Good
.8 2 inputs Geod Poor Fair
5SM . 1 1input Fair Tdeal Good
,d 2 inputs UnacceptableX Poor --
saM 1 inpud Farr Ideal Good
2O 2 1nputs Peor Poor -
SSM 2 inputs Good Pooxr N1l
"W, 14 1inpub Fair Good Good.
saM - 2 anpubs Good. Poor Nil
,d 1+ inpuk Faar Good Good
SsM 2 inputs Good Poor - Good
w,0 1+ input Fair Good Good
S8M . 2 ianputs Good. Foor Mal’
g,d 2 anputs Fair - -
SSM 2 anputs Tdeal Nil Wiy
9,5 2 anputs Tdeal Nil Ni
SSM. 2 inputs Unacceptable X — -
d,5 2 inputs Unzccepbable X -— -
M 3+ xnpubs Fair Faaxr Good

-- Indreates that no analysis was performed.

The upper line of a table entry refers to an arrspeed margin critucel condition (high thrust)

and the lower line refers to @ verbical gust margn critical condition (low thrust).
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The general implication of the analytic results was that there were
some possibilities that should be evalmated, but they likely would not be
suitable Tor use in a safeby margin system without modification. Thus, it
would be necessary to carry out development of flight reference schemes
as part of the simulator experiments.

Two flight reference schemes were considered to be worth exploring
experimentally although nelither was expecbed to be satisfactory withoutb

modification. These two were:

© Dyosmic safety margin

® Sitatic safebty margin based on airspeed and
piteh abiitude.

Dynemic safeby margin was regarded as the most important scheme to
evaluste on the simulator. It provided the ideal safety margin stabus
information. Hence, regulation of safety margin excursions would be possible
to the limit of manuval or automatic controllability. In addition, we
believed that it was imporbant to establish the magnitude of likely con-
trollability problems as DSM swibched back and forth bebween margin
criteria. Also, we were not sure that DSM would albernabe just between
the two margin criteria believed most critical (20 kt speed margin from
Vminm and 20 kb vertical gust margin); the other three margin criteria
mentioned in Section II.A might have unexpectedly come into play under

non~steady conditions.

Static safety margin based on airspeed and pitch attitude (SSMﬁ’e)
was the other flight reference scheme we considered worth iuvestigating on
the simulator. It offered the hope of improving controllability when
vertical gust margin was critical, although status information would be
degraded.. Most importawt, it was suspected that a u - 8 combination could
be used to alleviate the adverse 7y - 0 cross coupling when speed margin
was critical. Specifically, we envisioned a cross between a constant ©

flight reference and a constant alrspeed £light reference.

Thus, as we ghall discuss next, the experimental investigation began
by exploring DSM, SSMu’ 5 and subsequently variations of each. This ulbti-
mately led to development of a useful hybrid fiight weference schenme
involving DSM plus a linear funchion of pitch attitude.
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SECTION IV
EXPERIMENTAL INVESTIGATION

The objectives of the experimental investigation were threefold. First,
we desired to explore a limited number of inberesting iwplementation con-
cepts based on the results of the prior analysis effort. Second, we needed
to investigate certain specific system features which could be of use in
configuring and tuning a final solubtion such as adding pitch rate or pitch
attitude compensation. ILast, we wanbed to set forth and test the most
promising candidate for a final solubtion. Hence, the experimental effort
was wainily developmental in nature.

In the following pages we shall describe the experimental procedure
and the results obtained from the various investigations. We will conclude
by presenting the resulis of the evaluation of a refined safety margin
system design.

A, EXPERIMENTAL PROCEDURE

The experiments conducted during this program involved manned and un-
mamed use of the STOILAND airborne hardware simmlator located at NASA Ames
Research Center. This is a fixed base simmlabor of the NASA Augmentor Wing
research alrplane and its associabed STOTAND system hardware. The latter
is described in Ref. 9. The major components involved in the experiment

are shown diagrammaticelly in Fig. IV-1.

The similator was used in a head-down ILS approach scenario. Approaches
were made bobth manvally and auvtomatically through various wind profiles
consisting of a combination of random and deterministic components. BRuns
started with the alrcraft trimmed for descent on a 7.5 deg glide slope at
approximately 2000 £t altitude and terminated at 200 £ft. No configuration

changes were involved.

The specific loading configuration and stmospheric conditions used in
this study were:
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Weight k0,000 1b

cg FS 341.2

Flap Deflection 65 deg

Wozzle Deflection TO deg

Atmosphere. sea level, standard day
Maximum engine rpm (for this study) 98.5%
Piteh, roll, and yaw SAS on

The cockplit controls included:

Longitudinal control column
Throttle

lateral wheel

Rudder pedals

The pilot employed a backside control technigque in controlling fiight

path and £flight reference, i.e., €as —-a-——ST aund FR =0, .

T4 was necessary to constrain the operational variables (configuration,
loading, atmosphere, and piloting technique) in ozder to study the safety
margin system features in an efficient and systematic manner. The effect
of changing some operational varlabies was studied briefly and will be
discussed in Section IV.F,

The simulator wind model was the primary tool used for exploring safety
margin system designs. The model itgelf and the procedure for using it was
patierned after Tthe simulator experiments reported in Ref. 10 which addressed
wind shear hazard for powerad-lift aiwcraft.

The wind model consisted of a combination of random and deterministic
components. The random components were computed using the standard: jﬁ;
MIT-F-8785B Dryden model as described in Ref. L. The level bypically used
was based on oy, = 3 ft/sec.

The deterministic wind component provided the main pilot-vehicle
disturbance and was composed of a series of linear, time~dependent changes
in longitudinal and vertical gusts. Normally, during a simulator run, the
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deterministic wind component consisted of a profile such as shown in the
following sketch:

s Steady tailwind

o [ AN

t
large amplitude
u tailwind-to-headwind
& \ ] shear (i.e., large 0)

Small amplitude g
headwind-to-

Steady tailwind shear

headwind, (i.e., small ﬁg)

The main metric of gust severity was considered to be longitudinal gust
rate, that is, ﬁg. A magnitude of 3 ft/sec:2 was regarded as relatively
large based on Ref. 10, and, indeed, based on pilot opinion during this
experiment. In general, The duration of wind shears was sufficiently
Jong to allow for closed loop pilot response bo flight reference error
(15 to 20 sec). Only limited use was made of deterministic vertical gusts
because the aireraft heaverresponse was too rapid to allow siguificant
pilot regulation. The random yrg’gompénéiﬁ: providéd the mein vertical
gust component.

Three forms of data were acquived during the experiments including:

© Analog strip chart recordings

© Digital end-of-run printouts

& Tape recordings of pilot commentary.

The pilot tapes, transcribed after each simulator session, were regarded
as the most valuable resource. The analog strip charts (3 recorders —
4O channels) provided the most detailed sccount of simulator runs and
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were monitored frequently during simulator runs. Table IV-1 lists the
8trip chart recorder assigmments. Digital printout was used o record only
the simalator model variables which were subject to change from rum %o

run depending upon the experiment.

An on-line pilobt control technique identification scheme was imple-
mented in an attempt Lo correlate pilot commentary with measured pilet
technique. It was of parbticular importance to obtain some quanbtitative
measure of flight reference loop btightness in order to verify the prior
analysis. Although a relatively low priority was put on development of
such an identification scheme, s limited degree of success was obtained.

The method used to identify pilot action consisted of (i) assuming a
specific loop structure model as in Fig. IV-2 then (ii) solving for loop
structure model parameters by a least squares fit of the simulator data.
This was accomplished on-line in real time through use of a rumning least
squares Tit, i.e., cowtinuwally updating the accumulated data. The method
is similar to that described in Ref. 1. A summary of the on-line identifi-
cabion scheme is given in Appendix D.

B. INVESTIGATION OF DISPLAY FEATURES

The first step in the simulator investigation was to establish a
display format which would serve throughout the remainder of the experi-
mental program.

1. Flight Reference Indicasbtion

As a sbarting point, the flight reference was assigned to the STOTAND
EADT speed exror indicator. This consisted of a diamond symbol moving on
a vertical scale as shown below:
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TABLE IV-1

STRIP CHART RECORDER ASSIGMMENTS

VARTABIE RANGE
Altitude (eyeldie) 0 to 850 ft
Altitude Rate (eyelde) + 25 ftfsec
Angle of Attack -20 to +30 deg
Colum Displacement =5 to 45 deg
Longitudingl Gust + 50 fi/sec
¢1lide Slope Error +5 deg
Verticel Gust + 50 ft/sec
Engine RPM 75 to 1004
Equivalent Airspeed {cycilc) 0 to 50 kt
Pitch Attitude {cyclic) + 5 deg
Safety Reference Index 5
Safety Reference (eyelic) 25 to T
Flight Reference Index +5
Flight Reference (eyclie) 25 to T%
Dynamic Safety Margin Index 5
Dynamie Safety Margln {eyelic) 25 to 5%
Lateral Gust + 50 ftfsec
Wheel, Deflection + 12,5 deg
Distance from Glide Slope +125 £%
Lift Margin Otolg
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VARZABEE RANGE
Flight Reference Standard Deviation * 50p
Flight Reference lean + 508
Safety Reference Standard Deviation * 50%
Safety Reference Mean + 50%
Iateral Displacement + 500 £t
Fiight Path Angle ~20 to +5 deg
Tateral Path Angle 65 to 115 deg
Localizer Error I 5 deg
Heading 65 to 115 deg
Yaw Rate + 25 degfsec
Rl Attitude + 25 deg
Roll Rate + 25 degfsec
Pitch Loop Gain + 0.5 deg/deg
Integral Flight Reference Gain 4 0.05 deg/¢-sec
Flight Reference Error + 50%
Pitch Attitude +12.5 deg
Control Column + 5 deg
Glide Slope Exror Gain +12.5%/deg
G1ide Blope Error * 2.5 deg
Throttle Defiection . +12.5%
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This had the obvious advantage of mainbaining the same function for this
Part of the display as with the original STOLAND system.

The scale markings on the EADI could not be arbitrarily set because
they were drawn by hardware circuitry rather than by digital computer

program software. Thus, two scalings were considered:

150% — 200% T
100% [— and 100% |— 2 in
0% o =

The more sensitive scale on the left corresponded well to the original
STOLAND speed error scale which was + 10 kt. (Recall that in the airspeed
margin range + 50% of safety margin corresponds to + 10 kt.) In contrast,

the scaie on the right presented a greater range which included zero

—_—

margin — clearly more desirable if large inargin excursions were likely.

Two pilots evaluated the scaling albternatives and considersd both to
be acceptable. The + 100% scale was preferred by the pilot having no
pricr experience using the STOLAWD displays. The obther pilot found bthat
the increased sensitivity of the + 5% scale aided in easier detection of
small margin changes and rates of change. Further, it was discovered that
margin variations in excess of 50% were amlikely. The sensitive scale was
finally selected as the belbter albernative.

2. Sefety Reference Indicetlon

The next display format feabture established was the safety reference
indicabion. The two possibilities considered were (i) to have an SR symbol
moving on the safety margin scale along with the FR bug, or (ii) to have
the SR symbol represented as a kind of floor with respect to the FR bug,

i.e.,
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SR (wrelative to N SR (relative to
scale itself) i FR symbol)
-

(1) (i1)

In the second case, the SR symbol could be viewed as a shrinking or en-
larging -of the bottom of the vertical scale. Hence, even if the FR bug
indicated 100%, if the SR line moved upward from the bottom scale mark it
would indicate a lessening of actual safeby margins. Conversely, if 1%
moved dowrward it would indicate an actual safety margin in excess of
That indicated by the TR.

The simulator evaluation of these two cases led to the adoption of the
second. The SR line near the bottom of the scale was preferred because it
was far enough removed as To not inbterfere with the FR bug yet was close
enough to monitor easily. Also, since the SR line was placed relative to
the FR bug (the indicated SR was the distance between the line and the bug)
the line did not move radically as long as the FR corresponded well to the

actual safeby margin.

3. Flight Reference Status Lights

Another display feature adopted was a pair of lights immediately o
the:left of the FR scale (normally used as marker beacon lights) which
indicated the status of the ¥R, i.e., whether it was operating in the high
thrust region or the low thrust region. It was believed that such lnforma-
tion could be of value if any significant adjustments in control strategy
or techwigue were inmvolved. As the simulator experiments progressed the
flight reference status lights did, in fact, prove to be a useful feature

and were adopted as a part of the final safety margin system configuration.
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k., Other Features

Miscellaneous other feabures ihcorporated into the BEADT display format
were:

® Engine rpm (digital)
® STOLAND flight path angle bar

® Maximum available flight path angle bar.

The overall display format is summarized in Fig. IV-3.

C. PRELIMINARY EVALUATION OF SAFETY MARGIN SYSTEM CONCEPRTS

Several relatively complete safety margin system packages were investi-
gated experimentally. This was done to explore concepts within the full
context of FR switching (high thrust region versus low thrust region) and
auxiliary use of the S8R. The results of these studies formed the main
Toundation for the refined system ultimately tested and described in

Subsection F.

Two basie flight reference schemes were involved, but several variations

of ecach were tried. 'The twe basic flight references were:
© FR[DSM]

° m[ssmu; e]

The first of these was based on dynamic safety margin and was considered
importent to test because of its directness. At the same time, based on
analyses, the FR[DSM] appeared to have potential controllability problems

which deserved experimental verificatlon.

9}, repre-

sented a system which had good controllability potential bubt possible

The second basie flight reference scheme tested, FR[SSMﬁ
i

problems in providing status information — the converse of the #R[DSM] .

The variations which were applied To the two basic flight reference

schemes included:
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® Addition of a safety réfererice for enhanced safety '
mgrgin status information

© Addition of pitch rate equalization for improved
controllability.

These variations involved minor changes in the system logic bubt had the
potential for large differences in pilot perception. Therefore, they were
evaluated within the conbext of the overall safety margin system as opposed
to the design adjustuments described in the subsequent ‘Subsection IV.D.

1. Ivalustlon of FR[DSM]

A safety margin system comprised only of a flight reference based on
dynanic safety margin was evaluated and found to be an effective system
except for some anticipated conbrollability aspects.

The FR{DSM] was studied on the simmlator by adjusting the mean headwind
to obbtain initial operating points for the conditions of speed margin criti-
cal and vertical gust margin critical — normally 20 kt and zero, respec-
tively. Wind shears were inbroduced to sometimes produce excursgions back
and forth between the two critical margin conditions and sometimes remain
within one critical margin condition.

Based on the amalytic-results, we expected to find manual combrollability
problems for both DSM margin conditions. Recall that for speed margin
critical, control of speed margin involved adverse ¥ « & crogs coupling.
Also, cohbrol of vertical gust margin involved the possibility of an
oscillatory tendency if controlling too tightly. Only the former problem
appeared to be of any magnitude.

On the matbter of adverse y -~ 8 cross coupling, the main evaluation
pilot believed that y - ejf:ross coupling should be proverse or, at worsh,
Iimited to zero. That is, no downward pitch correction should be reguired
to hold flight reference when making an upward flight path correction.
(This belief may have bheen compounded by the presence of strong proverse
7 - 0 coupling when vertical gust margin was critical.) We should add,
however, that two other pilots who viewed FR[DSM] briefly did not express
concern -over the adverse 7y - 8 cross coupling. Nevertheless, this feature
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was identified as one for which a remedy should be studied. This is
addressed in Subsection D.

Controlisbility of the angle-of-attack-like dynamics when vertiecal
gust margin was critical was found not to be the problem anticipated. All
three pilots evaluating this system restricted their loop crossover fre-
quency to approximately 0.15 rad/sec. This appeared to provide them with
an acceptable level of flight reference (and safety margin) precision in
even the largest shears encountered, thus an overcontrol tendency was nob
observed. One pilot hypothesirzed that the anglesef-attack-like flight
reference may have been more acceptable because of the strict exclusion
by the DSM of low airspeed, extreme backside operation at higher thrust
settings.

In general, control of the FR[DSM] reguired fairly long term regulation
involving initial correction then eventual cross-checking. Hence, it was
not regarded as a particularly low workload task even though the specific
controllability features discussed above were not as severe as anticipated.
There was, therefore, some interest in pursuing flight reference configura-
tions with improved control response.

There was direct evidence that the pilot was regulating dynamic safety
margin during sustained wind shears. As shown in Fig. IV-Y4, he was able
to arrest the change in DSM produced by a long term ﬁg, and, in fact, had

to stop the DSM excursion in the opposite direction when the shear stopped.

It was difficult Lo obtain statistically significant safety wargin
precision measurements in order to compare FR[DSM] effectiveness with other
flight reference schemes. Therefore, we had to rely on a combination of
analysis and simtlator measurements as the main indicator of potential
safety margin precision. Consequently our summary of results may sound

qualitative.

The reagon for difficulty in measuring statistically significant
precision directly was the relatively small data sample which could be
obtained within the scope of this program and the involvement of primarily
only one pilot. Although discrete, deberministic wind shears were used

as the primary disturbance forcing function, there was considerable
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randomness in the resulbting safety margin excursions. Part of the randomness
was due to the low level superimposed random turbulence, and part was due
to randomness associated with pilot action in controlling flisht path.

Because of the limited sample of data, the procedmre for estimating
potential effectiveness of any flight reference was (i) to use the pilot
loop gain measurements to establish approximate crossover frequency ranges,
then {ii) to infer the effect of such crossover Frequencies from the simple
closed loop models used in the system analyses.

For FRIDSM] the above procedure led to direct use of the closed loop
responses shown in Fig. III-5 of the analysis section since measured
crossover freguencies were approximately 0.15 rad/sec. In fact, in the
case of PR[DSM] a feirly strong closed loop effect was evident in the
simlator data and faiy direct comparison with analytically modeled response

was possible.

One feature of FR[DSM] which could not be handled well analytically was
the action of DSM switching back and forth bebween speed- ﬁlﬁfé_i’;i‘—é&'iﬁic:&kj.
and vertical-gust=margin-critical conditions. All that was known was that
a common set of feedback gain and compensation could be used in the auwbopilot
loop without a significant variation in crossover frequency even though the
conbrolled element dynamics were varying between airspeed and angle of
attack.

The simtlator evaluation showed that the effect of DSM switching did
not, in fact, preseunt any particular problem. The pilot claimed that the
flight reference status lights (Section IV.B.3) may have contributed to his

impression of the smoocthness in switching.

2, Evalustion of FR[SSMu e]
3

A safety margin system composed of a flight reference based on static
safety margin was evaluated to examine its anticipated improx‘red_ con- .
trolilability over FR[DSM] bub degraded safety margin status-imformation.
Because this scheme was equivalent to dynamic safety margin with speed
margin critical, the nominal operating point evaluated corresponded to a

low thrust condition, where the vertical gust margin ,{Eéjjs_‘j&i?aj,g;_%;».
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Controllability of FR[SSMu,e], by itself, was preferred over FR[DSM].
The pilot noted that smaller piteh attitude execursions were made when
tracking FR[SSMu’e] , and that these smaller excursions seemed to have a
favorable effect on flight path tracking. This appeared to reflect the
difference in 7/ 5 response with FR regulated which is discussed in the

analysis of SSMu’ o

The FR[SSMU.,B] did not provide good DSM stabtus information as predicted,
but this shoritcoming was not readily apparent to Tthe pilot without careful
examination of ¥R response to known wind profiles and to throttle inputbs.

A betbter evaluation of this feature was made when a dynamic safely margin

was provided in the form of a safety reference (to be discussed subsequently).
The main lesson learned was that, without a direct reference, the pilot
camot easily judge safeby margin stabus, per se. He is, therefore, likely
to regard mistakenly his flight reference as safety margin status even

though it might be inherently a poor indicator of such status.

3. Evelustion of FR[SSMu eﬂ and SRIDSM]
H

A safety reference was provided as an auxiliary display to the flight
reference based on SSMu 6 in order to-give the pilot better safety margin
E
status information. Thus, the pilot could track the relatively easy
FR[SSMH, 5

incompatible that the effectiveness of both the FR and SR was cancelled.

] while monitoring the true SR[DSM]. This conmbination proved so

The problem in using this combination was that when a disturbance was
encouniered the short term responses of FR and SR were fre\quen’cly opposite.
This led to understandable pilot confusion, and the controllability
advantage of FR[SSMH’B] was effectively lost.

This FR - SR conbinaticn supported the notion that if a safety reference

is to be used, then the flight reference mist correspond reasonably well.

The implication is that the flight reference mist be a reasonable facsimile
of dynamic safety margin if the latter is truly the quantity to bhe main-
tained. This was the basis for the flight reference ultimately tried and

described in Subsection F.
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4o Evaluation of FR[DSM+L(6)]

A flight reference was construcbted using DSM as a basis and adding a
component derived from pitch rate in the hope of improving conbrollability
in the vertical-gust-margin-critical region. The function was defined as
shown in Table IV-2. Thus in the steady state FR = DSM, but in the low
thrust region where vertical gust margin was critical, the linearized FR

numerator was:

R+ 1..[2 g ]
Ng = 75 [S R Y
+ ké 8
Vke
- 3|l & (8 _ g
= vkw[s +(k:; Xu)s'vzu]

In effect the low damping rabio in the conbrol numerator could be arbifi-
c¢islly increased by the parameter ké.

The parameter ké was adjusted so that the damping ratioc of the numerator
zeros became 0.7. The closed loop response, therefore, would always be
well demped unless the pitch attitude itself was overconbtrolled by the

Pilot and driven unstable.

This flight reference was not readily discernible by the pilot from
the basic FR{DSM] , and his normal flight reference loop gain was uuchanged.

In order to produce noticeable degradation in controliability, the NgR
numerator zeros were driven into the right half plane by changing the sigm
on ké. With the mumerator damping ratio set to -.2 the pilot was able to
detect the oscillatory dynamics only if he Intentionally tightened up the

loop by increasing his control gain.

For the system vitimately to be discussed under Subsection T, a nearly
identical placement of zeros was used for l\lgR with vertical gust margin
eritical, but the system was found significantly easier to control, and

a mich higher crossover frequency was used. It appeared, then, that in
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TABLE IV-2

FLIGHT REFERENCE BASED ON DSM AND £(8)

V-V .
min
vhere FR, = IS =
1 M p—
FR, = DSM, + £(8)
o - ke 5 8
mnex 2]
= +
esin ki [ +L s +—1-
ar 20 Rt T T,

Fotes: 1) If 0 is held fixed then FR = DSM

2) 1/T1 and 1/T, set bo nomnzl values of
a1rframe 1 /T(;_,1 and 1/Tg,

3) ky determnes demping ratio of FR,

numerator zeros.
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the case of FR[DSM+£(6)] the low bandwidth dynamics of the speed-margin-
critical I\]FR prevented the pilot from taking advantage of the improved
vertical~ gust-marg:.n— critical NFR

5, Evaluetion of FR[DSM+£(6)] and SR[DSM]

A brief evaluation was made using the previously discussed flight
reference and a safety reference. Although there was nc measurable improve-
ment in conbrollability, we wanted to evaluate - quantitatively the magnitude
of disparity bebween FR and SR to £ind if even a small disparity were
permissible. In the FR-- SR case previously discussed (FR[SSM ] and
SR[DSM]) the difference was so large as to be clearly mpractlca.l.

The finding was that the kéé term amounted to only 10% net difference
between FR and S8R. With th:.s Jdevel the SR a.ppeared to be a useful device
for monitoring true safety ma.rg:.ns while Gtracking a fl:l.gh‘b reference w:.’bh

8lightly different dynamics.

.
' “
' } R

6. Evaluation of a Flight Path Reference, GR (Gamms Reference)

i -~

A flight path reference indicating 'i;he: availabfe flight path angle
capability, Yomz? V08 added to the displays of FR and SR. The value of the
GR display was to tell the pilot how much flight path angle he could pro-
duce with the application of maxiwum thrust at his present fllght reference —

in eﬁeé‘ﬁecthetconsequenceseof belng_too fast. or too slow. :

The gpecific GR tested involved a simple steady—sta,te functional rela-
tionship between airspeed and thrust derived directly from a ¥y - V curve.
A more sophisticated implementation would have included the effects of
non-steady gusts (e.g., a tailwind shear would reduce 7max) , however, our
objective was only to find if an additional displayed parameber could be
used in conjunction with the FR and SR.

Ho problems were perceived by the pilot. The display was easy Lo use
but was regarded as relatively unnecessary without the non-steady effect of
wind. shear noted above.
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T« Conelusions from the Preliminsry System Evalusations

As a result of the foregoing experimental investigabtions several lwm- !
portant things were learned which helped in the Investigation of design
adjustments and in configuring a refined system preparatory.to flight
testing. h

@ Wone of the systems evaluated were satisfactory

without refinements.

@ The basic FR[DSM]| was found to be the most suitable
overall.

® A1l the systems suffered from adverse - 6 cross
coupling, and to rectify it would require a departure
from the maximm allowable low speed flighit envelope.

® A safeby reference was found useful, but only 1f
there was reasonable correspondence to the flight”
reference. ’

® The matter of switching between at least two DSM

functions presented no apparent problem.

D. INVESTIGATION OF FR DESIGN ADJUSTMENTS

The objective of this line of experiments was to study possible methods
for adjusting the flight reference implementation for improved con-. ww/
trollability while maintaining reasocnable status information. The main
topic of study was aimed at alleviating objectionable ¥ - § cross coupling.
A subsidiary topic involved exploration of a lift-margin-like flight
reference.

——— e e e

1. Allevistion of Adverse y = 8 Orcss Coupling™ -
in Blzh Thrust Reglon

One of the main objections in 381l of the basic FR schemes studied was
adverse y - 6 cross coupling (nose down pitch when making an upwerd flight
path correction). Thus, it was considered importent to devise a way of
alleviating the problem.
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Since ¥ - 0 coupling was a built-in feature of the given aerodynamic
configuration it was necessary to depart from the desired sheady shate
¥ = V trajectory, i.e., constant airspeed, and to approach a constant
pitch attitnde trajectory.

Simply configuring the ¥R to follow a constant pitch attitude was
believed unsatisfactory because it would (i) not offer any closed loop
regulation of flight reference and (ii) not provide safebty mergin status
information. Hence, it was necessary only to approach a constant 98 tra-
Jjectory as a 1imit. This was accomplished by making the flight reference
a linear combination of airspeed and attitude, i.e.,

FR = k_Au + kA8
uo a G]
where Aua and A8 were perturbation airspeed and pitch attitude.

The airspeed coefficient Ku was Tixed to maintain the correct sensitivity
to horizontal gusts (5%/kt), and k, was varied from zero to - w. Thus for
kg = O the basic FR[DSM] was vepresented. For kg =~ = the FR corresponded
o constant 6, hence withoub adverse ¥y - & coupling.

For a fixed operating point the pilot was asked to perform the IIS
approach task in a variety of turbulence conditions and wind shears. The
parameter k. was varied from zero to -20%/deg in decrements of 5%/deg.

The results were:

ke COMMENTS

Zero Changes in 8 required to track FR were so large

that it interfered with fl:Lgh‘b path tracklng.

'-5%/ deg No substantial alleviation in adverse -y - © coup]_’r.ng

-'10%/de Margn.nal — could begin to. neglect coordlnatlon
& -between =8 and throttle.

15%/de Easier o track than -10%/ deg and adverse -8
- g coupling reduced to the level of ambient noise.
Too sensitive to piteh changes — might be

-20%/deg susceptable to PIO.
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The tradeoff from the pilot's view was mainly between adverse v - 6
coupling and excessive FR/ 9 sensitivity. Bub one other factor was present
although not directly cobservable — the degree of correlation between flight
reference and safety margin. This last ilssue forced the tradeoff toward
the lowest possible ke. Hence, while the pilot preferx‘ga -15%/deg, &

level of -10%/deg was considered more widely accepteble.

We should comment cn the degree of generality of these mumerical results.
As for sensitivity to 6 excursions and corruption of safety wargin informa-
tion, +the values of ke nentioned above should be fairly general. With regard
to reduction of 7 ~ 6 coupling, the numerical values of ke cannot be
generalized — they are dependent on the specific configuratlon considered.
In order to apply a degres of generalilby, however, the ke‘s could be related
to a respective 8 change duxing a given fiight path angle excursion. Recall
that this was done earlier in the analysis section. The approximaste rela-

tionship between peak 8 / ¥ and ke for the configuration evaluated was:

step

-5 -10 ~15
0 ' : :

Peak

Tstep

2., BEveluatlon of a General w,w Fllight Reference

(With Implicetions for the Use of Iift Marglin)

A Drief experiment was run in which the steady state vy - V slope for
constant flight reference was varied using a combinabtion of u and'w, i.e.,
alrspeed and angle of abback. This experiment also had implications Ffor
the use of Iift margin because of. the similarity in the dynsmics.

S
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From the relationships expressed in Table ITI-2

an
37

Il
[oze}

FR

for a,ag,eneral u,w flight reference. The foilowing range of ku and kW,
0
thus 57 was explored:

; F 311 s
Kk, (%/kt? K (%/%t5), - 3 ( &e) Condition e
5 0 0 Constant speed - T
Inteme_d:iate condition —
5 -5 -2.k. representative of
] s, o 14f% margin’
0 -5 b7 Constant angle of attack

The two extremes in the table above were represen‘ba’slve of the basgic
DSM dynamics for speed margin critical and vertlca.l gu.st margin critical,
respectively. The main objective of th:Ls experiment was, therefore, to
examine the conbtrollability of the intermediate case.

Prior analysis had shown that bthe dynamics of a fllght reference with
]::u = —k should be more angle-of-attack-like than a.lrspeed.-llke (see
Sectlon III.B.3). But in using FR[DSM] the pilot had already demonstrabed
that he conbrolled angle of atback in esgentially the same way as alrspeeds—
rather loosely. Thus we expécted.tha__tf'the - combination wowld not produce

any, unusval results.

A few runs using the inbermediate u-w conbination showed that this was
a usable flight reference, not really distinguishable from FR[DSM].
Measured pilot gains indicated that the closed loop bandwidth was approxi-
mately the same as DSM — about 0.15 rad/sec. The implicatlon was that
there was a conbinuum of flight reference possibilities spamning the range
of positive ku and negative k’w combinations which would include 1ift margin

a8 a special case.
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E. COMPATIBILITY OF MANUAL, AUTOMATIC, AND FLIGHT DIRECTOR
FUNCTIONS — IMPLEMENTATION AND OPERATION

Another objective of the‘ feagibility study was to address the compabti-
bility of the safety margin system with manval, avbomatic, and flight
director operation. This was accomplished by integrating the components of
a safety margin system design into an existing STOLAND aubtopilod angl £light

director. The following topics provide a discussion of our investigation.

1. BSystem Implementetion

The simylator experiment included the implementation of basic safety
margin system components on the STOLAND equipment. Thus it was possible
to evaluate directly the impact on the overall software/hardware. package

as well as ceritain operational features.
System implementation included the following:
® FEADT display functions
® FR and SR functions
@ Autopilot and £fiight director loops.
An example of the Sperry 18194 digital computer coding required for the
above functions is included in Appendix E.

Implementation of the display functions had a minimsl impact on the
existing STOLAND system. Software modifications involved substitution of
new signals to drive various exisbing displays:

@ The vertical gecale symbol, normally used for: airspeed

error, was driven by the FR function

@ Averaged engine rpm was displayed on the central
digital window

@ The runway outline was coliapsed into a single
horizontal line and driven by the SR fumction

|l-\
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@ Two of the marker beacon lights were used to
indicate whether airspeed margin or angle of atbtack

margin was more critical

@ The flight path acceleration bar was driven by
the flight path margin reference, GR.

There was no incompatibility among manual, automatic, and flight direchor

functions so far as the display was concerned.

The general implementation of FR, SR, and GR functions in the Sperry
1819A computer was represented by the specific software implementation of
the DSM shown in Appendix B4 The DSM was , of course, the heart of the ¥R
and SR functions vwltimately recommended. The basic philosophy adopbed was
‘to base automatic operation on the preferred manual system. This insured
system compatibility with regard to FR and SR functions. Operational prob-

lems were encountered, however, -and will be discussed shortly.

The magnitude of the impact of the safeby margin sysbem on STOLAND
software was minimal. As shown in Appendix E, approximately 200 words of
the total 32000 word capacity were required to implement the system. The
impact on cyele time was also miniscule hecause many simple ar;?.thmetic
operations were involved (only one §ine fiinction was used, and even this

e
T

Gould. be eliminated using s small angle aporoximation).

—— =

An angle of attack input is one feature lacking in the present STOLAND
system but requwired to implement a safebty margin system. Angle of attack
messurements are available on the NASA Augmentor Wing airplane; however,
they are not sent to the Sperry 18104 computer. This problem was solved
on the simyulator by using an existing link from the BAT 8400 digital
computer to the 1819!—&.‘

2. Sysbem Operation

Automatic and flight director operation was inves?igated by simply
replacing the previous airspeed errvor signal with a suitably scaled flight
reference error. Rate and displacement gains were .sultably adjusted based

on closed loop analysis. Because the basic Sperry STOLAND autopilot and
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¢
flight director software were essentially unified it was nob necessary to

deal with two components of software separately in order to meke the system

operable.

Autopilot and flight director loops implemented using the basic STOILAND
system did produce problems. At the oubset it was not clear whether these
problems were ( 1) a result of a basic incompatibility of the preferred
manyal flight reference with aubtopilot and flighf director operation, or
(ii) connected with the specific STOIAND awbopilot and Flight director
being modified.

The wmain problem encountered involved a limit cycle during an aubopilot-
controlled approach. The limit cycle produced an engine rpm excursion of
approximately + O0.5% which coupled with the flight reference. This ulti-
mately prevented tightening the flight reference loop to the desired level,

It was subsequently found., that tliel thrust response’involved not only N
lags but also a sizable deadband. Effective thrust response could be
improved through the use of augmentor wing chokes (essentially a direct
1ift control); but that feature was not aveilsble on the parbicular STOTLAND
software being used for this program.

Another problem arose in connection with the STOLAWD flight director.
Specifically, the flight director command bar was slow in responding to
a flight reference error. Thus, the pilot frequently elected to disable‘.:,
the £1ight director during large wind shear disturbances and proceed under
manual control. (Reversion to manual control, however, was accomplished

without difficulty.)

The original flight director was designed to control alrspeed error,
a low freguency regulation task. On the other hand, the flight reference
error being sent to the director in place of airspeed was normally regulated
at a relatively high frequency (see Subsection F}. Thus- to solve the
problem of slow response would have required modification of the basic
flight director software -— a “btask beyond the scope of this program.

To summarize, for both of the operational problems described here

there was no fundamental incompatibility awong manuval, aubomatic, and
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flight director operation using a safety margin system. There were only
those incompatibilities relating to the specific software available.

¥F. EVALUATION OF A REFINED SYSTEM CONFIGURATION

Based on the results of the simulator experiments and analyses performed,
a refined safety margin system was configured and evaluated. The refined
system represented a reasonable compromise among the various facbors

considered important. The major compromises included:

® FEnhanced direct flight reference conbrol response
at the expense of displaying true safeby margin as
the flight reference.

© Dimbnished y - 6 cross coupling at the expense of
-Tbilizing the maximum allowable low speed [Light

envelope.

¢ Avallability of exact safety margin status at the
expense of the increased display complexity of an
awxiliary safety refgkrencef. i

1. System Descripbtion

The system thus established is described in Table IV-3. It was composed
of a £light reference and safety reference combination. Both functions
were based on dynamic safety mexgin. The safety reference was equivalent
to dynawic safety margin exactly; the flight reference cownbained an addi-
tional function of piteh attitude to enhance mamal and automatic
conbrollability.

The system design was based on the following principles. First,
dynamic safety margin should be a predominant component of the flight
reference. To the extent that DSM fails to provi&e adequate controllability,

equalization should be added in a way that retains as much of the safety
margin stabus informabion as possible. Finally, when the flight reference
does depart from DSM, it should be backed up by an explicit safety
reference which can be easily monitored.
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TABLE TV-3

REFINED SAFETY MARGIN SYSTEM

FLIGHT REFERENCE (AUTOMATTC AND MANIRAL):

FR

(]

FR[DSM-!—keG ]

I

mxn (FRy, FRp)

DSM, + g (8)
0.5 s+l
DSH, + g {8}
FF = ———
R2 0.5 8+1
V - Vi
where oSM, = 100% x —-————-ﬁ
20 k%
<& - &
DM, = 100% ¥ —rrmir
sin =
v
gle) = -10 -déé- % (0 + 5.85 deg)
SAFETY REFERENCE:
SR = mip (DSM], DSMe)
DISPIAY FORMAT:
150% —
Safety - FR error symbol ({racked manuaily or
argin auntomatacally to mexntain 100%)
Secale
100%|— ¥
SR minus 50% {monitored)
TIITET
gl
% \Floor (if at 50% on the scale, FR = SR)

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
76



One of the key factors in determining the flight reference form used,
DSM + kg (6 - eo) (which we shall refer to as FR[DSM—I-kee]), was that
essential DSM dynamics could be observed simply by the pilot's holding
his pitch attitode —— itself the primary flight reference control. On
the other hand, if the pilot were closing a loop on flight reference, the
1«:89 term would tend to dominate the response a,ndFﬁrovide something thab

approaches a simple proportional control (i.e., 5 = K). This latter

Teature would also lessen the disparity bebtween the two critical safety
margin conditions.

It was established earlier in the experimental program that in the high
thrust region, FR[DSM+R66] would alleviate y - 8 cross coupling if the k,
could be set sufficiently high without encountering excessive sensitivity.
Thiz, in fact, was the determining factor in the valuve of ke picked for the

refined system, ~10%/deg.

The other parameter, 80, was chosen specifically to guarantee that
TR = 100% would always be greater than or equal to DSM = 100%. Thus' 9
corresponded to the pitch attitude at the intersection of the 100% DSM
trajectory and the minimum required f1light path angie (steepest trim approach
flight path minus 4 deg for the flight path control power). In this case 90
equaled -5.83 deg at DSM = 100% and y = -11.5 deg (trim y is -7.5) as showm
in Fig. IV-5.

Other features of the refined system which resulbed from the chosen

values of ke and eo Ptheloudeds:

® A conbrolled element transfer fumetion that was
nearly the same in both the speed-margin-critical

and vertical-gust-margin-critical regions.

@ A loss of available low speed flight envelope equal
to about 25% DSM or 5 kbt

© Approximately one-half the DSM regulation effectiveness
compared to tracking DSM directly.
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2. System Anelysls

Prior to discussing simulabtor results for the refined system we shall
describe some of its features which are made visible by linear ‘system
analysis.

The controllability of the flight refevence .is indicated by the
mumerator N';R‘Whigh can be approximated for the two critical safiety_'i_u
margin, conditions by the following-expressions:

For speed margin critical:

R 2| T
T n
- ke{s {ke (Xa‘—g)-Xu-ZWillsﬁ-kegZW+XuZW~XWZu

For vertical gust margin critical (assuming that k;r is the dominant
DSM partial derivative):

gk~
W
NFR ) k;‘TV 5 -7 1{9 &yt L%~ Ll
5 =ke 1+-———~k s +——__1‘:*V'Xus+ T
5] W w
T T+
2] 2]

With nomindl stabllity derivative values svbstituted into these expressions,

l\lgR

lie

~10[0.87;0.39]%/deg

-16[0.70;0.27]%/deg, respectively.

-

and

Aside from the numerical similarity it was also significant that both of
the numerators contained a complex pair of ‘Zeros with & high damping -,
ratio. Thus, unlike an angle~of-attack-like system, the flight reference
could be aggressively tracked without an o‘scilla:bory tendency.

5

The refined system had the pobential for partially mainbtaining dynamic
safety margin through regulation of flight reference. The measure of
closed loop effectiveness: {(explained. in Appendix G) is the following:
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Referring to Table III-2, we can see that

Il

R
g

sM
Ny, for TR = DSM + ko

—" ¥R M
also N-‘g = NJ;S + ke A
= Lkl e TN
thus, 1- 82 - £
Ug 76 8

e e— [
~u

For bo"oh cr::blca,l margln condltlons 'bhe DSM + k 8 fhght reference appeared_

to be equally effective — abous 50% of the ef:f‘ect:u.veness of a pure DSM
flight reference as shown in Fig. IV-6.

3. Bimulstor Results

The results from the simulator evaluation of the refined safety margin
system configuration generally corresponded to the featwres described
analytically above.

The controllability was, in fact, Judged by the evaluation pilot to
be much easier than for the basic DSM flight reference. The pilot clearly
percelived the nearly one—to’;ene correspondence between pitch attitude and
flight reference and took advanbage of it by closing a significantly
tighter loop than with FR[DSM]. The crossover frequencies inferred from
measurements of pilot gain were approximately 0.15 rad/sec for FRIDSM]
and approximately 0.75 rad/sec for FR[DSM-*—kee]. In other words, the flight
reference was not regulated in the usual low frequency oubter loop sense.
Instead, the flight reference was treated more like a £light director
command and tracked nearly as tightly as pitch attitude itself. The pri-

mary evaluation pillot characterized the ease of flying the Avgnentor
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Wing aircraft using FR[DSM+1§88] as being comparable to flying a CIOL
airplane in the approach using raw data (glide slope and indicated
alrspeed).

The safety reference was considered to be an important part of the
safety margin system. The ewvaluation pilot commented that he could use
the SR indication to reduce the amount of pitch attitude commanded by
crogs=-checking SR against FR. If the safety reference ind::_cated. that
safety margins were within bounds, then the pilot might choose to ignore
a given flight reference error and simply hold his attifude. The level of
disparity between FR and SR, therefore, was not excessive.

The precision of regulating DSM via the FR[DSMH:SG] was not adequately
determined in the presence of wind shear. With the FR loop closed, some
reduction in DSM excursiocns was discernible; bub tﬁe high frequency cowpo-
nents of disturbances (which could not be well regulated) interfered with
obtaining statistically significant measurements. Such measurements would
reguire larger samples of wind shear encounters and pilot subjects than
were possible in this. program.

Therefore, it was necessary to infer pobential effects on DSM precision
by combining some results of the analysis with measured pilot loop gains.
Figure IV-7 shows the comparabive effechbiveness of FR[DSM+kee] in minimizing
DSM excursion in horizontal wind shears. Conbine Fig. IV-T with the fact
that crossover frequencies inferred from measured pilot loop gains were
approximately 0.15 rad/sec using FR[DSM] and 0.75 rad/sec using FR[DSM+I:68];
therefore, a reasonable benefit of FR[DSMH:QG] could be directly measured
in terms of precision, given an adequate sample.

4, Departure From a Fixed Configuration System

Brief consideration was given Lo how easily the results of the fixed
configuration experiment conducted here could be extended to a wider range
of operating conditions. Ttilization of the nozzle control was especially

of inbterest.
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The impact of varying configuration was inferred by considering the
various parameters involved:

@ vminm
® “max (NH)
® ke
e 0o
o

For variations in nozzle deflection sbout the 70 deg trimmed angle used
here, none of the above paramebers appeared sensitbtive. vminm and S — (NH)
were assumed invariant because of the wrelatively indirect effect of nozzle
on aerodynamic stall. ke was sct on the basis of controllability and
therefore not related to nozzle. Finally, 80 was determined from trimming
at ¥y = -11.5 deg and DSM = 100% for + 20 deg nozzle deflection and found to
vaxry only + 0.3 deg. On the other hand, variation of flap deflection

could be expected to have a direct impact on Vminm and. S and thus require

scheduling of paramebers. Gross welght, likely, would affect only Vminm'
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SECTION V
CONCLUEIONS AND RECOMMENDATIONS

A. PSUMMARY OF SYSTEM OBJECTIVES AND DESIGI CONSTRAINTS

The purpose of a powered-lift alrplane safety mesrgin system is to

enable maximim use of the allowable low speed flight envelope with reason-

able ease of control. Factors which contribute to the effectiveness include

precision in maintaining safety mergins under adverse conditions and the

gquality of safety margin stebus information. Consideration must alsc he

given to compatibility between manual and aubomstic operation and the cost

and ease of implementation.

In this study we found that it was necessary to strike a compromise

among all of the design objectives and considerations mentioned above, bub

that acceptable compromises were, in fact, possible.

The degree of acceptabllity depended upon observing a number of

important constraints:

TR 1095-1

The normal guldes of conbtrollabllity apply to the

flight reference ~— pitch attitude relatlionship which
includes (i) direct response resembling a pure gain

or rate command, (ii) minimum of adverse cross coupling
with other comtrols, and (iii) absence of a PIO tendency

if aggressively tracked.

Effective elimination of adverse cross coupling between
piteh attitude and flight path angle (a nose-dowm
correction required for upward flight path change)
proved to be the most troublesome constraint and
required a reduction in the allowable low speed

f1light envelope.

The flight reference itself cammot differ substantially
from the dynamic safety margin in its sensitivity to

85



gusts without confusing the pilot. Also, the use of a
safety reference is not accephtable unless there is a
reasonable correspondence between the flight reference

and the safety reference.

® The value of a safety margin system is questionable
unless approprlate variables are sensed. If an airspeed
margin eriterion is involved, then relative alrspeed
mist be supplied as an lupul; correspondingly, 1f an
angle of attack or vertical gust margin is involved,
then an angle of attack sensor must be employed.
Inertisl velocity inpubs alone are inadequate in both

caseas.,

B. DEFINITION OF RECOMMENDED SAFETY MARGIN SYSTEM

The safety margin system ultimately develcped in this study and found
to be effective in meebing sll objectives consisted of a combination display
of flight reference (for tracking) and safety reference (for monitoring).

The flight reference was composed of a linear combination of dynamic
safety margin and pitch attitude with mild low pass Filkering.

DSM + kg (8 - eo)

F‘R —
(Tf s+ 1)
where k, = -10%/deg
6, = -5.83 deg
and Tf = 0.5 sec

The parameter ke was used to enhance controllability at the expense of
losing allowable low speed flight envelope. The absolube usable range of
ke was found to be -~15%/deg to zero. The parameter 8, was set for a given
ke and minimim required flight path angle. S8pecificalliy, eo was equal to
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the trim pitch attitude at the minimm flight path angle. (In this case
6, = ~-5.83 deg for ¥ = ~11.5 deg.)

The safety reference was set exactly equal to dynamic safety margin:
SR = ISM

A sliding floor display was used in order bto displace the SR symbol from
the FR symbol. (The valume of SR corresponded directly to the distance
between the FR and SR symbols.)

Pwo colored lights adjacent to the FR-SR display were used to indicate
the instantaneous critical safety margin — airspeed or angle of attack.
This was awiliary information, but judged useful by the pilot for modifying
throttle-to-pitch~attitude crossfeed strategy.

The aubopilot ilocop structure was made 'to correspond to the manuval

control strategy (FR —=0  and ¢ ——35).

Gs b
C. SYSTEM BENEFITS

A nuwber of significant benefits were confirmed both for the general
concept of a safety margin system and for the specific design wltimately
developed.

© The safety margin system flight reference represents -
& rational approach to combining multiple margin
criteria in a single, normalized indication — this

is useful in both manval and aubomatic operation.

® The safety reference, implemented as a sliding "floowx,"

provides a useful means of monitoring actual safeby ’ - B
margin status while tracking a flight reference —
also useful in both manual and automatic operation.

@ The flight reference ulbimately developed (FR = DSM
+ I, G eo)) offers the advantage that the pilob

is always assured of taking correct action when
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traclking FR with ec’ thus he is less inclined to do
the wrong thing., Response is rapid, well behaved,
and similar in both high thrust and low thrust

conditions.

© A miniwmal number of parameters are involved in the
above Tlight reference, only k, and 6 aside from the
definition of DSM itself. Each can be rationally
chosen to trade off maxdmizing the usable low speed

flight envelope against ease of control.

¢ The scheme employed in the NASA Augmentor Wing
airplane at a fixed configuration and loading appears
to be directly usable for other nozzle deflections,
and usable with minor adjustments at other gross
weights and flap deflections. Further, the sane
scheme should be applicable to other powered-lift
aircraft for which a backside piloting technique

is used.

& TIf the safebty margin excursions can be shown to be
improved significantly through use of a safety margin
system, it may permit the use of reduced safety margin
criteria. This pobential henefit was not adequabely
demonstrated in this study, however.

D. IMPLEMENTATION CONSIDERATIONS

The essential parts of the system described under Heading B were
implemented in the existing Augmentor Wing STOLAND system with minor impact.

© Digital compuber core storage and cycle time require-
menss were insignificant — less than 0.6% capacity
was wtilized and simple arithmetic functions employed

(%, +).

@ TFor the EADI display it was necessary to borrow an
existing line for the SR symbol (ir this case the

runway perspective was used).
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Angle of sgttack with respect to air mass is currently
not an input to STOLAND and would be requlred in an
actual implermentation.

An effective system could be configured with a simpler
form than that used here with small compromises in
the usable flight envelope.

Ew RECOMMENDATIONS FOR FURTHER STUDY

Conbinued study of the safety margin system concept leading to a flight

test evalvation is recomuended. Basged on the results of this feasibility

study, a safety margin system offers importent benefits in the operation of

powered-1ift vehicles with miniwmal added complexity in hardware and sofbware

implementation.

The specific tasks which should be carried oubt in any fubure work are:

1.

TR 10951

Conduct simlator tests to obtain statistically signifi-
cant measures of safety margin precision for FR[DSM] and
FR[DSM-I—kee] comparad to constant pitch attitude as a
baseline. Utilize several pilot subjects tc cover likely
ranges of piloting technigue, precision, and workload
capacity.

Conduct an additional similator study to explore the
benefits of further optimization and refinement of
FR[DSM—:—kee] with respect to flight envelope loss
versus ease of contrel, safety margin status, and
precision of maintaining safety margins. Again,

consider several pilot subjects.

Implement the further refined safeby margin system
obtained from (2) in suitable aubopilot and flight
director sysbems and investigate their properties,
performance, and potential benefits. In particular,
determine whether a longitudinal flight director

based on FR[DSM+1:ee] offers any advantage over

direct regulation of an explicit display of FR[DSM+kee].
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4. Expand the further refined safety margin system concept
from (2) and (3) to cover a useful range of airplane
configurations, loadings, and abtmospheric conditions.

Verify operation by simulation.

5. Design a series of experiments to demonstrabe The
capabilities of the final safety margin system
configuration in £1ight using the NASA Augmentor
Wing airplane. Explore possible benefits during
visuwal approaches as well as instrument approaches.
Fulily exploit naturally-occurring adverse atmospheric
disturbances, and, if possible, inbtroduce artificial
disturbances ,using the STOLAND computer in conjunc-

tion with x- and z-force generators.

6. TUtilizing the developments of this program, consider
safety wargin system applications to conventional
and VIOL aircraft as well as to STOL aircraft operating
in other flight regimes employing other powered-lift
coneepts, or i-nvolving o:th’er piloting technidues.

It is believed that use of an effective safety margin system can con-
tribute significantly to the overall safety and ease of operation of complex
aircraft. The work reported here illustrates this and, further, serves as
a point of departure for either the implementation of a flight test system

package or the generalization to other powered-lift alrcraft situations.
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APPENDIX A

AERODYNAMIC CHARACTERISTICS OF THE
NABA AUGMENTOR WING AIRPLANE

The characteristics of the airplane inveolved in this study are sum-
marized here. The numerical values were derived directly from the STOLAND

Augmentor Wing simulator model used in the experimental phase.

A fixed configuration and loading were assumed, specafically:

Weaght 40,000 1b
g - FS 341.2
Flap Deflection 65 deg

Nozzle Deflection T0 deg
Atmosphere sea level, standard day
Maximum engine rpm  98.5%
Piteh, roll, and yaw SAS on

The essential longitudinal aerodynamrc stability deravabives relevant
to the study are listed in Table A-1. In cases where approximate factors
were used to compute aircraft and flight reference dynamics, the Ffollowing

set of representative stability derivatives were assumed:

¥u = —.07 (1/sec)
Xy, = 0:10 {1/sec)
Zy = —.30 (1/sec)
zi = \——.50 (1/sec)
Xy = O

Zy = —2 (ft/sec®/$)
V = 120 ft/sec

PLECEDING PAGE BLANEK NOT FILMED
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TABLE A-1

BASIC FLIGHT CONDITION PARAMETERS — NASA AUGMENTOR WING ATRPLANE
(40,000 1b, Sea Level Stendard Day, Flaps 65 deg, Nozzles T0 deg)

DSM (%) 100(4)T,
FR* (%) 58.1

7 (deg) 0

Vv (kt) 64
Ny (%) 101.0
8 (deg) -1 .64
a (deg) ~1 .6l
apax (deg) (26.84)
Xy (1/sec) ~.056
Xy (1/sec) .083
Z, (1/sec) —~.250
ZL, (1/sec) —.5Tk
Xg ¥* (£t/sec2-deg) | .0683
Zs (ft/sect-deg) —.308

.

™

58.9 56 .1
2.5 5.0
06.85 oL .29
-1 .72 =1 4k
.78 3.56
(25.54)  (2k.52)
—.059 —.06M4
103 .096
~.283 -~.317
—.561 —.503
0959 0727
—.602 ~.939

*FR = DSM — 10 (& + 5.8% deg)

FH(oWy/38) . =

T22%/deg

100(B)t!

58 .0

—T.5

68.3
91 .69

-1 .63

5.87

22.88

—.068
115
~.315
~.526

—.010%
-1 .381

85.5
—10
79
88 .43
-4 .30
5.70
20.48
—.087
q12
—.204
—-.560
—.0114
—1.059

100(B)
—11.5
84 .5
86.57
—5.83
5:67
19.3
—.091
112
=317
—-.570
.0086
—1.055

tv {A) implies critical. sirspeed margin, (B) critical vertical gust margin

125
100{ AYFT
2.5 N
69.0
96 .06
-3.39
__89 -
(2k .k0)
-, 064
.091
—.24h
—-.572
L1268
—. 739

95 .79
-3.13
1.87
(23.56)
—.069
.096
—.255
—.231
L1067
~1.109

118.6
100(B)
—T1.5
4.2
91 .38
4.0
3.50
22.05
—.07k

.120
—.302
—.555

.OkLé
—-1 367



APFENDIX B
SUMMARY COF MULTILOOF' SYSTEM RELATTIONSHIPS

The following is a summary of multiloop sgrstem relationships that
were useful in the closed loop pilot-vehicle analysis performed in this
study. For a more complete treatment the-reader should @Mnisf_u_fi_:'l;]Chapter 35
of Ref. Bi. ‘ -

Consider the following e:ialmple of -'e_;. set of linearized equations of

motion involving four states and three controls (or disturbances):
- - - -
a_l.l(s) a_le(s) a,15(s) a.m(s) x1(s)
a21(s) a.22(s) 3.23(3) a2)+(s) X2(S)
Az (s) a52(s) a.53(s) a5h_(s) x5(s)
By (2) all_g(s) alﬁ(s) a,lm(s) le(s)

TR 1095-1

Note that each element in the above

95

L JL J
b.”(s) 'b,ie(s) b15(s) 8.1(5)
b21(s) bge(s) b25(s) 62(3)
b=, (s) b32(s) b53(s) SB(S)J
by (s) Byo(s) Dyz(s)

matrices can be a polynomial of s.



The characteristic determinant is given by:

Als) = det

*1

Nm(s) = det

XX

NS}G%(S) = det
P

mﬁ%}gﬁa‘z(s) - aet

TR 1095-1
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The largest type coupling numerator is limited by the number of inde-
pendent variables such as controls and gust disturbances — e.g., Type 1
is the maximum for one control and one disturbance or two controls, Type 2

is the maximum for two controls and one disturbance or three controls,
ete.

Also, by way of example, useful numerator identities include:

X X X X X, X
12 21 12
W3i80 = WNoopy = ~Nyouq
X, X X, X
1.1 12
o158 = Moy = O
- L
1 1
Ng1 Nae
det
X X
NS? N52
XX 3 X X X
12 — ~ 1 1 2 1 2
N3¢18o = -_— =—(1\T5 s, - Np Nﬁ)
1°2 A 1 2 2 9
Fa)
(x5 % %]
NB-I N52 N53 X X2X5
Vg1 N5053
o o Fp
o odet [Ny Ng Ng X XXz
1 2 o)
+ Np Np=8
x x x
3 5
I\Ts_? N52 N55 X, X
X K Ky . J + N65 Vo180
818585 = 2 =
A Fa

A more general descripbion of the expansion of higher type coupling
numerators 1s given in Ref. B2.
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In order to aporeciate the application of some of the foregoing

numerators and coupling numerators, consider the following block diagram:

61 P B x1
+ 62
B + 55 *3
Y
e 3 P P

The following are examples of transfer functions involving mulbiloop
feedbacks for ©This block diagram.

The exact x, /8.1 transfer function is:

X X X x x X
1 %1 R 255
% Nz + Yolaosy + Tallozsy + Yo¥5leon30
S - X x XX
1% 5 2 3 273
x5 =y A+ T ls,  tXgllpE  + TTaNaos3

The x, /6.l transfer function with x

respectively, is:

and :{5 constrained by 62 and &

2 b

X X X

2751

1 . ! V308381
B = Lim B e | T X X
1 X,,X T, 0 1 x5 —+by N25
275 Y5 — 00 2 5203
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APPENDIX C

DETAILED ANAIYSIS OF FLIGHT REFERENCES BASED ON
ETATIC SAFETY MARGIN

In the following pages of this appendix various sbtatic safety margin
conbinations are analyzed in detail. The analysis results are the basis
of the summary table in Section III.B.Z2.

Each static safety margin is a combination of the following measurable
state variables or control variables. Note that some variables can be
represented in several forms:

u, Airspeed

W, Body fixed vertlcal velocity or angle
of attack relative to the air mass

d Inertial vertical velocity relative to
flight path, flight path angle, or
altitude rate

8 Pitch attitude

o) Thrust, throttle deflection, or engine rpm.

The analysis is based on the general methods outlined in Section ITI.
The simplified longitudinal equations of motion shown in Table III-2 are
used exclusively.

1. 88M (airspeed and angle of attack)
U, W

Under all conditions the SSMu w is neariy equivalent to the DSM

2
as demonstrated by the linearized f£light reference gains ku and. kw in

Table ITT-k.
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2. 88M (airspeed and piteh attitude)
u,08

The SSMu g vas considered to be the mogt promising £1ight reference
’ -
substitute for dynamic safebty margin, although the simulator evaluation

ultimately revealed serious shortcomings.

For speed margin critical, SSMu was exactly equivalent to DSM. But
2

B
for vertical gust margin critical, SSMu 5 differed significantly from DSM

o
and showed the promise of enhanced controllability over DSM. The following
discussion is therefore limited to the condition of vertical gust margin

critical.,

Recall from Section ITI.B.1 that for the vertical gust margin critical,
tracking DSM would produce a flight path overshoot condition. It was

found that tracking the SSMu

o would greatly improve the overshoot tendency
¢4

as shown in Fig. C-1.

The reason for the improvement in closed loop flight path overshoot was
traced to the closed loop denominator as characterized by

R
Al =A+YFRN:S

The numerator, NEGR, was the key factor. For FR = DSM we showed that the

numerator contained low damping ratio second order zeros typical of angle
of attack. i.e., for FR = DSM:

E - 2_ __g. H
NER - VKW[AS Xy 8 Vzu]

PN
NI’B 2 w B "2 - -
g v kW ch, [S Z‘W‘ s XWZu]
X Z
2 +« B - L
= V kW T (s ZW) 8 7
o W
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Note: © Vertical gust margin critical

©® FR regulated with
0.15 rad/sec crossover frequency

© Step Al\TH applied

Time (sec)

F;'Lgu:g'e__(:f—T~ . Reduction in Flight Path Overshoot Using u-0 Statlc Safety Margin



Thus* there is no oscillatory tendency in the FR —0, loop with FR = SSMu
This fact was of pobential interest in the event that flight path overshoot

,0

using DSM was found to be a problem in the experimental investigation.

As Tor safety margin performance, the vertical-gust-margin-critical

SSMu g Was found to be effective although less so than using DSM. TFor an
¢4

input of a unit horizontal wind shear, ﬁg, the following peak excursions

were computed assuming FR -a--ecl at 0.15 rad/ sec and €as ~33 gt
0.5 rad/sec: o
FLIGHT REFERENCE | PEAK DSM EXCUBSION
DSM ~6%/kt/sec
SSMu,e -20%/kt/sec
‘Constant 8 -30%,/ 1t/ sec

The main shortcoming of using SSMu was its incorrect sensitivity to

6
7
gusts when the vertical gust margin was critical. This was apparent from

the flight reference gains themselves (Table ILi-l4b).

FLIGHT REFERENC

EPrE-

B l w, SENSITIVITY l v SENSITIVITY

)

DSM +0. 7%/t -l 0% /Kt
SSM_U_, 5 ~3. 3%/t 0

For a horizontal gust a reverse margin indication would be produced initially
and for a vertical gust there would be no initial indication. This is shown
more completely by Fig. C-2. This was wltimately found tc be the most un-
Tavorable characteristic of this static safety margin formulaticn in the

simalation experiments.

3. S8M_ : (airspeed and flight path angle)
u,d

This static safety margin formlation was found to be unaccephable
purely on the basis that regulabion using pitech attitude would destabilize
the pilot-vehicle system. This was indicated by the presence of a positive

real zero in the f1ight reference numerator, NgR.
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Step Uy {1 kt teilwind increase)
AFR (%) / SSMu,e
2 —
0 i : ; l t
A\ 2 L 6 8 10
\ Time (gec)
\ e
— -
-2 N
~ — -
—— —_— g —
\ DSM (%rue safety margin)
2 -
AFR (%) SSM
s
0 /‘:_’7 /l/ = ’-{.-—— 1 ]
~
7
//
-2 4 / \ .
/ DSM (true safeby margin)
/
At/ Step Wy (1 kt updraft increase)
/
/

- Thpore U-2. Behavior of SSMu g to Gusts with Pilot Holding PFitcit dttitude
Where the Vertlcal Gust Marglns is Critieal

s
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Unfortunately, the positive real zero was shown to be a feature always

present in SSMu :. Using the method demonstrated earlier, we estimated the

d'
al
ku and k& for SSMu’ & and found:
k,é; Xu v
ku = -
(Xofg)
kg
. W
and k{i =

Tnserting these into the general form of NgB 5

¥/, 3

RPN Y P X"'_g)
8 7 wX-g 7
@ a
Hence, the zerco would always be positive real for realistic values of Zu,

X, and Z .
o [+

L, 8sM (airspeed and thrust)
1,5

The static safety margin based on airspeed and thrust had two main
problems when vertical gust margin was critical. First, there was no.
direct indication of the vertical gust component since angle of attack was
not sensed directly; and second, there was a strong influence of thrust
(large ka) which resulted in significant cross-coupling with flight path
conbrol.

The linearized flight reference gains were computed as functions of
linearized dynamic safeby margin coefficients:

ZU.
k.u = k¥ - 7 k#*
w
ZS
and ka = ]ig - “Z;.kw
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L
As in cases considered previcusly the k;_ terms dominated when the speed

marglin was critical, and the k;; dominated whern vertical gust margin was
critical. The kg term had only a second-order effect. Nevertheless, the
throttle sensitivity for this static safety margin, k
large (approximately +15%/% ANH) .

57 WaS relatively

The substantial ka produced a washout of £light path response similar
to that of the dynamic safety margin. In effect, when thrust was applied,
& considerable increase in flight reference occurred. This, in tuvn, led

to a pitech down and a subsequent reversal of flight path. The effect is
demongtrated in Fig. C-3.

A second view of the throttle-~to-flight-reference cross coupling
characteristics was obbtained by comparing FR/® with DSM/5, i.e., the actual
FR response tc throbtble compaxred to the actual safety margin response to
throttle. In general,

/4 Al 6 :
R KX+ (k —-k-)(s—X ) * [(s-x )(s-z ) X7 }
FR S L, aw wod u 6 wi\. W W

NDSM ) kL 3 !
KK+ K* (s - X )+——[(s~x )(s-z ) ~xz |
oW W b4 u w WuJ

If, for the vertical gust margin critical case, we neglect k‘ and kg,

we can then show that

Therefore, The fiight reference would be overly sensitive to throttle inputs
in the short term, i.e., £t < 1o sec.

ZW

This static safeby margin combination appeared to offer no clear advan-
tage over dynemic safety margin. It lacked direct Wg response and involved
potentially troublesome cross coupling. It did, however, involve one less

SCSNS0Y .
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@ FR regulated with
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& Step AI\IH applied
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Time (see)

Figure G-3. Ineffectiveness of SSMu 5 in Eliminating Flight Path Overshoot
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5. 88M (engle of atback and pitch attitude)
w,0

In this and the following static safety margins involving angle of -
atbtack (w), the main area of interest was in the region where air;peed.
margin was critical. Otherwise, any S8M involving w was essentially
equivalent to dynamic safety margin.

For the SSM
w,0

in the speed margin critical range, the flight reference
5 ' ‘
gains (as calculated in Section TTI.B.2) are:

= __._i +
k= Xk
u

+ g
and k-.kal
T

When these gains were substitubed into the expression for NgR it was

apparent that the flight reference responded nearly in proporition to pitch
attitude in the frequency range below 0.5 ra.cl/ gec:

ZWg
B e

SR ) | PR
Tg.l Tee

35(0.07)(0.8)
(0.15)(0.4) (%/dee)

I+

Thus, direct controllability was judged not to be a problem.

The adverse v = 8 cross coupling still remained a factor in this flight
reference implementation just as it had with dynamic safeby margin and
static safeby margins containing airspeed. That is, it was still necessary
%o depress pitch attitude when making an upwa:rd flight path correction.
This feabure was present in all static safety moargin implementations where

holding constant speed (or speed margin) was the objective.
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The most serious problem with SSM_ (and all the remaining SSMs, in
2
fact) was that there was an incorrect indication of horizontal gusts.

Recall from Table IIT-2 that for the DSM:

R (Sﬁw) . 5 (05

;.1; s R Y - (0015)(0/2{)
( +T91)( /TGE)

¢

In this case, i.e., SSMW,G’

XW
- 4 k* 1
FR L, uu . +2.h
(0.15)(0.4)

(Iqu
———
[0}

+
ENS
Ry
T

n

+

1

@ =
Mo
e

\

For cases in which airspeed was not directly involved in the f£iight
reference, 1t was necessary to examine closely the pobential Ffor regulating
airspeed, thus DSM, via the flight reference. The general procedure was
to use the closed loop response of DSM to ug. This indicated the effective-
ness in reducing DSM excursions by regulation of an indirect flight reference.
Starting with the general expression Tfor dynamic safety margin response to
horizontal gusts with flight reference regulated:

NﬂZM .Y NFR DsM

DEM _ FR 0 Ug
u - R
g R A+YFRNg
sM R M
—& 1+YFRN§ .2 0
M TR
A A W
t R
T
Nt + FR _©
| A

™ 1095-1 110



oM ¥

R
Ug FR NF
The Germ is the open loop gust response and

_FR 0
A Ny

pllotwvehicle response to flight reference. Nobe that if the remaining

is the open loop

expression
R M
1.-.—5_%
SM FR
B
. . - . os - DSM .
is unity there is no modification of the open loop -u— response — pitch
(23
attitude wmight just as well be held constant. If the expression is zero,
then the ]—J{fld response is rveduced as 1f DSM were regulated directly.
=4 .
Consider the results for FR = SSMW 0" For the case where speed margin

2
. .= - * . LA N = -
is critical, ko = kX = O for DSM; and k = - X /X ko Kk g/Xu k. for
S8M .

+ Hence, from Table ITI-27
W, 6 :
X
NFR = -k Z s = —wk*7 s
Uy W Tu Xu u Tu !
NgSM = = k* 8 (s - Z )
g
R 2 g ]
Ng —-kWV[S —XuS_VZu

l\]DSM
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and,

R s sa-(x +Z)S+XZ - X7
8 1 w W W

1 =m0

0
g
NﬁzM l\l]gR 52 -(Xu + ZW) s + XuZW

Figure C-b shows a plot of the asymptotes of the absolute value of this
function for typical values of the stability derivatives involved. As
indiicated, the:function is not .as small as desired; rather it is approximately

unity. Hence, the SSMW was expected to be relatively ineffective in
2

e
maintaining dynamic sdfety margin., The resulis are further confirmed by
the closed loop DSM/ﬁg frequency response plot in Fig. C-5. This shows that
FR = S8M
W, 0

tight the FR —a——ec loop.

is even less effective than holding atbtitude regaxrdless of how

6. SSM_ : (angle of atback and flight path angle)
Ww,d

A flight reference hased on SSMW g vas shown to be equivalent to the
2

SSMW o in all major respects. Conbrollability, safety margin statuvs infor-
2
mation, and dynamic safety margin maintainabiiity were all found identical

to SSMW by virtue of gemneric transfer function relationships.
7

8

Just as for SEM__ ., the region of interest for SSM_ : was when speed
wWEo Ww,d

margin was critical. For this condition:

(Xm"g)'
LT W - R
kw - VX ku.
w
. =~ _E
and kd = qu k{;.

Substituting these values inbo the equations of Table ITI-2 glves:

( Xmﬂg)(sn}{u) (s + %—%),

g

5] X
n
X7Z s
and l\]ﬁR 2 _wau
g Xy
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2
Nlj‘R N_'DSM
_,u af L
LB 8 FR = S8M
b oo (TR " v,0
Yg T8
(asymptote)
1 \ - / - —
OI’T Ny
Open loop {6 held constant)
0.5 -
005 =
0.2 =
NFR I\]DSM
Yg @ X
NOTE: 1 - W mist be small compared to unity
0.1 1
for effective regulation of DSM
via FR -0
0.05 1
.01 0.1

o (rad/sec)

+_ Figre C-4. TIneffectiveness of 88M_ . in regulating DSM
2
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o (rad/sec)

L1 SR 1.0

w, =0.15
100 _ /FR = S8M, |

e
/ U.)c = 0.5
(%/£%/sec) N Open 1loop

o

AN

FR = DEM, ®, = 0.15 rad/sec

+ Fighre ¢-5. Freguency Response of -ILS—M with FR = SSMW 6 Compared to FR = DSM
e . - 2
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Since these relatiouships were ideptical to those of SSMW Y the same
* b .
conclusions were drawn. Nobably: !

© Controllability was considered good because of the
pure gaiun response of FR/6

® Margin status information was di;st?rted without a
direct airspeed input as indicated by 'FR/ug

©® Dynamic safety margin was not regulated via an
¥R —»0 loop as shown by the closed loop _QE_;\_I
response. <

7. SSM“T (angle of attack and thrust)

0
The static safety margin based on angle of attack and thrust was found
to provide a reasonsbly direct indicabion of dynamic safeby margin even
when airspeed margin was critical. Further, it had the potential for
effectively regulating dynamic safety margin. There was, however, a
controllability problem when transitioning from the vertical-margin-
eritical region to the speed~margin-critical region. Also, adverse throttle-
to-flight-reference cross coupling was evident.

The static safety margin partial derivatives derived for SSMW 5 Were:
H

kW ka
High Thrust ) Exgék* _ Zy xti
(speed margin critical) Z, u Zo w
Tow Thrust ZWr ZB
{vertical gust kP - o k¥ ks - 5 kr
margin critical) u U

Based on these derivatives ,-ibﬁgﬁfﬁ‘lgi?kéir:lﬁﬂiépé,ﬁbf_ﬁis @Iﬁ?@é:%’éi “both’ hﬁiélg;
and low thrust conditions:

Z . 2 ST t
5 M P _E,' * - - 5 B E
High thrust: I\TgR t -z 7k [5 X, 5~ % zu],

e

. e[ N
Low thrust: NgR kwv l:§ ; Xus VZu.]
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Sinee ka = - k;; for the two conditions there would be a net gain change of
approximately .ZW/.'Z.u = 1.7. The potential danger in this gain change coupled
with the low damping ratio of the complex pair of zeros would be the
tendency to over-control or to produce a pilob-induced oscillation follow-

ing a switch from the low thrust condition to the high thrust condition.

The other undesirable feature of SSMW 5 Was a large magnitude adverse
2
cross coupling between throttle and flight reference. This was directly

evident from the speed margin critical partial derivative,.

+

k;. = "20%/% ANH

According to this, a 1% increase in engine rpm would indicate an instantane-

ous safety margin loss of 20% — a contradiction since thrust normally
increases margins.

A Tlight reference based on w and 8 was used during the powered-lifs
simulator experiment reported in Ref. C1. The flight reference partial

derivatives in terms used here were:

k= Lo/
k= +0.9/%

These were approximately equivalent to the SSMW for vertical gust mergin

50
critical.

The w,8 flight reference from Ref. C1 was considered usable with the
esgential feabures of angle of abback clearly visible. The piloting tech-
nigque involved making an initial pitch change, waiting, Then making
additional attitude corrections as speed and angle of attack slowly changed.
The direct effect of thrust on FR was noted but was not objectionable since

it was in the correct sense (k6 >0).

L]
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8. 88M, (pl‘tch attitude and flight path angle)

8,d =

This static safety margin combination was shown similar o dynamic safety

margin in terms of controllability but failed to provide adequate safety

margin status and margin regulation.

The SSM'a & partial derivatives were derived for both critical saifety
2

margines:
ke k&
He —
High Thrust . (X&L—g) ¥ X_W -
Condition - X u X
u 1

Low Thrust v k; wkE
Condition W

The lack of stabus information in both high thrust and low thrust
conditions was apparent by the absence of a ku and a kW. The inability of
regulating DSM via an FR ——)-ec loop was shown by the high-thrust-condition,

near-mity value of

l\lFR NDSM se-(x +z)s+xuzw-xwzu

1 _ ! W
ND NFR SEHK-I'Z)S—!*XZ
o W U W
Note that this expression was identical to those of SSMW 5 and S5M c'i’ and
2

therefore wnsatisfactory for the same reasons.

9. B3M (pitch attitude and thrust)
8,5

This static safety margin implementation represented the extreme in
terms of control ease and lack of safety margin information or direct
margin regulation. The reason for this was that SSM was a Tunction of

8,8
only control variables — state variables were totally absent.
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1

The zase of control can be shown in a general manner by considering the

FR/6 transfer function. First, the partial derivatives were determined:

L 8 r -*{-)
ke T XZ -XP7 (Zwku Zukw
o W
X7 X7
PR WO - . w O -
and Ky S YT C X7 T XE - XE S
W W 0w W u

Substituting these into the expressions in Table ITII-2

R g(Zk*-er)
5] . W uw .
= = s & Pure galin.

IR
8 A X 7 - %ol

The lack of flight reference response to gusts is evident from the
-3bsence of k, and ky in the gust numerators, 1\113:;1; and Nﬁg (in Table IIT-2).

A version of a 0,5 flight reference was also evaluated experimentally
and described in Ref. C1. The partial derivatives were similar to the low
thrust SSM8 a—considerecl here, i.e.,

2

L ~5.4%/deg

ky +3.8%/%

Il

The ease .ofncontrolling this implementation was readily apparent, but
1t was realized that any indication of gust or wind shear hazard was
completely lacking.

10, BSMy 8 (flight path angle and thrust)
—

A stabic safety margin based on flight path angle and thrust is
wasultable for any ailrcraft operating near %’ = 0. Thus it is unsuitable
for most aircraft during landing approach.
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Ag mentioned earlier , the k 8 and ka partial derivatlives were excessively

sensitive. The source of the problem could be demonstrated by deriving the

implicit general expression for the partial derivatives:

.. _ oDy Ny (50)
a od |5 mea (5=0)
SM 4
amd e - obgM| NJ;. p(5=0)
5 |4 Ng' (s=0)

NS‘(S:O) is the common denominator in both equabtions and is also proporticnal

to %’; When % approaches zero, k: and kK, will therefore approach

d 3]
Infinity.
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APPENDIX D |

FLIGHT REFERENCE LOOP PARAMETER COMPUTATION

System! ~ Powered-1lift STOL aircraft with piteh SAS

Assumed Control Strategy: STOL technique, i.e., flight path regulated
by throttle and fiight reference regulated by pitch attitude —
no control crossfeed.

Block Diagram of Flight Reference loop:

SCO
. +
- Kpgr 5,
Q 8 +
=]
¥R
K
i.e., 8, =0, = -K, (0 -8 ) - GI:FRI (FR - FR_)
o K
or b, = -K 08 - o FRT AFR
s
Difference Equation:
26 (z) = A@(Z),,féfﬁﬁiﬁij. AFR(z)
c = K 1 -] z

or Ap (n) = 05 (n-1) = -Ke[ae(n) - Ae(n-n]

~KoKppr T AFR(n-~1)
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or, in the formy = H a
Where y 2 vector of measurements

a 4 vector of unknown parameters

H 4 matrix of measurements
[25(1) — 45(0)] F[Ae('l) —28(0)] [T AFR(0)] | o
[28(2) = 28(1)] [20(2) —20(1)] [z aFR(D] | | Ky
[25(n) — AB(n-1)] '| [26(n) — 26(n-1)] [T AFR(n-1)]
- . L 4 —
e \W a
¥ H

Least Squares Solution:

for v = Ha

=1
[HT H] HT v

~ - — -
where a is least sguares estimate of a

~
a

Il

Rumning Solution:

For a running solubion of & compute I-IT H and HT ¥ by storing
appropriate summations, i.e.,

Hy = —Z[Aé(n) — 23(n~1)] [pe(n) — A8{n-1)]

Y [a8(n) — A8(n-1)] [T AFR(n-1)}]!

B = | Yse(n) - s6(n-1)1° [(a6(n) — 26(n~1)) T AFR(n-1)]

| SL{0(n) = A6(mi))T &FR(s1)] T [T AFR(1)]2
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Result:

The unknowm paraneters Ke and %RI can be compubted and displayed
on-line using the two dimensional arrays of stored summations

of columm deflection, pitch attitude, and flight referehnce.
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APPENDIX B
SPERRY 18194 DIGITAL COMPUTER SOFTWARE MODIFICATIONS

The following is a descripbion of the software modifications made o
existing STOIAND software®. Most of the modifications were made to imple-
men® the flight reference scheme described in this report. In addition,
some program changes were required Lo update the pitch SAS and to correct

a compuber btiming problem.

The program changes are listed according to their specific function

which include:
(i) Calculation of SR, FR, and GR
(ii)} Display of FR
(iii)}; Display of SR
(iv) Display of GR
(v) Display of Ny
(vi) Modification of pitch SAS
(vii) Elimination of timing problem

(viii) Modification of autopilot.

1. CAICUIATE SR, FR, AND GR

The flow chart of Fig. E-1 depicts the calculations required to obtain
the SR, FR, and GR variables. Note that an option for using SR, FR, and
'GR functions generated in the EAT 8%00 has also been provided. (The FAT
8400 "D-to-D" software program was modified to pass the varisbles SR, FR,
@, and 7_ . to the 1819A.) This was done because some experimental safety

margin schemes were more easily programmed in FORTRAW and implemented on

* Modifications apply specifically to the Augmentor Wing STOLAND tape
AWXA-1 dated 20 April 1977.
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Decode the sign~magnitude -
format of the EAT 8400 variables| DTOD*
for FR, SR, o, and ¥ pax

8400 _or A819AN
- valuesfor.
2R, ER, ~and

7max

Use 8400 SR, FR, and ¥p.x

Calculate SR, FR, and v
in 18194 max

Calculate the load factor
DT Ho- o NZx+*
NZ and \’ NZ
Calculate Vmag (W) and Vs, .
(W = 98.58) £ Vi, VM
Calculate DSM and SR SRX*
Calculate TR , FRX*

i )
Calculate used for

"max; ( v | GAMAXS
GR display) ' '

Subroutine name.

Figure E-1. Flow Chart of 18194 Computer Program
for Calculating SR, ¥R, and GR
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the FAT 8400. Angle of attack (o) was provided by the EAT 8400 for calcu~
lation of DSM, (true angle of atback is not presently available in the
Sperry 18194 digital computer).

Table E-1 contains a listing of the 18194 assembly language code used
to realize the flow chart of Fig. E-1. Program varizbles start ab core
location 33743 and constants at 37123. Some of the subroutines have bheen
placed at the end of bank 4 (i.e., 47557), obhers pre-empted a portion of
the rumway display code (the runway display program was used to display

SR as described in Section E-3).

2. FLIGHT REFERENCE (FR) DISPLAY

The speed bug symbol on the EADI was used to display FR. The display
was programmed to be centered when FR = 100%, and have a sensitivity of
50%/in. The required code is shown below. The format of the changes is

[core location] , new instruetion, (0ld instruction).

4 2607] ENTAL'FR

[k 2610] SUBAL'D10000
[h 26111 MUTAL!DS1

(4 2612] DIVA'DS000
[k 2613] NOOP!

[ 26141 NOOP!

12 374k (12 2616)
16 4373 (2k L360)
2h L5k, (26 4373)
26 4337 (50 6100)
50 L4000 (10 h154)
50 4000 (76 5331)

| T O R O

3. SAFETY REFERENCE (SR) DISPLAY

The runway perspective on the BADIY was used to display the difference
between FR and SR. The existing code was modified such that the "runway"
appeared as a solid horizonktal line approximately 1 / b inch wide. The
line was blased to the left so that it would line up with the speed bug,
and down such that when FR - SR = 0 the line would be at the bottom of
the speed bug display. (Figure IV-3 in the main body of the report depicts
the resulting display.) The sensitivity was set to 50%/in.
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TABLE E-1. IISTING OF SPERRY 1819A ASSEMBLY LANGUAGE CODE

TTINTERMETRICS 1819A ASSEMBLER 01/12/78 PAGE

L STI SR AMD FR SYSTEM FOR THE AUG. WING

200 000000 000000 ALLOC
300 000000 034073 ONEZ ALLOC 34073 —
400 000000 034111 DLO ALLGE 24111
500 000000 034217 D160 ALLOC 34717
____ 600 000000 032724 VCAL ALLOC 32724 . o
| 700 000000 034157 NLOQ ALLOG 34157
800 Q00000 031044 THET ALLOC 31044 {1/360) DEG/BIT
900 NO0000 032147 NH ALLOC 32147 .
1000 000000 043543 BLANKE  ALLOC 43547
1100 000000 021771 ERNFLG  ALLOC 31771
. 120C 000000 03276Q TtiPg_ ___ ALLOC 22760 R ———
130¢ 0000007034337 D5000 ALLOC 34337
1400 000000 032617 XR1 ALLOC 32617
1500 0006000 032620 XR? ALLOC 32620
1600 000000 0125621 XR3 ALLOC 32621
1700 000000 032622 XR4 ALLOC 32622
— .. l800_000000 032623 YR1 ALLDC 32622 . I
1900 006000 032624 YR2 ALLOC 32624
2000 000000 032625 YR3 ALLOC 22625
2100 _0CO0J0 032626 YR4 ALLOCT 32626 e
2200 000000 034160 M100 ALLDC 34160
2200 000000 036727 THETSC  ALLOC 36727
_____2400_000000 036732 7MAX ALLOC 36737 _ e
2500 000303 033623 ZAV ALLOC 33023
2600 000000 033074 XV ALLOC 33024
2700 000000 034071 25R0 ALLOC 3407]
2800 000000 037010 SINOO ALLOC 37019
2900 000000 034203 DPSO ALLOC 34203
n 3000 000000 034302 D2000 ALLOC 34302 — .
3100 000000 043253 RNY&O atLac 43253
3200 000000 034757 D100 ALLOC 14257
3300 000000 034373 D10000  ALLOC 34373
3400 OCDOO0 03 7040 (0SH ALLOC 37040
3500 aonobo 031002 ACCIZB ALLOC 31007
. 3600 ,000000_ 040035 SQRT ALLOC 40035 . . -
‘ 3700 0000307 022547 €NSPHI ~ ALLNC 326547
3800 000000 03242*GAHMAT ALLOC A2473
3900 070090 032727 VIAIRF .~ ALLOG 32727 i
4000 000030 030763 P3INOT * ALLOC 30763 ‘
4100 000000 040034 SINCOA  ALLOC 40034 . -
4200 000000 034420 RADDES  ALLOC 34420 R
4200 000000 034154 D8I ALLGC, 34154
4400 000000 034252 NAOO ALLOC 34757
4500 000000 021274 TASREF  ALLOC 31274 .

_ L. -
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TINTERHCTRICS 18154 ASSFMALER

4600

01/12/78 PAGF

TABLE E-1 _(Continued)

2 STI SR AND FR SYSTEW FOR THE AUG. WING

000000 0321255 DIZIC11 ALLOC 31255
4700 600000 037266 THTCOM ALEOC 32266 N
4800 CO0NO0O Q14051 NOCRQDS ALLGC 14051
4900 000000 033543 XINT AL LODC 33843
5000 000000 054525 SIGNMG AlLLaC 54525 R
5100 000000 034232 D500 ALLOC 34232
5200 000000 017511 ZTFLAG ALLOC 17511
5300 027123 000000 START 37122 PUT CONSTAMTS HIRE

D U A .

—

| TNTERMETRICS 1A10A ASSCMBLEP

4

Q1/12/78 PAGF 7 PUT CONSTANTS HERE |
5600 037123 774027 KTIE -1000D |
5700 037124 773727 THENDT ~20880 |
5800 037125 202153 KOSH3 66667D '
5900 037126 101065 KDSMS 332330 |
6000 037127 207654 KMVO 695480 |
6100 D3T130 7754440 KMVNH -1247D !
6200 037131 001122 KMVNH2 5940 , ;
. 6300 037132 773365 KAO -2314D |
6400 037137 777406 KAV =-2490
6500 037134 000230 KAV2 1520 :
| 6600 037135 000475 KANH 3170 )
5700 037136 777626 KANHZ -105D *
6800 037137 770574 KGO -3715D !
A 6500° 027140.000074 KGl— ~ 60D * .
7000 D27141 777150 KG2 = =230
7100 037142 777704 RNSR - ZeT-- - 2590 RUMWAY PERSP. DISPLAY GAIMN '
7200 027143_000670 VMM 440D . e e
v 7300 032743 000000- - START 33743 HERE

)

T Rl b e e

a7

———

A

PUT VARITABLES

- - 3 -
e M T ke o)

qovd TVIIDRIO
a8 EIONaodddad

00

4
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TINTERMETRTFS 18164 ASSEMBLEP GL/12/78 PAGE

TABLE E~1| (Continued)

4 PUT VARTABLES HERE

T6D0 033743 000000 SR 0
7700 073744 000000 FR 0
7800 033745 NOOO0O0 FRATEN 0
7900 033746 000000 VHIN 0 10BT/KT
1000 033747 000000 VHINN . ) 1ORT/KT
8100 033750 000000 ALFAMX 9 360BT/DEG
8200 033751 DGONOO NSH 0 100BT/2
8300 033752 000000 IDSM ) Le2v2,% OR S
8400 033753 000000 N7 0 WOD1FIED L.F.,10C000B7/G
8500 033754 000000 SON7 0 SOUARF ROOT OF N7
~ 8600 0331755 000000 GMAX 0 MAXIMUM AERD, FPA
| 8700 033756 000000 FRMSP 0 FR-SR, 10DOBT/%
| 8800 031757 000000 ALEA 0 ADALFPOM 8400),3608T/DEG
8900 033760 000000 GAMA 0 AFRD, EPALFRDM 8400),360 PT/DEG
~G000 033761 073479 TP 100000 TFST VARTABLES
.. 9100 033762 035230 TRA 150000
9200 033783 011610 TRA 50000
- \ 9300 033764 000144 TRAB 1000
W 031522 000000 START 21522 LGATIM+43

9400




1-GB0L UL

TABLE E=1 (Continued) -

NTERMETRITS 1BI9A ASSEMBLER 01/12778 PAGE 5 LGAIN+43

9700 031522 4563164 -1073130 FR LAG TIMF CONSTANT
9800 031523 406243 " —1278360 NZ LAG TIME CONSTANT i
9900 047557 000000 START 47557
10000 047557 017511 FOLAG DYITFLAG

... 10100 047560 000000 FRX Do CALC. FR _
10700 047561 360053 ENTRK 43D
10300 047562 123751 ENTAL DSM
10400 047562 307557 IRJP FOLAG FILTER DSM
10500 047564 443744 STRAL FR
10600 047565 171044 ENTAL THET

.. lp700 047566 167124 SURAL THENOT
10800 047567 247123 MULAL KTHE
10900 047570 264217 DIVA N360
11000 047571 143744 ADDAL FR
11100 047572 443744 STRAL FR
11200 047573 163743 SUBAL SR

11300 047574 4413756 STRAL FRMSR i

11400 047575 123744 ENTAL FR
11500 047576 244073 MULAL ONEZ
11600 047377 264111 DIVA nio e e e
11700 047600 443745 STPAL FROTEN
11800 047601 557562 1J4P FRX :

... 11900 047602 054525 COMVRT 01 SIGNIG I
12000 047603 000000 010D ot
12100 047604 173543 ENTAL RINT SR
12200 047605 307602 1RJP ' DNVRT '
12300 G47606 &443743 STRAL SR
12400 047607 123544 ENTAL XINT+1 FR

...12500 _047610_307607 IRJ4P CANVART i
12600 047611 443744 STRAL R '
12700 047612 123544 ENTAL XINT+2 ALFA
17800 047613 307602 IR JP { ONVRT
12900 047614 &43757 STRAL ALFA
13000 047615 123547 FNTAL XINT v4 GMAX

__ . 12100 047616 307502 IRJP CONMVRYT
13200 047617 443755 STRAL GMAX
13300 047620 123744 ENTAL FR FR=-5R '
12400 047621 163743 SURAL 5%
12507 047622 443756 - STRAL FRMSP
13600 047623 123744 FMTAL FR© - .

. _13700_047624 244073 MULAL ONEZ  « - S
13400 0476258 264111 DTIVA 010 : _
13900 047626 443745 STRAL FROTFN

14000_047627 557603 14P pron

» 004 ST BOVE TVNIDIEO
HHL 40 ALITAIONA0EIEY



L-G60L ¥l
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_TABLE Bidi, (Continued)

TINTERMETRICS 1319A ASSEMBLER OL/12/78 PAGE

6 STI SR AMD FR SYSTEM FOR THE AUG. WING

14100 047630 000000 SRY 0'0 DYMAMIC SAFETY MARGIN AND SR
14200 047631 122724 ENTAL VEAL
14300 047632 1637147 SUBAL VMTIM
14400 047632 442765 STRAL TMPO+5

e 143500 047624 244232 MULAL 0500 - o e
14600 047635 784111 DIVA nto
14700 047636 442761 STRAL TMPO+1 DSM{l)
145800 047637 123750 ENTAL ALFAMX
14900 047640 163757 SUBAL ALFA
15000 047641 244232 MULAL nsoo

___ 15100 Q47642 264420 DIVA RADDES —— e e
15200 047643 242124 MULAL VCAL
15300 Q&4T644 264111 DIVA nio
15400 047645 442762 STRAL THPO+2 DSMI2} .
15500 047646 122724 ENTAL VCAL
15600 047647 163746 SUBAL VMTN

15700 047650 4427564 STRAL THPO+, _ R
15800 047651 247125 MULAL KOSM3
15900 047652 263746 DIVA VMIN
16000 047653 442763 STRAL TMPO+3 DSM(2}
16100 047654 127764 ENTAL THPO+4
16200 047655 244157 MULAL D1Go

16300 047656 442764 __ _ __ STRAL TMPO+4 DSMILa) I
16400 047657 122765 ENTAL THPO+5
16500 047660 247126 MULAL KDSHMS
16600 047661 263747 DIVA VMINM
L6700 041662 442165 STRAL TMPO+5 nsSM(5)
16800 0ATOH63 4437R] STRAL NS M

' 16900 047664 360004 ENTBX 4 . FIMD SMALLEST DSMLIY e
17000 047665 423752 STRB TDSH
17100 047664 360002 ENTRK 3
17200 047667 032761 CMALB TMPO+1 —
17300 047670 477673 JPMGR LOK+3
17400 047671 132761 ENTALB  THPO+L

L7500 047672 427752 _ ____  STRB ___ 1DSM e e = et e e —— e -
17600 047673 7327467 BJP LNK=-4
L7700 047674 443751 STRAL DSM
17800 047675 443743 STRAL SP e
17900 047676 123752 ENTAL 1D5M
18000 047677 710001 ADDALKEss L
18100 047700" 443753 fnn STRAL_ . TDSH_ R e
18200 047701 55763 ) * 1Je SRX
L8300 047707 000000 N7X oo CALC. LRAD FACTOR

18400 047703 124357 ENTAL nigon L .
8500 047704 141067 ACCZB TMCRFMENTAL AZ, +UP

ADDAL

e
e s .

e

"004 g

i-

NIBrgo
d0Yamy

I HDva

ALI'TT9100
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TABLE E-1 (Contanued)

TTINTERMETPICS 18194 ASSENALER 01/12/78 PAGE 7 ST1 SR AND FR SYSTFM FOR TIE AUG. WifG

18600 04TT05 360054 ENTBK 440D »
____1B700 047706 307557 IRJP FOLAG
18800 047707 443753 STRAL NZ ,
18900 047710 107010 ENTAU SINOO
____15000 047711 300035 1P JP SQRY !
T 18100 0%7712 504320 RSHA 16D
19200 047713 244157 MULAL 0100
19300 047714 504302 R SHA 20
19400 047715 443754 STRAL SONZ
19500 047716 557702 1JpP N7X
19600 047717 000000 GAMAX 0°'0 CALS . MAXIMUM GAMMA _
19700 047720 127140 ENTAL K61
19800 047721 243744 MULAL FR
19900 047722 264157 DIVA 0100
20000 047723 147137 ADDAL KGO
20100 047774 443755 STRAL GMAX
—20200 047725 127141 ENTAL KG2 e — =
20300 047726 243744 HULAL FR
| 26400 Q47727 264257 DIVA D1000 )
20500 047730 243744 MULAL FR o e
26600 047731 264257 DIVA N1000
20700 047737 143755 ADDAL GMAX
20800 047733 443755 STRAL GMAX .
20900 047734 124373 ENTAL 0106060
21000 047735 163753 SURAL NZ |
21100 047736 244420 MUL AL RADDES
21200 0477137 264373 DiVA 510000
21300 047740 143755 ADDAL GMAX
21400 047741 443755 STRAL  GMAX -
21500 047742 557717 139 GAMAX
21600 043110 000000 START 43110



1-G60L 8L

gl

TABLE E~1l (Continued)

1
[

INTERMETRICS 1819A ASSFMBLER 01/12/78 PAGE

8 STI SR AND FR SYSTEM FOR THE AUG. HING

21900 043110 767403 RJP oTOn GFT 8400 VARIARLES
22000 043111 763154 PJE TFETH SAW_TOOTI FUNG.FOR_DYMAMIC CHECKS
22100 043112 767702 RJP NZX L.F. & SORT L.F.
22200 043113 763172 RJP VMIHX VMIN £ VMIMM
__ 22200 043114 763216 RJP AF MX ALEMAX e
[ 22400 643115 767630 RJP SRy DSH, IDSH, SR
| 22500 043116 767560 RJP FRX FR & FR=$R
22600 043117 767717 PJP GAMAX GMAX
22700 043120 121771 ENTAL ERNFLG
22800 043121 613543 JPALZ BLANKE
27900 043122 123756 EMTAL ERMSP PUT FR=SR_QH RUNUAY PERSP, _
23000 0431237164337 SUBAL N5000 BIAS PNWH 50%
23100 943124 247142 MULAL PNSR SCALL AT 50%/1M
23700 043125 264157 DIVA D100
T 73300 043126 442760 STRAL THPO
| 22400 043127 244160 MULAL M100
23500 043130 266727 DIVA THETSC .
231600 043131 146732 ADDAL ZMAX
23700 043132 443023 STRAL 7av '
23800 0431133 124071 ENTAL 7ERD
27900 043134 443024 STRAL XY
24000 043135 124337 ENTAL N5000 RUNWAY CORMERS ‘
. 24100 043136 442617 STRAL XR1 _ — e
25200 043137 442622 STRAL YR4&
. 24300 043140 144203 ANDAL N250 LENGTH
24400_043141 442620 } STRAL XR2
75500 043142 442621 STRAL XR3
24600 043143 700031 ENTALK 25D W/2
24700 043144 164302 . . SUBAL 02000 Y e e
24800 043145 443623 STRAL YR1
24900 043146 442624 STRAL YR?
25000 043147 707746 FNTALK  -25D ~\/2 —
25100 043150 164302 STURAL 02000 ¥
25200 043151 442625 STRAL YPR3
___ 25300 043152 442626 _________ STRAL YR4 e e
25400 D43153 343252 Jp RNYE0—-1
25500 043154 000000 TEETH 010 SAW TOOTH FUNCT 10N
. 25600 043155 123761 ENTAL TR SET_SR_IC_T0_ 10000 S
25700 D43156 023767 CMAL TRA SET SRA TH 15000
25800 043157 653167 JPMLEQ  LOK+3
__ 25900 043160 023763 __ CMAL TRB SETSRR.TN_1000. . __ _ ... .
26000 043161 653186 ™ TUUPMLER LLoKes L . T
26100 043162 123764 ENTAL TRAR D7 SET SRAB TD L00 =  m—m e
26200 043163 506100 CPAL - CHANGE _SIGM NF DELTA IF _

 ———— it g
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TABLE E-1 (Continued)

INTFRMETRICS '1219A ASSEMRBLER GL/17/78 PAGE

9 STI SR AND IR SYSTEM FOR THE AUG. WING

26300 0431646 443764 STRAL TRAB OUTSIDE ANUNDS
L _ 26400 043165 123761 ENTAL ™ L
T76500 043166 143164 ADDAL TRAR TRCREMENT SR
26600 043167 443761 STRAL TR .
26700 043170 443743 __STRAL_ __SR _ e
76800 043171 553154 17P TEF T
26900 043172 000000 VMINX g0 MINIMUM ATRSPEED
27000 043173 127130 FNTAL KMVNH .
27100 043174 247147 TUTAL e .
272060 943175 264157 DIVA D160
27300 043176 147127 ADBDAL KMy Q - . i
37400 043177 44371486 STRAL VNTH
© 27500 043200 127131 ENTAL KMV NH2
. . 27600 043201 242147 MUL AL NH _
37700 043202 264757 DIVA 01000 ;
27800 043203 242147 MUL AL NI
27900 043704 264257 DIVA D1000 . o e e e
28000 043205 143746 ADDAL VN
2R100 043206 243754 MUL AL SaN7
28200 043207 267040 DIVA £050 L e e
29200 043210 443746 STRAL VHMIN MTIN, A/S
78400 043211 127143 FNTAL VMM
2R500 043212 243754 MuLAL SOMZ - e e
28600 043213 264373 DIVA piBo00 '
28700 043714 443747 STPAL VHINA MIN. A/S AT HMAX. PONER |
2B800 043215 5573172 1JP VMINX
28900 043216 000COC AFMX o'e MAX, ADA
29000 043217 127133 EMTAL KAV
79100 043220 242724 MULAL VCAL )
29200 043221 264111 DIVA 010,
20300 043222 147132 APDAL KAD
25400 042723 443750 STRAL ALFAMY
20900 D43224 V27134 ENTAL KAVZ
29600 043725 242724 NULAL YCAL
_ 29700 043226 264157 D1VA n1oo - .
"20800 043227 P47724 MU AL VEAL
25900 0437230 264157 nIVvA nLoo
30000 043231 143750 ADDAL Al FAMX
30160 043232 443750 STRAL ALFAMX
30700 043233 127135 - ENTAL KANI . |
_ ..30300 0437234 ?4?147 BULAL MH
30400 043735 26415 TIVA nioo .
330500 D43236 ]43750 ADNDAL ALFAMX ‘
30600 043237 443750 STRAL ALF AMX
T0700 343240 127136 ENTAL KANHZ T N
L -

d00d ST FHVE TTNIDILO
JHL 0 AXTIHON0NIEH
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TABLE E~T (Continued)

INTERIETRICS 18194 ASSEMBLER 01/12/78 PAGF

10 STI SR AND FR SYSTEM FOR THE AUG. VING

30800 043241 242147 MULAL N
30900 043242 264257 nIvA 01000
1000 043243 242147 HULAL NH
311100 0431244 264257 DIVA N1000

. 71200_D43245_ 143750 ADDAL ALF AMX e e e o
3.300 043246 443750 STRAL ALFEANX
11400 043247 553716 1Jp AFMX
11500 047527 000000 START 42527 USE_FPA FNR_GR

INTERNETRIES 18TSA RSSEARLER 01/127/78 PAGL

i1 USE FPA FOR GR

31800 042527 123755 ENTAL GMAX Ma¥, AERQ FpA
31900 042530 162423 SUBAL GANMAT
37000 04231 244157 MULAL D106
32100 042537 264252 nIVA n90o
.. 32200 042573 504000 00 _WOOP — -
323007042607 000000 START 52607 USE SPEED BIJG FOR FR
37400 042607 123744 ENTAL R FLIGHT REF.
32500 042610 164373 SUSAL p10009Q NIAS TO CEMTER
35500 042611 P4A154 MULAT GER SCALE AT 81 BTG/IN
22700 0642612 264337 DIVA 05000 50%/1N
32800 047613 504000 __ . _ _NOOP _ . i .
042614 504000 NADP

" 32900

- NTH
000t g

d ST a1
dﬂ? JLLI

00,

Ry,
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TABLE E-1 (Continued)

INTERMFTRICS 1819A ASSENBLER O01/12/7R PAGE

12 USE SPEED BUG FOR FR

CROSS PEFESFNCE BLOCK NUMBEP = 1

AFHX LINE 28900 LOC 043216  RFF -22200 31400

_ ALFA LINE 8800 _LNC 033757 R[F ~12000.__ 14900 - e e
ALRATEY T LINE 8100 LOC 033750  REF 14800 ~29400 30000 -30100 30500 -30600 31700 -71300
CONVPT  LINS 11690 LPC 047602  REF -12200  ~12500  ~12800 -13100 .

__DSM LINE 8200 LOC 033751 REF 10300 =16800___~17700
ATa0 LTFE 12000 LAC 047603  RLCF 14000  -71°00
FOLAG LINF 10000 LNC 047557  REF -10400 -1A700

_FR _ _ _LINT T700 10C 0332744 RCF -10500 11800 =11100 11400 12600 13300 13600 19800

70300 20500 32400 4

FRMSR LINE 8700 LCC 033756  REF ~11300 -13500 22900
FROTEN  LINE 7800 L.0OC 033745 RCF -11700 __-13900 —
ERX LINT 10100 LOC 047560  RFF 11800 -22500 ,
GAMA LINE A900 LOC 033760 IS NOT REFERENCED.

__GAMAX LINF 19600 LOC 047717  RFF 21500 __=~22600 e o
GHAX LINF 8600 LOC 033755 RFF -13200  -26100 20706 -20800 21360 -21400 31800
1054 LINE 8300 LOC 033757  PFF -17000 -17500 17900 -18100 :
KA O LINE 6300 LOC 037132 REF 29300 —
KANH LINE 6600 LNC 037135  REF 30700 .
KANHZ LINF 6700 LOC 037136 REF 30700
KAV LINE 6400_L0GC 037133__ ATE__ _PO000 . .
KAYV?2 LINF 6500 LOG 037134 RFF - 39500 .
KDSH? LINE 5800 LOC 037125  RFF 15800 ; '
KDSMS LINE 5900 LOC 037126 REF 16500 e
KGO LINE 6R00 LOE 037137  REF 20000
K61 LINE 6900 LOC 037140  RCF 19700 :
KG? L LINF 7000 LOGC 037141 REF 20200 . e
KMVQ LINE 5000 LNC 037177  REF 27300 B
KMVNH iINF 6100 LAC 037130 RFF 27000
KMYNHZ _ .LINF 6200 LNr 037131 REF 27500
KTHE o LINE SE00 LOC 037123 RFF 16700 T
NZ LINE 8400 LOC 032753  REF ~18800 21000

CNZX_ __ LINE__ 18300 LDC_047702 _ REF 19500  =22100 _ L i
RNSF LiE 7100 L0C 037142  REF 73100 :
SQNZ ILINE AS00 LOC 033754  REF ~19400 28190 28500
SR LIKE 7600 LOC 033743 REF 11200 -12300 13400  -17800 _ -26700 —
SRX LTWE 14100 LNOC 047630  REF 18200 ~22400
TEETH _ LINE 25500 LOC 043154  RFF -22000 26800

__THEMOT __ LINE __ -5700 LNC 037124  REF 10700 e . - —_ -
TR LINE 9000 LOC 033761~ REF = 25600 - %26400 —26600 . - ..
TPA LINE 9100 L0f 033762 REF " - 58700  ‘we e 7 -

__TRAR LINF 9300 LAC 033764  REF 26100 _ ~26300 26500 o »
TR LIRE 5200 LOC 032763  RCF 55500 *
vHI®  _ LINE 7000 LOC 033746, - PEF 15600 -27400 28000

15900

-28300 - ‘n
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TABLE E-} (Continued)

- INFERNETPICS 18194A- ASSEMBLER 01712778 PAGE 13 UST SPEED RUG FOR FR

[

YMINH LINE 8000 LOC N33747 REF 14200 16600C -28700
VMINX LINE 26900 LOC §43172 PEF ~22200 2890¢
VMM - LINE 7200 LAC 037143 REF 28400

N - o \ e tr——e
- L4 e T tr—— e

- -

T INTFRMETRICS 1819A ASSEMRLER 01/12/78 PAGE 14 USFE SPFED BUG FOP FR

CROSS REFERENCE FOR GLOBAL LABELS o
ACCZA LINE 3500 LOC 031002  REF 18500 ’

_ _BLAMKE  LINE 1000 LOC 043543 REF 22500 e o !
roso LTINS 3500 LOC 037040  PEF 28200 '
CRSPHI LINE 3700 LAC 032542 IS NOT REFER[NCED. -, |

__Dio LINE 400 LOC 034111 REF 11400 13800 14600 15300 29700 . |
p100 LI NE 700 1.0C 034157  REF 16200 19200 19200 23700 77700 29700 29900 30400

32000 H
01000 LIN® 3700 LDG 034757 REF 18400 20400 20600 27700 ___ 27900 _ _ 30900____ 21100 __ ______ -
PLONOO  LIKNE 3300 LOC 034373 RFEr 20900 21200 23600 37500 '
D2000 LINE 3000 LDE 034307  RET 24700 25100 '

__Dz250 LINE 2900 £0C 034203  REF 24300 '
D340 CINE 500 LOC 034217  REF 10900 |
D500 LINE 5100 LOC 034232  REFT 14500 15000 ’

L.P5000___ LINT 1300 1,07 034337  RFF 23000 24000 _32700__. —_— . . —
N3l LINE 4300 LOC 034154  REGF 32600 . Lt !
N900 » LINF 4400 LNC 034252  REF 32100 i '

__bzc1l LINE 4600 LOC 031255 1S NMDT _REFERENCEDN, iy |
ERNFLG ~ LINE 1100 LOC 031771  REF 22700 .,

GAMMA LINE 1800 LOC 032423 RET 31900 oo,
IASPEF _ LINF____ 4500 LOC 031274 1S MNOT PEFEPENCED- —— N Y S
M100 LINF 2200 LIC 034160  REF 73400 R ‘
NH LINE 900 LOC 032147  REF 27100 27600 27800 30300 30800 31000 oy |
__NNCROS  LINME 4300 LOC 014051 1S NOT REFERENCFD. LN '

+ T DNE? LTNE 300 LOC 034073  REF 11500 13700

! oesinnT LINE 4000 LOC 03076% IS NOT REFFRENCED. . }

+  RADDLS _LINT 4200 LDC 034420  REF 15100 21100 . e
2NYE0 TLIRFTT 3100 LG 043253, REF 25400 !
SIGNNG  LINE 5000 LDC 054525 REF 11900 ‘

b SINGO | INE 2800 LOC 037010  FEF 18900 +
STa DA LINE 4100 LOC 040034 1§ NOT REFEPLNGCED. y ot L
SQRT LINE 3600 LAC 040035  REF -19900 - !

(THET . LINE 800 (0OC 031044  REF 10600 . - ST S

3 UTTHETSC T TLINE 7200 LOC 036727  PEF 23500 '

P tHTeor  LINE 4700 LOC 032266 1S NQT REFEFENCED.

] __TMPOQ LINE 1200 LNC 032760 REF 14400 ~14700 _ -15400 __=15700 _ =16000 16100 ~16300 16400 |5

~16700 17200 17400 ~23200 ' . ’

VCAL LINE 600 LAC 032724  RFF 147200 15200 15500 29100 “29600 29800
__VTAIRF _LINE _ 3900 LNC _0%2727__ IS MOT REFFRINCED. et e

PTTXINT TTTwE 4900 LOC 033543  ~ REF 12100 12400 12700 13050

i XR1 LINF 1400 LNC 032617  RCF -24100

' XR2 LINE 1500 LGC 032620 . RET . ~24400 i}
xR 3 LTHE 1600 LOC 032621 , REF- -24500 . - . )

| XR& LINE 1700 LOr 032677  RET- 247200 m . - <o~ - f

|

IR T T T = — - - -— - - == e A T——— ST T e St S



44444 TABLE -] (Concludéd)

L~G601 4L

INTIRMETRICS L8194 ASSEMBLER 01712778 PAGE 16 USE SPEED BUG FOP BR

Xy LINF 2600 LOC 033024  REF -23000
YRl _LINE 1800 LOGC €37623  REF -24800
YR2 LTNE 1900 LNC 032624 RCF ~24900
YR 3 LINE 2000 LDC 032625  REF ~25700
YR& _ _LINE __ 2100 LOC 032626 __ PEF ~25200
7AY LTNE 2500 LOC 033323 7 RETF =23700
ZERQ LINE 2700 LOC 034071  RET 73800
ZMAY LINF 2400 LOC 036732  RFF 23600
| TITFLAG . LINE 5200 LOC 017511  REF 10060
—

A}
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A portion of the code required to pubt FR - SR on the runway perspective
is shown in the listing of Table E-1. AIll of the other changes required
are delineated below.

[L 3275]  MULAL'TMPO = 24 2760 (24 10hk)

Tk 3320]  ENTAL'ZERO

12 4OT1 (12 1327)
[L 3321]  IOOP

50 k4000 (71 7671)
2l 4071 (2k 1327)

o

[L 3h76] MULATL! ZERO

]

h. GAMMA REFERENCE (GR) DISPLAY

The flight path acceleration har was used to display - (which is
the steady state maximum flight path angle possible at the existing FR).
It was displayed with respect to the artificial horizon, and had the same
sensitivity as the inertial flight path bar. The required changes are
delineated below:

k 2527] ENTAL' GMAX
L 2530 SUBAT. GAMMAT

E 12 3761 (12 2571)
%4 2531 | MULAL'D100
[

16 2423 (2k 4h420)
24 4157 (26 7027)
26 hos2 (10 ko2h)
50 4000 (76 5331)

h 2532] DIVA*DOYOO
I 2533 NOOP!

nondinn

5. EEM (Ny) DISPIAY

The following changes were made in owxder to display NH on the EADL

center window:

[3 6740] 1D
[3 6745] 10D

[k 2722] ENTBK' L

00 0001 (00 OL5T)

it

I

00 0012 (00 1140)

H

36 000k (32 1763)

Lo okt (12 203L)
12 21h47 (63 2735)
3k 3002 (40 ok2T)

[k 2770]  STRZ!'SGNENA
L 2771] ENTAL' WH
[k 2772] JP'3002

noan
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6. PITCH SAS MODIFICATION
The following changes were made to The pitech SAS as per E.0. No. 271a

dated 2 April 1976.
[3 2306] 02 5370
[3 2315] 06 4570
[32275] 02 73k
[3 1466] %7 0500
[3 7156] o7 2k&0
[1 4o27] 02,7156
[1 ko15] 3k 7710
[1 7710] Lk 2762
[1 7711] 12 2021
[1 T712] 63 Lo16
[1 T3] 12 202k
[1 771k] 50 4000
[1 T3] 63 4016
[1 7716] 12 7156

[1 7717] Ll 2301
[1 7720] 3k 4032

7. ELIMINATION OF TIMING FROBLEM

It was discovered that a portion of the MFD code was causing & timing
problem. The following patch was made in order to circumvent the errant
code.

[6 0622] 34k 06k7 (50 7313)

8. AUTOBIIOT MODIFICATION®

The standard airspeed-hold autopilot was transformed into an FR-hold
antopilot. The approach taken was to calculabte an effective speed error

from the flight reference error, that is:

H

4

OFR FRc - FR
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The flight reference command (FRC) was equated to the standard variable
used for airspeed command (IASEEF), and the calculation of effective speed
error was substibubted every place the true speed error was calculated
(VCERR or INTDRV). The following paitches were required:

a. Convert IASREF to FRC:

[1 1033]  ENTAL'FROTEN = 12 3743
[1 1346]
[1 6317]
[1 7273]
[1 7haT]
[2 5ho2]
{2 7017]
[k 2106] Y Y

where FROTEN = FR/10

b. Remove IASREF 1imit calculation and set FR, limits to T5% and 120%.

[6 k6o0] NOOP' = 50 k00O
[3 2400] 750D = 00 1356
[3 2401] 12000 = 00 2260

¢. Calculate the effective speed error fromFRc and FR.

(4 7611]  XFRERR  0'0 = 00 0000
[ 7612] ENTAL'TASREF = 12 1270
[k 7613 MULAL'D10 = 24 M1
[ 7614]- SUBAL'FR = 16 3747
[L 7615] MULAL* ONE = 24 k073
4 7616 DIVA'DS0 = 26 4143
4 7617] STRAL'VCERR = Lk 2616
[ 7620] IJP'XFRERR = 55 7611
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d. Change calculations of VCERR and INTDRV to calculate the effective
speed error.

[11355] - - . IRGP'YFRERR = 30 1357
[1 1356] JP'TOK+2 = 34 1360
[1 13571 YFRERR  O'¥FRERR = 0k T611
[1 5025] IRJP'YFRERR = 30 1357
[1 5026] NOOP! = 50 k000
[1 5027] NOOP' = 0~ b0oo
[1 6520] IRJP'YFRERR = 30 1357
[1 6531] NOOP* = 50 4000
[1 6532] NOOP'! = 50 4000
[1 6561] IRJP'YFRERR = 30 1357
[1 6562] NOOP! = 50 4000
[6 4513] IRJP'ZFRERR = 30 1515
[6 4514] JPIOK+2 = 3h U516
[6 4515] ZFRERR C'XFRERR = Ok 7611
[6 4516] NOOP! = 50 4000

e. Inhibit nozzle changes {this was done because the SR, FR scheme

described herein was designed for one value of nozzle deflection).

[1 7103] NOOP' = 50 k00O
[1 7121]  mooP' = 50 4000
[1 7306]  NoOP' = 50 4000

f. Remove the pitch "feedforward! in the elevator loop (this was done
because the variable THTFR would occasionally cause 1argé pitch
excursions).

T1 kos52] NOOP!' = 50 4000
[1 %053]
[1 405k]
[1 k055]
[1 4o56]
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g. Add an option for a pitch-attitude-to-throttle crossfeed (this was
done in order to deccuple the FR and flight path axes)”.

(1} Ccalculate the crossfeed

[1 2035] ADDAL'ZCI1 = 14 1271
[1 k036]  Noop* = 50 Looo
[1 4037]  ENTBK'11D = 36 0013
[1 1040 ] RIP ZTFWO = 76 7522
(1 hok1 ] MUIAL'KFRDT = 2k 3757
[1 hok2 ] DIVA'D360 = 26 k217
(1 50b3]  STRAL'THTAX = Lk 3760
|1 hohl ] NoOP! = 50 Looo
|1 hoks ] NooP? = 50 h0ooo
[1 Lok6] NOOP' = 50 4000
- £1 holt] NOOP! = 50 000

{£) Dpefine required constants
[3 1602] 120527D (washout time consbtant)
[3 3757]  -32uD (X-feed gain)

[3 3760] © (X-feed variable)

(3) Ad4 crossfeed to throttle commsnd.

[1 66271  JB'7735 = 3k 7735
[1 7735]  ENTAL'THTAX = 12 3760
[1 7736]  MUTAL'KTHTHR = 2l 21U
[1 7737]  ADDA' TMFO = 20 2760
[1 7740]  STRA'TMPO = 50 0600

[1 7741] 03 2760
[1 7742]  ENTAL' THRTBL 12 2162
[1 7743]  JP*6630 34 6630

I

h. Define the proportional and integral flight reference gains.

[3 2%03] kvmHTS -k (Kgp)

3 2134 ] KCRSS1 -k (KFBI)

= This option was not checked out.
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