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ABSTRACT

A new technicue for designina flight directors is discussed,
This techniaue uses the optimal-control pilot/vehicle model to
detervwine the appropriate control strateay, The dvnamics of this
contrsl strateay are then incorporated into the director control
laws, thereby enabling the pilot to operate at a sionificantly
lower workload.

A rreliminar ' desion of a control director for maintainina
a STCL vehicle on the annroach rath in thce presence of random air
turtulence is evaluated, FPv selectine rodel parameters in terms
of allowable path deviations and pilot workload levels, one
achieves a set of director laws which allow improved svstem
performance at reduced workload levels, The pilot acts essen~-
tiallv as a proportional controller with regard to the director
sianale. and control motions are compatible with those approp-
riate tu status-only displays.

INTRODUCTION

Aircraft instrument panels often include a "flight director”,
so called, the nurpose of which 18 to provide acceptable levels of
svstem performance at reduced levels of pilot workload by provi-
ding the pilot with one or two display variables which combine ?he
sensor variables in an optimal fashion, 1In thi. way, the pilot's
visual scannino and attention-sharing reauirements are substantially

*This effort was supported by the Man-Machine Inteagration Branch
of -he NASA-Ames Research Center under Contract NAS2-66352.
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reduced, Furthermore, the pilot can cbtain, from the velocitv
of the director indicator, derivative information (such as
acceleration) not otherwise available from visual displays.

The objective of this paper is to outline a proposed
new technique for determining flight director 1aws. This desian
procedure is based on application of the state-varisble (or
“optimalecontrol®) model for pilot/vehicle systems (Refs. 1, 2y,
Application of the procedure is illustrated bv the derivation of
direcfor laws for a STOL vehicle in the final approach oconfi=-
guration.

The proposed techniacue (hereinafter referred to as the
“model-based” procedure) offers certain imrortant computationsld
advantages over alternative procedures, The model~based tech-
nioues would appear to allow the derivation of a full set of
director gains with a mipimum number of iterations of the
desian nrocedure. (Only » sincle iteration is needed for the
example presented later in this paper.) Other procedures,
whether thev be based on analoc simulation or on other forms
of pilot/vehicle analysis (Ref, 3), generally recuire a numbes
of iterations on the proposed director feedbacks to arrive at
an acceptable desiaon., This is especislly true for situations
involvina multiple control variables in a sinale axis of control.

The model-based technique alsoc appears to renuire fewe-
a priori assumptions relating to pilot behavior then other
technicues. In order to minimize the computational effort
reouired to carrv out other desion procedures, it is usuallv
desirable to pre-spucifv loop closures (i.e,, which sensor
variables should influence which director variables). Usine
the state-variable procedure suggested here, one mav gimply
assume that all sensor variables influence all control varisbles
and proceed to compute the full matrix of director feedbacks.
Such an assumption does not increase computational complexity
(which depends only on the dvnamical order of the system) and,
as we shall show, adds only minimally to thc complexity of the
director design itsgelf,

The model~-based technique is not without its own judge-
mental requirements, The designer must vostulate desired per-
formance levels, and the available sensory variables must be
specified. These cunsiderations are common to all director
design procedures, however, and do not represent a limitatior
peculiar to the proposed scheme,
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DIRECTOR JESIGN PHILOSOFHY

Certain constraints are imposed on the desiqn of flight=-
director laws that will allow improved perforrance at reduced
levels of vilot workload. The director variables must be
coroosed of sicnals that car ke <enerated by available aircraft
ncasurerent devices., These siuhals are cowmonly combined in
such a wav as to make the combined director/vehicle dynamics
approximate a K/s-like behavior so that the need for pilot lead
is minimized. Considerations of pilot acceptance also suacaest
that renuired control inputs and resultant vehicle motions he
s§n11ar to those that are appropriate to fliaght with conventional
disrlavs. In addition, the director sianal should provide the
pilot waith a aood indication of instantaneous flight-path and
attitude errors so that freauent reference to status displays
is not reauired,

1f the director is a control director (i.e., if it provides
the pilot with an explicit indication of the desired control
response), a director signal must be cenerated for each control
variable, An i1deal dcsian should require little or no pilot
coupling so that a given director variable commands a control
response along a sinale dimension.

The preliminarv desion procedure outlined below allows
one to approach mrany of the above desiqn aoals in a relativelv
straightforward manner. The following desian steps have been
fo'lowed in derivinag the control-director for the rumerical
example presented ir this nage.

1. Define the control situation in terms of svstem
dynamics, inpuvt characteristics, sensorv informa-
tion, perforrance reaquirements, and pnilot parametars,

2. Use the pilot/vehicle model to predict the pilot-
generated feedbacks between each displav variable
and each control variable.

3. Approximate cach of the transfers bv a first- or
seccnd-order filter, (This approximation simmlifies
both analytical evaluation and implementation
of the resultino director laws,)

4., Derive the commanded control sianal by summina the
outputs of the transfers between all sensor variables
and the control variable appropriate to the director.
The director signal is thus expressed as

D;(s) = § T, (8) o Yj(s)

iy
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where D, is the director sianal appropriate to the ith
control'variable, Y4 is the j¢, sensor variable, and
Tis i8 the apprcximgte describins function between the
jtg sensor varizble and the i,, control variable,

5. Evaluate the pronosed director laws usinc the nilot/
vehicle model. If an inappronriate "mix" of fliaht-
nath errors, attitude errors, and contrel motions is
predicted, repeat the design with a revised set of
cost weightina coefficients, If performance is still
inadecuate, additional sensory variables may he have
to be considered,

In essance, the flight director laws are desioned to per-
form the equalization and cross-couplina that the pilot would
otherwise have to do. With the diracter in the system, the
pilot's task is basicallv that of generating a control responsc
proportional to the deflection of the cr crespondina director
indicator. Thug, cross-counli.g shoul be at a minimum, and
the pilot's response strategy should be approximately that of
a pure gain at low and mid freauencies.

If the sgensor variables and performance reauirenents
assumed for the director design are the same as would amplv to
the control task with a more conventional displav canel, the
characteristics of control and vehicle motions should not be
appreciablvy changed hy the use of the director, Nevertheless,
the conseauent reduction of pilot-related "noise” associasted with
scanning, attention=-sharing, and visual resolution limitations
should allow a substantial improvement in performance and/or
a reduction in pilot workload. 1If additional sensorv information
(such as linear or rotational accelerations) is used ir ornera-
ting the director sianal, further improverent mav be expected,

NUMERICAL EXAMPLE

The following numerical examrle is nresented to deronstritc
the rodel-hased desien rrocedure outlincd above, control=-director
laws are derived for lonaitudinal-axis control of an auamentor-
wing jet STOL aircraft (C8-M) in a steep (7.5 dea) arproach~to=-
landing configuration, Lonaitudinal and vertical random-wind
disturbances are considered, and linearized perturbation eaqua-
tions are used to describe aircraft dvnamics., Two control
variables are considered: the elevator control, and the “nozzle”
control which reculates the direction of the thrust vector.



The director laws derived below are intended only as a
oreliminary flight director design — not one that would necessa~
rily be implemented without modification, For example, a realistic
design effort would involve cnnsideration of additional factors
such as wind-shears, beam caoture, and random fluctuations of the
signal which aenerates the desired alide slope ("beam noise®™), 1In
addition, the director laws would have to prohibit the possibility
of "stand-off" errors in which a steady-state error in one variable
compensates for a steady-state ervor in another variable to yield
a zero reading on the director. tlevertheless, the followina example
does illustrate the essence of the design procedure, and we con-
sider the predicted improvements in performance and workload to be
renreser.tative of the benefits that would be obtained in practice.

Cefinition of the Contrnl Sjtuation

The control situation used in this example has beer descrihed
in considerable detail in Reference 4 and to a lesser extent in
a companion paper (Ref. S5). Accordingly, only those aspects of the
sitwation critical to an understandino for the director design pro-
cedure will be elabcrated upon here. The reader is directed to the
above references for a description of the vehicle dynamics and wind~
qust charz-teristics assumed in this example,

o descraption of the pilot/vehicle mnudel is given here, as
this model has heen well documented in the 1l;terature (Refs, 1, 2).
The rationale for selectina model parameters will, however, be
discussed,

The sensory information available to the flight director
w»3 assumed to be the same as the flight-control informaticon
available to the pilot through his status displays; namely,
(a) height error, (bh! sink-rate error, {(c) pitch deviation from
trir, (d) nitch rate, and {e) airspeed error, (Lateral-directional
variables are not considered in this example.)

Performance reouirements were specified in terms of a
{scalar) cuadratic cost functional that combined deviations
associated with flight-path, attitude, and control variables,
Weightina coefficients for this cost functional were selected
on the basis of maximum allowable deviations (or "limits") for
the various problem variables. A unit amourt of "cost" was
associated with a aiven variable when the magnitude of the “error"®
(i.e., deviation from trim) was eaual to the nominal limit. Thus,
the weightina coefficient for each variable was computed simply
as the inverse of the sauare of the correspondina limit, Height-
error and airspced limits were based on Category I1 "window” speci-
fications; control and control-rate limits were determined larcely
from physical considerations, and the remaining limits r/ere based
on assumed pilot preferences.

The limits assumed for this snalysis and the resulting
weighting coefficients are shown in Table 1,

Table 1
"LIMITS AND COST PUNCTIONAL WEIGHTINGS"

Variable "Limit" Weightina
h 3.7 (m) 0,073
h 1.1 (n/s) 0.83
o 6.0 (deg) | 0.028
q {none specified) 0,0
uy 2,6 (m/s) 0.15
Ge 9,0 (deg) 0,012
8y 29, (deg) | 0.0012
LR 50, (deg/s) 0.0004
Sy 100. (deg/s) 0.0001

On the basis of previous analysis uf manual control behavior
(Refs. 1, 2), pilot time delay was assumed to be 0,2 seconds, Pilot-
related "noise" levels, on the other hand, were set at levels con~
siderably greater than those found ‘n the laboratory. The rationale
for choosing noise levels is as f..lows,

The selection of model noise/signal ratios for fliaht
director design depends on whether one views the benefit of the
director as primarily the reduction of svstem errors or the
reduction of pilot workiocad.* If the pilot is expected to main-
tain a high level of workload so that he can minimize errors, low
noise/signal ratics appropriate to maximal effort should be used
in the analysis. On the other hand, if the director is intended
mainly to allow the pilot to maintain performance with reduced
workload, then the director should be optimized for substantislly
larger noise/signal ratios.

"he Dbasis for relating noise parameters of the model to atten-
tional workload is discussed in Refs. 6 and 7.
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Mlthouagh a director desioned for a low~noise situation
will allow hetter performance under conditions of mav .mal effort,
the alternative desian will be less sensitive to pilot noise and
should thus be more "foraivino® of non-optimal pilot behavior.
Accordingly, the director laws designed and evaluated ir this
studv have been obtained by computina predicted pilot describing
functions for a hich-noise situation,

Specificallv, levels of -10 dB were used for both motor
and cobservation noisessianal ratios (as opposed to levels of =20 dB
for observation noise and -25 dB for motor noise typically derived
from laboratory tracking data). Attention-sharing was not specifi-
cally considere@ — the large noise/signal ratios already took this
factor into account —~ and display-related thresholds and resolu-
tion limitations were ignored.

Derivation of Director Laws

Pilot describine functions were obtained from a steady-
state analysis of pilot/vehicle nerformance. Wind gust inten-
sities corresronded to the "l-percent® wind condition. That is,
qust intensities areater than thesge levels would be encountered
in practice onlv 1% cf the time, Thus, a "worst-case” analysis
was performed.

Predicted pilot descritinag functions (magn.tudes onlv)
relat:.io the clcrator ar” ncrrle controls te each of the five
‘17 lav varial les are shotn in PFigures 1 and 2.* Since the
freeuencv-derendencies of the five transfers associated with a
civen control variable were nearlv identical, only twoc shapine
filters were recuired to cenerate the director laws,

Specificallv, each of the predicted pilot transfers was
avproxirated bv the transfer function of a second-order, critically~-
damprd low-pass filter. The critical freauencies of all responses
correspondinag to & agiven control variable were made identical.

Thus, each of the two director siqgnals was represented as follows:

i 2
1
Di(s) = § Kij . [117_8 Ui] . yj(s)

where wy is the critical frecuency of the filter associated with

the i, control variable and Kj4 is asymptotic low-frequency behavior
of the approximate transfer function relatina the igh control
variable to the ith sensory input.

*Por the purposes of this design exercise, velocity variables
{(pitch rate and sink rate error) were considered to ke sensory
variables distinct from the correspondine position variables.
Hence, five pilot describine functions were computed for each
control variable,
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Approximations to the predicted internal describina functionh
were obtained by visual inspection, The resultinc director nara-
meters are shown in Table 2. The units of the low=-frequency cains
¢° 4in termas of relevant displav and control variables. For

mple, the cain associated with the contribution of height
information to the elevator director has units of deqrees (of
control surface deflection) per meter (of height error), Criti-
cal freauencies are in radians/second.

Table 2

PARAMETERS POR MODEL=BASED LONGITUDINAL DIRECTOR LAWS

—Sensory Crictical Tow-Freauency
Director Variable f Preguency cain
Height f i 0.25
Sink Rate ' ! 1.8
Elevator Pitch 8,0 0.9
pitch Rate 0,8
, Airspeed ' 0,5
+
1 Heiqht ) f 1.1
|  sink rate i 6.3
Nozzle f Pitch 3.5 : 0.8
i ritch Rate 1.0
{ Alrspeed 6,3
i 'y

The ability t~ approximate each set of five pilot describina
functions with a siaole shaping f£ilter is an encouraaing result,
for it shows that tae complexitv of the problem is nealiaiblly
affected by the number of displav-to-control closures that are
considered., That is, two shaping filters are needed whether
there is one closure per control variable or whether there ave
five, Additional closures merely add additional cain coefficients
which contribute minimally to the desion comnlexity of the director,
Furthermore, these additional coefficients do not increase the
computational effort involvec in analyzinag the proposed desian
with the state~variable model,
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Further experience with the rronosed technigue is needed
to deterrine whether such simplifications can be made in aecneral,
I1f such i1s found to ke the case, then we have demonstrated a very

vowerful technicue for desianina a control director of minimal
corrlexitv,

tvaluatior of th I"irector Laws

For the rurpose of evaluatina the prorosed controle-director
laws, rilot-related model paramcters were selected to correspond
to a hieh level of rilot effort. Parameters not related to pilot
randorness vere set to the same values used in the design pro-
cecdure, Tne rotor noise/sicnal ratio was set to apnroximately
-25 dv, and, 1n order to nerforr a worklcad analysis (Refs. 6,
the oblscrvation noise/sianal ratio was varied fror a minimum of
=20 ¢ to a raximur of about -10 dB,

7).

"en rprarvcee, — Predicted rms performance scores for the
ls-c1inc concdition and an ohscrvatior noise/siqgnal ratio of ~20 dp
are s.ovn 1n "arle 3, [Flso shown for cornarison are the scores
rredicted for tne status displays without a flight directo= and
th¢ scores associated vith an idealized displav condition which
1cnores rost of the display-related limitations (Refs. 4, 5).

The rerforrance variable rost effected bv disnlay rara-
1s tne rrs height error. The score predicted with the
flicht director 1s alcut 26% less than the score predicted for
tnt status dJdisrlav, (The i1dealized disrlay vields about a 35%
recuction with resvect to the status disvplav,) P similar reduc~
tion 1s predicter for the sink rate error score. A reduction of
atout 10t 1s rredicted for rms stick and stick rate. Other per-
farmance scores are virtuallv unchanaed. Ixcept for improved
flient-rath rerforrance, then, vehicle motions and control

resronses are esscntially the sare with and without the flioht
cirector,

retoers

vere ez, — 1In order to assess the dearee *o which
vor¥load can te recduced bv the use of the flight director, we
exarine the relationship hetween the probability of a "missed
approach” and "attention®, A missed approach is defined as the
situation 1n wvhich either heiaht or airspeed crror exceeds its
resrvective “"limit® of 3.7 reters or 2.6 meters/second, Atten~
*1cn is related inversclv to the observation noise/saignal ratio,
<1th a relative attention of unitv associated with a ratio of
=20 dp.

XIrTvaD ¥00d 40
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Table 3

COMPARISON OF PREDICTED RMS PERPORMANCE WITH
VARIOUS DISPLAY CONFIGURATIONS

(l2-wind, Po = - 20 dB)

thou aht gi:eéaorcondiﬁti:ﬁn Flight Director
Variable l Status ___Idealjized
o (m) I 2.3 ' 1.5 1.7
of (m/s) : .68 .55 .55
g (deg) 1.8 1.8 : 1.8
o, (deg/s) L2 1.2 1.1
o, (m/s) 1.3 1.3 ‘ 1.3
aée(deq) 2.1 2.0 1.9
o&e(deg/s) 7.4 7.0 6.€
oGN(deq) 12, 12, 5 12,
oéN(deq/s) 21, 21, 21,

The relation between predicted performance and attention
is shown for the it-wind condition in Figure 3a. Curvee for both
the status and director displays are shown for comparison, For
the le-wind condition performance is still poor for the director
display, but it is appreciably hetter than for the status display
configuration. In particular, the flight director reduces signji-
ficantly the sensitivity of performance to observation noise {both
display-related and human related) and, therefore, shows relatively
greater improvement at lower levels of pilot attention.
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In order to provide a more meaninaful comparison of the
50 workload/performance relationships for the two displav confiou-
rations, a probabilitv-weightina procedure was emnloyed to cderive
al) % wiND a set of curves correspondinoc to “"averace" gust conditions
(Refs, 4, 5). The value of the flioht director is now even more
apoarent. The predicted workload reacuirements are suhstantiallv
lessened even for relatively stiff pcrformance derands. For
40[- T exarnle, if we reocuire a 99-vercent nrobability of a successful
arproach, a relative pilot attention of slightlv areater than
unitv is reauired when no director irf provided. vith the rrorosecd
director, howvever, predictced attcrntior recuireronts aic o aced
bw aleut e fucter of 10, Conversclv, rerforrance is irrroveé for
STATUS _ a pilot oreratinc at a constant level of ittention. Tor a relative
attention of 0.25, tre predicted prohabilitv of a missed aoproach
is reduced from about 5 percent for the status disrlav to around
.6 percent for the "model-based® director,

w
O
I

Predicted Pilot Peseritins Functinn, — One of the desian
qoals set forth earli=r was that the flight director should allow
the pilot to adopnt a control strateav that resembles a simnle
gain at low and mid frecuencies. We expected that the desian
procedure adonted in this study would meet this reauirement hv
allowino the dircctor lews to perform the recuired ecualization,
It was also anticipated that cross-coupline in the pilot'’s
response strateov would be unnecessarv with a rroperlv desianed
DIRECTOR set oF fliaht directors.

-]
T
1

-]
T
1

Inasmuch as the model for the pilot is relativelv "free
form", pilot transfers will in oceneral be predicted hetween
ail disvlay and all control variables. Thus, for the control
situation investiocated here, there are twc sets of nredacted
pilot describina functions to consider: the "direct" transfers
which relate each control response to the corresrondine director
T ] command, and the “cross" transfers which relate control responses
b) ALL WINDS to commands on non-associated directors, In cases where pilot

cross~coupling is unimportant, the magnitudes of the rredicted

7 cross transfers should be numericallv small.

Q
e

PROBABILITY OF A MISSED APPROACH

The predicted direct transfers are shown in Ficuyre 4, As
expected, these transfers approximate a pure gain at freauencies
up to about 4 rad/sec (which is beyond gain-crossover for flight-
path and attitude control). The high-freauencv pcaks in the

STATUS

S - amplitude ratios are typical of actual pilot response behavior
obtained in K/s tracking situations,
§ Predicted cross transfers are shown in Pigure 5. The
CTOR S freouencv-depe..lency of the phasc~ghift indicates that roch
DIRE 1 pmsaonsts” 3 describina functions are non-minimum-phase.
o e i

' 05 0.28 Qs
RELATIVE ATTENTION

FIGURF 3. Relation Between Predicted Performance and
Attention
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In order tu determine whether or not the magnitude of the
cross transfers arc small enouagh to be nealected, we must compare
thce oben-loop describino functions for the direct and cross
raths. (The onen-loov transfer is defined as tne cascade combi-
nation of a rredicted nilot deacribhine function and the corres-
rondina vehicle transfer function.) Such a comnarison (not shown
here) reveals that thc maanitudes of the cross control paths are
not substantiallv less than the maanitudes of the direct paths
at all frecauencies. Thus, we cannot claim that the onredicted
rilot cross courlinas arec numericallv small.

A true test of the irrortance of cross-couplina would be
to deterrine the levels of merformance and worklmnad that would
be oktained if cross coupnlinog were prohibited. There is no
simple vvav to make this test at oresent, however, hecause current
irnlementation of the pilot/vehicle model does not allow for such
a constraint on the predicted control strateqgy.

SUMMAPY

An anrroach to desianina flight director laws based on
the “urtiral-control rodel® of the human onerator was sugagested.
Dire *-r laws for loncitudinal control of a STOL vehicle were
deve, d usina this arproach. Analysis of svstem nerformance
with s.atus displavs and with the proposed director display led
to the rnrediction that the Jirector would provide improved system
rerforrance a2t reduced workload levels, Thus, the proposed design
technitue achieved its major objectives. On the other hand, the
results did not substantiate the be'ief that the reed for control
cress-counling would be reduced b this design procedure, Further
vork 1s necessarv to evaluate this aspect of the desian,

It should be re-emrhasized that the illustrative examplc
rresented ir this paver resulted in only a preliminarv desian
of director law~ and an analytic (not experimental) evaluati-
thereo®, >~ ~uml . of factors such as steadv-state winds, se:.r.r
nrise, anGg <tand-v f errors were not considered, and design

comrromiser ~nat are perhaps inevitable in practice were unnecessarv

here, ‘'cv. ‘theles-, the author believes that the results presented
here are hio! v s ncouraaine and warrant hoth 7+ ther development
and experircrtal evaluaticn of the desian techn'-1ue nroposed in
~his praper.
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