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ABSTRACT

In this study ue develop flight director logic for flight path and
airspeed control of a pouered-l1ift STOL aircraft in the approach,
transition, and landing configurations. Tuo methods for flight director
design are investigated. The first method is based on the Optimal
Control Model (OCM} of the pilot. The second method, proposed here, uses
a fixed dynamic model of the pilot in a state space formulation similar

to that of the OCM, and includes a pilot uwork-load metric.

Several design examples are presented with various aircraft, sensor,
and control configurations. These examples shou the strong impact of
throttle effectiveness on the performance and pitot uork-load associated
with manual control of pouered-l1ift aircraft during approach. Improved
performance and reduced pilot Work-load can be achieved by using direct-

lift-control to increase throttle effectiveness.

Flight path regulation in the presence of turbulence, glide-slope
capture, and acceptable response to horizontal uindshear, can be
achieved, equally uell, by both methods. The second design method
provides improved control logic for manual contrel tasks by reducing the
pilot’s work-load. It is also easier to use and validate, and it can

sccommodate any lirear model of the pilot.
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Chapter 1

INTRODUCTION

1.1 DBACKGROUND ANMD PURPOSE

Manual control of Short Take-0ff and Landing (STOL) aircraft is
generally more difficult than control of current Conventional Take-0f¢f
and Landing (CTOL) aircraft. Some of the difficulties are inherent :
landing on a short iield with acceptable sink rates requires more
precisze flighi path and airspeed control, while stability and control

effectiveiress are reduced at low speeds.

The high 1ift coetficients necessary for STOL operation are generated
by increased wing cirzulation and by thrust vectoring that results from
blowing engine exhaust over specially designed trailing-edge flaps.
Flight tests have shown [1,18] that pouered-lift aircraftt are
characterized by : (1N sluggish flight path response to attitude
changes, (2) operation on the backside of the drag curve (i.e., uhere
drag increases when airspeed decreases), and (3) large changes in lift
and drag with engine pouer setting. Both attitude and pouwer changes
produce significant chbanges in flight path angle and airspeed, which
makes manual control difficult. In the approach and landing
configurations, pitch attitude is used primarily for airspeed control,
and thrust modulation is used primarily for flight path control.
Exactly the opposite technique is used in the cruise configuration where

the effect of controls is restored to that of conventional aircraft.

\
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Most powered-lift aircraft incorporate a pitch-rate command/pitch-
attitude hold augmentation system that effectively eliminates attitude
control deficiencies [2,16]1. The remaining problems, namely handling
quality deficiencies associated uwith flight path and airspeed contrel,
can be solved either by additional augmentation or by using a flight

director.

The purpose of this study is to develop flight director logic for
flight path and airspeed control of a pouered-lift STOL aircraft in the

the approach, transition, and landing corfigurations.

The function of a flight director is to process aircraft sensor data
and to display to the pilot appropriate pitch attitude (or stabilator)
and throttle commands. T4e flight director performs the cross-coupling
and equalization that the pilot would otheruwise have to provide. A
flight director is 1less expensive than an autopilot, and provides the
pilot with the training necessary for manual flight with conventional
instruments. For this latter purpoce, the usual status information
{i.e., airspeed, radar altitude, glide-sliope deviation etc.) are also
displayed so that flight director failures can be detected, and the

landing continued or aborted safely.

For the flight director to be effective it must provide satisfactory
performance and.produce gcceptable pilot work-load. First, flight
director control commands, if folloued exactly by an ideal pilot, should
result in the desired aircratt response. Second, the displayed commands
should be comnatible with human operatof capabilities so that the pilot

can track and execute the commands with acceptable leveis of mental and
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physical efforts. The last requirement implies knouledge about the human
operator characteristics, which is the subject of manual control theory.
Our knouledge about the‘}ilot as a dynamic contral component is far from
being complete or even extensive, and notions such as “pilot work-load”
still resist rigorous definition and treatment. Nevertheless,
mathematical models of the pilot have proven useful in improving

pilots/vehicle integration.

Tuo sucih models are relevant to this study. The crossover model [4]
is the best knoun pilot~model for single-input single-cutput tracking
tasks. Most of the research about pilot preference in controlled-element
dynamics has been done with this model(4,5]. Several (single =-input)
flight directors Were designed according to the results of this research
which clearly indicated pilot preference for plant dynamics having k/s
1ike characteristics. The second model, knoun as the Qptimal Control
Model (OCM) of the pilot [6], 1is inherently capable of treating multi-

variable systems, and is used exiensively in this study.

The first flight director design method investigated in this study is
based directly on the OCM. This method has been used before !9], but the
control configuration investigated there, a longitudinal hover task, is
relatively uncoupled, and thus places less demand on the pilot than the
STOoL landing task investigated here. A second design method is proposed
here, uWhich includes consideration of the pilot work-load, and thus it
should produce improved flight directors for manual control tasks.

Several design examples are given to shouw the relative merits of the tuo

design methods.
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Manual contrcl theory is reviewed in Chanter 11, The concept,
structure, and speciaf teatures of the 0CM and crossover models are
described. The aircraft and the control ¢task are described in Chapter
I11. The Quiet Short-Haul Research Aircraft (QSRA) and its flight
control system are presented, folloued by a definition of the landing
task and the associated aircraft configurations. The flight director
design requirements, including design constraints and performance

criteria, are given in the last section.

Tuo flight director design methods are presented in Chapter IV. The

design procedure for each method is explained and the twuoc methods are

compared.

The pilotsvehicle mathematical model is developed in Chapter V. In
Chapter VI, both design methods are used in design examples with various
aircraft, sensor, and control configurations. Conclusions and
recommendations for future rescarch are given in the last chapter. Model

parameters for the QSRA are included in Appendix A.
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Chapter 11

REVIEW OF MANUAL CONTROL THEORY

Until 1965 most of the research in the field of manual control uas
devoted ta understanding the characteristics of the human operator as
the controller of & single~input single-output (SI530) tracking task. The
result was a set of quasi-linear models that predict human behavior
quite well for these simple but important tasks. An excellent summary of
this work can be found 1in the report by McRuer et al. [4]). Tuo
approaches have been used to extend manual control theory to the mul ti-
variable case. The tirst, wusing classical multiloop control theory,
relies heavily on judgments concerning the closed-loop system structure,
and consequently is difficult to use in a systematic fashion. The
second, knoun as the Optimal Control Model of the pilot [6), uses state
space methods and optimal control theory, and is inherently capable of

treating multi-variable cases.

2.1 CLASSICAL MANUAL CONTROL

Classical manual control theory has been applied most successfully to
time~invariant SISO compensatory tracking tasks. The mode) used to
describe the pilot’s behavior in these tasks is knoun as the grossover
model [4]. The tuwo essential elements of this model are (1) 8
describing-functira analytical form, and (2) a set of adjustment rules

which specify how to set the parameters of the madel.
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Figure 1: Block Diagram of a SISO Tracking Task
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A typical SISO laboratory tracking task is illustrated in Figure 1.
The pilot acts to minimize the displayed error, e, lbetueen the desired
input, 1, and the aircraftt response y. The actuator, airframe,sensor and
display dynamics are all included in the controlled-element dynamics
represented by the transfer function Y¢(s). The pilot is represented by
the quasi-linear describing function Yp(jw). The remnant represents the
non-linear part of the pilot behavior. The input forcing function, i. is
modeled as a stationary random signal with Gaussian distribution, rms

level oj, and banduith wj.

The crossover model relates the form of the pilot equalization, Y¥,,
to the controlled-element dynamics, Y., by the equation :
=jvr
wce
Yeol(iw) = Ypljw)Yeljw) = ~———m near We (2.1)
u
where
Ysol is the system open-loop transfer function

we is the crossover frequency (i.e.,where |Ygo1l=0 dB.)
7 is the effective time delay representing transport lag

and high frequency neurcmuscular dynamics.

Eqn.(2.1) has as its basis a large body of experimental evidence
[4,5). ©Data from these experiments have shoun that for a wide range of
controlled-element dynamics such as Yels) = K¢y Kes/s, and Kess2, the
above relationship can be sat sfied with a pilot describing function of
the form :

(T1jut1)  -jur

Ypljw) = Kp——— e (2.2)
(T;jw+1)



where

The
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Kp is the pilot gain
Ty is the lead time constant -
T; is the lag time constant

7 is the effective time delay

crossover model predicts that, given the controlled-element

dynamics Y., the pilot will adapt his behavior in the following uay :

1.

The lead and lag equalization, T} and T;, are adjusted by the
pilot to achieve a -20 dB/decade slope in the systém open-loop

amplitude response ( IYgo1l ) near or below the crossover

frequency we.

The pilot gain, Kp, is adjusted to locate the crossover frequency
wc=KpKe above the input forcing function banduidth wij so as to

minimize tracking errors.

The pilot effective time delay, 71, is adjusted to provide

adequate phase margin #,.

For the crossover model the phase margin is given by :

¢m = /2 - TWe

Experiments have shoun that the operator tends to minimize the mean-

square tracking error [4,5]. For a rectangular input spectrum of

banduidth w; and rms level o, and under favorable tracking conditions

(we > i), the rms tracking error is given by :

e2/0;2 = w;2/(3wel)
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To decrease the rms tracking error the pilot tends to increase the
crossover frequency «g by increasing his gain Kp. Houever the pilot
time detay, 7, reduces the phase margin and usually limits wg to less
then 10 radssec. To increase the phase margin the pilot can decrease his
effective time delay by concentrating more on the task and increasing
his neuromuscular tension. This represents an increased work load, and
in any case the pilot’s effective time delay cannot be reduced belou
some physiological limit, usually about 0.1 sec. When the pilot has to

generate & low frequency lead, a larger time delay is incurred.

A substantial amount of research has been devoted to finding the
relationship betueen the parameters of the c¢rossover model and
subjective pilot ratings wused to describe flying qualities. Good
correlation betueen these parameters would permit use of the crossover
model to design for desirable aircraft handling characteristics. The
results of this research have indicated that the best pilot ratings are
obtained when the pilot equalization is minimal (i.e., no lead or lag is
required). . only moderate degradations in ratings appear when lag or
small values of lead are required. 1f larger values of lead equalization

are required the pilot ratings degenerate rapidly [4].

2.2 JHE OPTIMAL CONTROL MOOEL OF IHE PILOT

The Optimal Contral Model (0CM) of the pilot is based on the
assumption that a well-trained pilot has the ability to estimate the
state of the aircraft, and to produce control actions that minimize the
integral-square output errors uWith a constraint on integral-square

control deflections. The main diffarences betueen the 0CM and other
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models of the human  operator are the extensive use of state space
concepts, the methods used to represent human limitations, and the use
of modern control theory to compensate optimally for these limitations.
The essential features of this model and the method of application are
revieded briefly in this section. A detailed description of the OCM

concept can be found in the paper by Kleinman, Baron and Levinson [6].

2.2.1 Model Description

A blrck diagram of the closed-loop pilot-vehicle system 1is shown in
Figure 2 [9]. Since the OCM method can handle multi-input multi-output
(MIMO) systems, all the variables shoun in the +figure are vector

quantities.

The displayed variables are assumed to be corrupted by an
“observation noise” that accounts for the pilot’s 1limitations in
perceptual resolution and attention-sharing capacity. A Kalman filter is
used to represent the pilot’s ability to estimate the current state of
the system. An optimal regulator is then synthesized to produce a set
of control commands that minimi2e a quadratic performance inJ;x. The
time delay element accounts for the pilot’s central processing
Timitation. Just as observation noise is used to account for imperfect
human perception, a “motor noise” is introduced to corrupt the optimal
commands. This motor noise accounts for the pilot’s inability to
generate noise-free controi ~actions and his imperiect knouwledge of his
oun outputs. The last element of the OCM represents the banduidth

constraint of the neuromuscular system.

- 10 -
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Human characteristics, as incorporated in the OCHM, can be divided

into four categories :
~

1. Te&sk formulation.
2. Perceptual characteristics.
3. Central processing characteristics.

4. Neuromuscular actuation characteristics.

2.2.2 Jagk formulation
The pilot is assumed to adopt a strategy that minimizes a quadratic

performance index of the form :

@

1
J = - I (ytayy + utBuddt (2.3)
2
0

where Ay and B are weighting matrices associated wuwith the displayed
outputs y and the controls u. The elements of A, relate to the
performance objectives of the particular control task fe.g., glide-slope
regulation), while those of B reflect the crntrol utilization
-constraints that the pilot or the aircraft systems may impose. This
strategy is based on an extehsion of SISO laboratory tracking tasks that
showed that the operator tends to minimize rms output errors while using

gpecified control energy [(4,6]). The OCM formulation, using quadratic

- 12 -
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performance indices, has been validated for both S1SO tasks (6,8] and

Multi-Input Multi-Output (MIMO) tasks {9,15].

2.2.3 Perceptyal Characteristics.
The perceptual characteristics are modeled by :

y = Hx

Yp =¥ * N
where x is the state vector, y is the display vector, y, is the vector
of perceived variables, 7o is8 the observation noise vector, and H is the
output distribution matrix. In formulating the display vector, it is
assumed that the operator can extract both position and rate information

from a single moving cockpit indicator [6].

The statistical properties of the observation noise are determined

by:

1. Single observation.
Studies of controller remnant have shown that the variance Q;i of
each-uhite observation noise 7ny; 1is proportional to the variance
;! of the associated perceived variable y;. A normalized noise-
to-signal (N/S) ratio of -20 dB (i.e., correlation time of 0.01

sec) is typically found in laboratory tracking tasks [7].

2. Task interference.
In more complex situations, uwhere several indicators are scanned
by the pilot, the noise level is increased to account for the
higher work-load. The scanning process appears to be highly
complex and for most design applications a simplified ¢orm of
task interference is used (1]

- 13 -
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where pg 18 the basic noise-to-signal ratio used for a sgingle
indicator, f; is\the fraction of attention devoted to indicator i
(Xf;=1.), and p; is the noise-to-signal ratio associated uith
indicator 1. 1f attention is equally divided among all
instruments, the noise to signal ratio ®ill scale linearly with
the number of indicators. Finally, it is assumed that the
perception of the rate of change of the displayed variables is
realized without additional attentional demand, and hence, ¢}

does not have to be decreased on this account.

2.2.4 Centrayl Processing Characteristics

Central processing characteristics include the pilot’s equalization
and a time delay. The equalization element is the most important part of
the model as it represents the pilot’s ability to adapt his behavior to
the dynamics of the aircraft. The pilot’s equalization is modeled by a
Kalman filter followed by a linear quadratic regulator. This implies
that tiie pilot has an internal knowledge of both ithe dynamics of the

system and the statistics of the disturbances.

A single time delay is used to represent the sccumulated transport
time lag associated with the central nervous system (visual, central
processing, and neuromuscular transmission). Typical values are

0.15-0.25 sec [5.6].

- 14 -
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The OCM includes neuromuscular dynamics that account for
physiological banduidth limitations, and motor noise that accounts for
the pilot’s imperfect knouledge of his oun outputs. Motor noise is also

used to represent the pilot’s inability to precisely produce the dnsired

motions.

Neuromuscular dynamics are represented by a first order tlag.
Typically the neuromuscular time constant T, is in the range 0.1-0.6 sec
[4]. The neuromuscular dynamics can be modeled explicitly as part of
the controlled-element dynamics. Alternatively, a control rate can be
included in the performance index (eqn.(2.3)). The result is identical,
but the explicit model eliminates the need to iterate the control raies

weighting to achieve the desired value for T, [6].

The motor noise is assumed to have the same form as the vbservation
noigse: the variance Rj; of each white motor noise 74; is proportioﬁa! to
the variance o;Z of the associated control uj. In the experiments
reported in [8], a normalized noise-to-signal ratio of =25 dB (i.e.,

correlation time of 0.005 sec) was typically obtained by model matching

analysis.

-‘s-
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Chapter II1l

AIRCRAFT AND 1TASK DESCRIPTION

3.1 AIRCRAFY DESCRIPTICN

The Quiet Short-Haul Research Aircraft (QSRA) is currently being used
by the NASA Ames Research Center for terminal area, lowu-speed, powered-
1ift flight research. The QSRA is a deHavilland C-8A Buffalo, modified
by the Boeing Commercial Airplane Company to NASA specifications. It
has a new wing and nacelles and four AVCO-lLycoming YF-102 engines
mounted on top of the wing. The engines provide poxered-lift by
deflecting exhaust gases over four specially contoured trailing-edge
flaps referred to as the upper surface blcocuwing (USB) flaps. Lift is the
sum of the usual wuing 1ift, the normal component of the thrust vector
that results from flow turning, and the aerodynamic supercirculation
created by the engine exhaust flow over the wing’s upper surface. The
aircraft has a maximum gyross weight of 55,000 b and a wing area of only
600 square feet. Maximum trimmed lift coefficients in excess of 10 have
been demonstrated in flight. STOL landings are made at a 1lift
coefficient of 5.5 which results in landing speeds of only 65-75 knots,

while still maintaining a substantial stall margin [2].

- 16 -
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Figure 3: Flight-Control Surfaces
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3.2 ELIGHT CONTROL SYSTEM

The airplane’s control surfaces are identified 1in Figure 3. The
primary flight controls consist of a stabilator, rudder, ailerons,
spoilers and engine pouer. Secondary controls consist of four USB
trailing-edge flaps and two conventional outboard traijiling-edge flaps.

A three-axis stability augmentation system is provided.
The use of the longitudinal controls is described belou :

1. The USB flaps are used for configuration control. The USB flap
deflection is usually 0-10 degrees for takeoff, 0 degrees for
cruise, 30 degrees for initial approach and go-around, and 50
degrees for landing. ust tlap deflection from 0 to 30 degrees
is controlled by a handle in the overhead console. Flap
deflections between 30 and 66 degrees are selected by a switch on
the throttle uwhich commands flap motion at a rate of 10 degssec.
To enhance spanwise wing loading, the conventional outboard
trailing-edge flaps are deflected to 59 degrees tor al}

configurations except cruise.

2. Pitch control is achieved by stabilator deflection. When
engaged, the pitch control augmentation system (PCAS) provides
very tight rate commandsattitude hold control. This type of
pitch axis augmentation system is widely used on this class of
aircraft and has the effect of increasing the short-period

frequency and damping the phugoid mode. Attitude stabilization

- 18 -
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is required in the approach configuration since changes in thrust

or USB flap setting produce sizeable pitching moments.

N

Thrust is controliled by a throttle in the usual way, except that
the orientation of the incremental thruat vector is strongly

influenced by the USB flap setting as well as by the nominal

pouer setting.

Birect-lift-control (DLC) is achieved by use of symmetric spoiler
deflections commanded by an electri¢c interconnect from the
throttile. In this mode the spoilers are first biased up to a
setting of 13 degrees and move from that nominal position in
response to threottle movements. To ensure that authority s
maintained, a washout is normally included. The higher banduidth
of the spoiler actuators and the increased effective control
sengitivity result 1in taster flight-path response than can be

obtained through the use of thrust modulation alone.

mmai— s i o Lo oo .




ORIGINAL PAGE 1S
OF POOR QUALITY
3.3 JASK DEEINKTION
The tasks investigated in this study are the initial approach,

transition, and landing phases of a ponered-1ift STOL aircraft. A

typical approach and landing pattern for the QSRA is shoun below

C/STOL cTaL
1000

N

ALTITUDE (Ft)
J

DISTANCE (n.m))

Theee atrcraft confrgurationsflight conditions are used to represent

thais task

1. CToL - A straight and level approach at an altitude of 1000 foet.

and arrgpesd of 130 hknots. The USD flaps are retracted.

.0 CURHOL - In thra transation configuration the USD flaps are
deflected 30 deureen. The atrcratt 18 on a six degrees glide-

slope, at 90 kt.

3. ST10L - For the landing configuration the USD flaps are deflected

to 50 degrees. The aircraft is on the same glide-slope, at 70 kt.

- 20 -



ORIGINAL PAGE 1S
OF POOR QUALITY

The aircraft stability derivatives in the three configurations are

given in Appendix A.

3.4 DESICN REQUIREMENTS

The objective of this investigation is to develop ¢{$light director
logic for #light path and airspeed control that will provide good
performance with iou pilot work-load in the approach and landing task
described above. Special implementation considerations, such as
simplifying the control laws for reali-time operation, and display

design, are not addressed.

3.4.1  Qesian Constraints

To conform to the standard utilization of controls, the ¥flight
director should provide only throttle and pitch attitude commands.
(Pitch attitude command 1is wused as a control 1input rather than
stabilator deflection; this simplities the 1logic and is & good
approximation because of the high bandwidth of the pitch control
augmentation system described earlier). The Use f{flaps and the
conventional outboard flaps are held fixed at the appropriate setting
for each configuration. The spoilers can be used, if necessary, only in
the DLC mode in which they are linked to the throttle and so can be
modulated without increasing the pilot’s work-load. These design
constraints also allow the flight director to be incorporated without

any modification to the existing control mechanization.
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3.4.2 Performance Criteris
Quantitative performance criteria are stated in terms of flight-path
and control deviations from trim in the presence of random wind
disturbances, and in terms of the control authority required to capture

the glide-slope. These criteria are based on flight test data obtained

with an aircraft similar to the QSRA [16].

1. Disturbance rejection.

Horizontal and vertical wind gusts are approximated by shaping
filters driven by white noise with rms outputs of 2.3 ft/sec.
The average output and control deviations (in the rms sense)
associated with these disturbances uere chosen not to exceed the
values shoun in Table 1.

To ensure satisfactory transient vresponses ¢to wind gusts,
additional criteria are used. The maximum values of flight path
and control deviations following tuo-sigma horizontal and

vertical wind gust impulses should not exceed those shoun in

Table 1.

2. Giide-slope capture.
The capture of the glide-slope is represented by the aircraft
response to an initial offset of 4 knots in airspeed or 20 feet
in vertical position. Control deflections under these conditions
Were chosen not to exceed the maximum values specified in Table
1, and residual flight path deviations after 20 seconds should be
less then 10% of the maximum values shoun in the table. (The
aircraft response to an initial offset 1in airspeed can also be

regarded as the aircraft response to horizontal windshear).

- 22 -
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3.4.3 MWork-load Criterjon

Use of the flight director should reduce the pilot’s work-load. A
quantitative criterion is not specified. A metric for assessing pilot

work-load is presented in Chapter 1IV.

TABLE 1

Flight-Path Regulation and Control Authority Criteria

rms maximum

variable value value
ua [ft/sec] 2.25 6.75
d [ft) 6.7 20.
d [$t/sec) 2.2 6.5
Y [%] 3 6
8 {deg] 2 4
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Chapter 1V

FLIGHT DIRECTOR DESIGN METHODS

Tu6 methods for flight director control law design for a STOL
aircraft are presented in this chapter. The first method, proposed by
Levinson [10], uses the OCM concept to predict the equalization
characteristics of a uell-trained pilot performing the control task
using only conventionnl cockpit instruments. These equalization
characteristics, represented in the ocCcM formulation by a Kalman-
filter/LQG regulator, are then used as the control laus for the flight

director.

The second method, proposed here, uses a vehicle model which includes
8 fliqht director represented by a Kalman-filter/LQ regulator, and a
fixed dynamic model of the pilot. This method uas developed to overcome
reservations about the first design method, 1in particular the lack of

explicit design guidelines for reducing pilot work-load.

The two design methods are described below and then compared to each

other.
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4.1  ELIGHY DIRECYOR DJSPLAY
A typical flight director display is shown in Figure 4.
The “director” part of the display includes :

1. Throttle command bar (a)

2. Pitch attitude command bar (b)

The ”status” part of the display includes at least the folloning :

1. Aircraft symbol (¢)

2. Artificial hori2on with pitch attitude scale (d)

3. ILS box (glide-slope and localizer) (e)

4. Airspeed (f)

5. Radar altitude (g)

6. Sink-rate (h)

The status information enables the pilot to detect flight director

failures, and to continue the flight safely.
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Figure 4: Flight Director Display
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4.. DESIGN METHOD I -

Block-diagrams of the pilot/vehicle system for the design and
implementation steps of method 1 are shoun in Figure 5. For the design
step, the pilot is assumed to be using conventional cockpit instruments
(e.g., airspeed, sink-rate, and glide slope deviation indicators). Using
the OCM concept as outlined in Section 3.2, the pilot’s equalization
characteristics are represented by the Kalman-filter/regulator block.
The Kalman-filter and regulator are then regarded as a compensator, and
are implemented, either directly or preferably in a simplified form, as
the flight director control laws. Thus configured, ¢the flight director

will provide the same throttle and pitch attitude commandg as would a

well-trained pilot.

A point to note is that the pilot’s ¢time delay‘ and neuromuscular
dynamics are pot included in the flight director control laus. These
characteristics are assumed to be task-invariant and will be ”supplied”
by the pilot regardless of the form of the display compensation. On the
other hand, including the time delay and neuromuscular dynamics in the
model used for the design step, ensures that the resulting control laus

Wwill compensate “optimally” for these limitations.
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Figure 5: Pilots/vehicle Block-Diagrams for Design Method I
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Desian Procedurs

To satisfy both the OCM specifications and the flight director design

criteria the following procedure is used :

‘.

3.

A state space mode! of the pilot/vehicle system is set up

according to the OCM formulation (c.f. Chapter ¥ for modeling

details).

Appropriate values for the output and control ueighting matrices,
Ay, and B, of the cost functicn J (eqn.(2.3)) are selected to

reflect the objectives of the control task. This subject will be

discusced belou.

Jnitial values for the spectral density matrices, Q and R (the
pilot motor and observation noises) are determined. §iven the
uwind gust statistics used in the model  exipected values for the
rms outputs and contruls are  assumed, based on aircraft
characteristics and previous flight experience (e.g., the flight
test data reported in [16]). These expect.d values are used to
calculate the elements of Q and R that satisi;y the 0OCHM
requirements for p‘lot motor and observatfon noise-to-signal

ratios (c.f. Section 2.2.3).

The OCM is generated by computing the Kalman-filter and LQ

regulator gains.

- 29 -



POOR QuariTy

5. The spectral density matrices, Q and R, are adjusted, and step 4
is repeated until the specified noise-to-signal ratios are

obtained.

6. The output and control weighting matrices, Ay and B, are
adjusted, and steps 4 and § are repeated as necessary until the

flight director design criteria, set forth in Section 3.4, are

met.

Setting up the state space pilot/vehicle model! and adjusting the
matrices Q@ and R to achieve the specified noise-to-signal ratios is
relatively straightfornard. The essential problem 1is therefore the

proper selection of the weighting matrices of the the cost function.

4.2.2 Selsclion of Meiahting Matrices

In the design examples reported in [9) and [10), the weighting
matrices were based on Bryson’s rule [12]). Thus the diagonal elements of
Ay and B are equal to the inverse of the square of the maximum allowable
output deviations and contrcl usage respectively. In both of these
design examples the weighting matrices were held fixed, 1i1.e., the last
step of the design procedure presented above was not wused. The design
reported in [9) was evaluated in a piloted simulation which shoued
reasonable agreement tatween the rms outputs and contrals predicted by
the mode! and those obtained in the simulation. This evaluation also
snowed a definite reduction in rms outputs fand & smaller reduction in

rms controls) for the flight director configuration compared to the
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conventional display configuration and an improvemen® in pilot opinion
ratings. For this study, using rms outputs and cont(ols as the sole
criterion was deemed insufficient, especially since a piloted simulation
was not available to validate the design. Thus criteria based on
closed-loop pilotsvehicle transient response were added (c.f. Section
3.4). The procedure for adjusting the weighting matrices to meet the

criteria is presented in Chapter VI.

4.3 DESIGN METHOO II

A block-diagram of the pilotsvehicle system for design method 1! is
shoun in Figure 6. The vehicle model includes a flight director
represented by the Kalman-filters/regulator block. The pilot s
represented by a fixed dynamic model, with unity gain equalization, that
is assumed to represent the louwer work-load and improved pilot opinion
associated with the use of a fli1ght director. This pilot model 1is an
extension of SISO manual control experimental results. These experiments
have shown (c.f. Section 2.1) that the best pilot opinion ratings are
obtained when the pilot equalization characteristics are minimal (i.e.,
unity gain equalization). 1f the flight director is well designed, the
pilot’s task is simply to transfer the tuo displayed commands to the tuo
aircraft controls on a one-to-one basis, subject to his inherent time-
delay and neuromuscular lag. Under these conditions it is assumed that
the experimental results, although derived for a SISO task, are still

useful design guidelines.
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Figure 6: PilotsVehicle Block-Diagram for Design Method 11
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The pilot is thus represented by a unity gain equalization, fb\loued
by a time-delay and a neuromuscular lag that are modeled in the same wmay
as in method 1. The o0oCM formulation is also used to model the pilot
observation characteristics with the following changes : ) the
observation noise levels aire lower since only tuo variables are
displayed to the pilot and concequently less scanning is required (c.f.
Section 2.2.3), and (2: +the ;.ilot observation noise is treated as a
process noise. Finally, sensor hoise is introduced to corrupt the flight
director inputs. (Sensor, or instrument noise uas not included in the
design model for metkod T since it is negligible compared to the pilot

observation noise).

4.3.1  MWork Load Metric

Tne pilot model used 1in method 1!l is derived from a particular case
(unity gain equalization) of the SISO crossover model (c.f. Section
2.1). According to the crossover model the pilot equalization
characteristics and the controlled-element dynamics are related by the
system open loop transfer function in eqn.(2.1). These experimental
results indicate that the system open loop transfer function has a
strong effect on the work-load associated with the control task. It is
suggested here that the system open 1loop transfer functions will have a
similar effect in MIMO systems. Experimental measurements of frequency
response in MIMO systems are quite difficult and consequently the form
of such a relationship has not been determined yet. (The validation of
this design method in a piloted simulation may provide the ansuer).

Therefore a modified form of eqn.(2.1) is wused as a work-load metric :
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for each control channel, the gain trom the control input to the
aircraft to the commanded control output of the pilot, should behave
like k/s in the frequency range of interest. Cross tranafer functions

and phase characteristics are ignored.

txcept for the additional work-load criterion, the design procedure
for method Il is the same as that used in method 1 and is not repeated

here.

4.4  COMPARISON QF IHE DESIGN NMETHODS

The second design method uas developed to overcome reservations and
possible deficiencies in using the first method. These reservations
arose from the fact that design method 1 is unusual since the situation
being modeled in the design staye is not the one in which the design
will be used. Specifically, the flight director control lauwus are based
on & model of a pilot perfoming & high work-load task using conventiona!
cockpit dinplays. The Kalman-filter gains (and thus the flight director
control laws) depend among other things on the pilot observation noise.
The pilot observation noise levels postulated by the OCM are much higher
than the sensor noises that are corrupting the flight director inputs.
Thus, the Kalman-filter is designed for & measurement noise level much
higher than the one 1t will actually experievnce. Another deficiency is
that the first method does not include any mechanism to ensure a lower
pilot work-load other than that implicit in the concept itself (i.e.. a
tlight director control law that mimics the behavior of a well trained

pilat 18 uaed).
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A piloted simulation would normally be required to evaluate a flight
director before actual implementation. Houcver, this type of validation
is not wuell suited to the several design cycles typically required in
the development of advanced flight director systems. Instead, Ssome
method to permit a preliminary analytical validation is highly
desirable. Since design method 1 is not based on the actual situation
in which the design uill be used, a separate analytical validation is
especially desirable. Such a validation procedure obviously requires an
gnalytical model of the pilot, and the one used in design method Il is a
possible candidate. Design method 11 is thus more efficient as the same
mathematical model can be used for both the design and the validation

phases and unnecessary design iterations are eliminated.

Another advantage of the second design method is that any (linear)
model of the pilot can be used, whereas the first method is limited to
the OCM. 1f further research in manual control theory results in a
better understanding of the human operator, the improved model can be

incorporated in design method 1! with only tew modifications.

- 35 -



ORIGINAL PAGE IS
OF POOR QUALITY

Chapter V

AIRCRAFT-PILOT MODEL DEVELOPMENT

In this chapter the pilotsvehicle state space model is developed. Most
af the chapter is devoted to the development of the pilot/vehicle model
for design method 1. The modifications required for design method 1l are

presented in the tast section.

The pilot/vehicle model for design method 1 (c.f. Figure 2) includes

the following :

1. A tuo degree-of-freedom translation model of the airframe.

2. A vertical and horizontal wind gust model.

3. A first order thrust model.

4., A fourth order model of the combined pilot time delay and

neuromuscular systems.

These elements represent the open-loop plant. The pilot equalization
process is represented by a Kalman-filter/regulator in the wusual LQG

formulation.
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5.1 AIRFRAME STATE EQUATIONS

The linearized equations for longitudinal motion are :

L.l =S Xyu + X W - (900890)9 + X.S. + ngQ + X;;.Sgp
(5.1)
= (Xyco0s8g+XsinBoluy = (X sinBy+Xcosfglu,
N2 240+ Zau - (gsinBg)0 + (Ug+2q)q + 2e6e + 2465 + Z4pbap
(5.2)
= (Zyc0808p+2,sinBgluy, - (2,SinBp+Z,Cc0580)uH,
d = -u+ Ugl (5.3)
8 =gq ~ (5.4)
where

u,w are horizontal and vertical velocity perturbations
Uw>Wy are horizontal and vertical wind gusts

q,8 are pitch rate and angle

d is vertical perturbation from the glide-slope.
64:65p are stabilator and spoiler deflections

6« i engine speed

X(y»21) are axial and vertical force derivatives

Up is x-axis initial velocity component

6p is initial pitch angle

Stability axes are used. The quantities u,u, and X are defined positive

forward, u,w, and Z are positive dounuard; d is positive upward.
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The pitching moment equation is not included in the above set since
we have used the fact that the QSRA aircratt is equipped with a very
tight pitch control augmentation system. This simplifies the aircraft
control problem from three to two degrees of freedom. Consequently
commanded pitch angle 8, is regarded as the control input instead of &4,
which can now be eliminated on the implicit assumption 6 = 86,. TJo
eliminate the term Ug8 from the equations, & = =(u-Up8) wuwas used as a

state variable instead of W.

The following usual assumptions uere made ¢to further simplify the
equations :

* B8 smal), thus cos8¢=1 and sinBy%Hy.

s 24 small compared to Ug.

* X,.sinBgu, etc. are negligible.

* The stabilator contributions to X and Z can be neglected.

With the atove assumptions the airframe state equations are reduced

to

qu = de + XQSQ + X,pS,,, + (X“Uo-g)s. - XUUN - XNH“ (5-5)

[ =4
1"

[ =
|

= 2uu -ZN& + ZQSQ + ZSPSSP + (Zqu-geo)G. - ZuUu - Zuuu (5-6)

Note : In the following, the subscript a of 8, will be dropped.
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§.2  JUKBULENCE SHAPING FILYERS

Wind gusts are modeled as +first order Marko* processes. The

relationship betueen the gust parameters and aircraft geometry. atrspeed

and altitude was taken from Holley and Bryson [14].

5.2.17 Horizontal mind aust (ww)

Uuis)/ngyls) = /(T s+))

or

where

Nu

Qu

Tu

with

La

ho

€y

“Uy Nu
D — - (5.7)
Tu Tu

= white noise with zero mean and

spectral density Q,

2¢iL/C4V

= L/CyWV

rms(uy) = 2.3 ftrssec
atrspeed
turbulence integral scale = Lgh/(hgth)

2000 ft

2500 ft
Wing span
bs2L

(1+38/2)27/3

1+308
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5.2.2 yertical wind qugt (wu)

The simplified form for smal)l 8 was used to obtain a first order gust

N

mode!l @
. “Huw  Nu
"ﬂ 2 —t — (509)
Tw Tw
where

Ny = white noise with 2ero mean and

spectral density Q.

Qu = o2LsV

Ta = L72V

5.3 IHRUST MQDEL
In the flight regime of interest the thrust ic assumed to follow
engine rotational speed linearly. The engine speed response to throttle

position is modeled as a first order lag :

] '8. SQ

g = — + — (5.10)
Ta Te

where
6§¢ = throttie poasition, in units of
equivalent engine rpm

Te = engine time constant
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5.4 DIRECT LIFY CONTROL MECHANIZATION

In the OLC mode the spoilers are 1linked electricaly to the throttle.

Thus :

S'P = kSQ
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5.5 PRILOT TIME-DELAY AND NEUROMUSCULAR DYNAMICS SYSTEN

These tuo elements are connected as follow :

6  |NEURGMUSCULAR 64 | TIME 6
DYNAMICS DELAY

Ta :

piloT

mocor ‘

noise

where
6* = desired control (regulator output)

§d

detayed control

§ = control input (to the aircratft)

Tm = pilot motor noise

The time-delay element is modeled by a Pade approximation :

64(3) -(s~-2/7)

$*(s) (s+2/1)

(5.11)

The neuromuscular system is approximated by a first order lag :

6(s) 1/Th

(5.12)
$g4(s)+npu(s) s+1/Tp
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The transfer function betucen the desired control

control input is obtained by combining the twoc elements :

~1/Tn(s~-2/7) 1/Th
§*(g) + —————— 7nl(s)
(s+1/Tph)(8+2/7) (s+1/Ty)

6(s)

“1/Th(s=-27T)6%(8) + 1/Ta(8+2/7)0a(s)

82 + (2/7+1/Tp)8 + 2/7(1Ty)

actual

(5.14)

There are tuo such systems, one for the throttle channel (5§¢) and one

for the pitch attitude control channel (8). Transforming eqn.

(5.14)

into a state space form with the appropriate parameters for the throttle

channel uWe get :

{Sgb} [ =(2/7441/Tne) 1 ][th}
é{ -27(r4¢The) 0 54
“1/Tnt E¢* 17T nt Nt
a [ ]
2701 4The) 27(14Tnt)

And correspondingly for the pitc' rontrol channel :

{eb} [ “(2/14+1/T) 1 ][ehJ
] ~2/(14Tne) 0-\8

~1/Tne o 17T he Nme
| | e ]
27(1¢The) 2/7(1eThe)
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= pitch chanﬁél internal state
= throttle channel time-delay

= pitch channel time-delay

= throttle channel internal state

throttle channel! neuromuscular time constant

pitch channel neuromuscular time constant

PILOT/VEHICLE SYCSTEM FOR DESIGN METHOO I

Combining the various elements, the

obtained (c.f., top of Figure 5)

where

[
X =

y-

1he

L

6+

§ tb

1Y

Wi

Fx + 6u + T'p

Hx + 7o

following dynamic system

state vector x is :
[ftssec] Horizontal inertial velocity
[ftssec] Sink rate
[ft] Vertical position
(%] Engine speed
(%1 Throttle position
[%ssec] Internal throttle state
[deg] Pitch attitude
(degssec] Internal pitch attitude state
[ft/sec] Horizontal wind gust
{ftssec) Vertical wind gust
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The control vector u is 1
- ¥ ($3] Throttle command (regulator output)

" [deg]) Pitch command (regulator output)
The process noise vector 7 is :
NurMn Turbulence

Nt MTme Pilot motor noise

The output/observation vector y is chosen to be

Uy, [ftrssec] Airspeed

d [ft) Vertical position

d [ftssec] Sink rate

d [#t/sec?] Vertical acceleration

u [ftrsec?) horizontal acceleration

The associated observation noise vector is :

Nour MNod: Nod» '%3' Nou-

Note : The actual number of outputs used in a given design may vary.

See Chapter VI for details.

- 45 -




The state matrix is :

- Xy Xu 0 Xq
-2y “Zu 0 -Z4
6 -1.0 O
¢ 0 0 -1/T,
¢ 0 0 O
i 8 0 0 0
0 0 0 O
8 0 0 O
6 0 0 0
L 0 0 0 0

-1 0 0

0 0 1

= e 1 0

Xu Xuw O

- -2y ~Zu 0
Note k =

kXsp 0 Xuwo-g
-k24p 0 =-Z,Uo*9%0
0 0 ]
1/Te 0 0
~2/74+ /Tt 0
-27(14Tnt) O 0
0 0 ~2/7¢+1/Tpe
0 0 -2/(7¢The)
0 0 0
0 0 ]

kX,p

‘kz;.;

is not used.
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The control and process noise distribution matrices are :

i 0 0 . i ¢ 0 0 e 9
0 0 0 0 0 o
0 0 s 0 | ]
o 0 g 0 ] 0
~1/Tht g 6 0 1/The o
6 = ' =. _
2/(14Tnt) 0 0 0 27(14Tht) 0
0 “1/The c 0 0 1/The
0 2/(19Tne) o ¢ 0 2/(1¢Tne)
0 0 /Ty O ] 0
- ! 0 - - 0 /Ty ] ] .

5.7 PILOT/VEHICLE SYSTEM FOR DESIGN METHGOD II

The pilotsvehicle system for design methed I1 is the same as the one

for design method I except :

1. The aircraft outputs, instead of being displayed to the pilot,

are used as input to the flight director.

2. Only two variables are displayed to the pilot : §4* and 0*. The

pilot chservation noicse is now considered as a process noise.
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Referring to Figure 6, the following system is obtained :

X = Fx + Gu + I'n
y = Hx + 95
where
The process noise vector 7 is :
NurNu turbulence
NmtrNme pilot motor noise
NotrNod pilot observation raise
The measurement (sensor) noise vector is :
Naur Nsd» MNsd» Nsds Nsi-
Only the process noise distribution matrix is different :
0o 0 0 0 ] 0 1
o 0 0 ! 0 0
0 0 0 ] 0 0
0 0 0 ] 0 0
0 0 1/Tnht 0 ~1/Tht 0
re 0 0 2/7(1¢Tnt) 0 2701 ¢Thit) 0
0 0 ] 1/The ] -/Thne
0 0 ] 2/(13Tne? ] 2/(19The)
77qg O ] 0 0 0
[ 0 /7, 0 0 0 0 -
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Chapter V1

DESIGN EXAMPLES

Several flight director design examples are presented in this
chapter. The +#irst section describes the software toals used to
generate these examples. The main design effort was a trade-off study
on the number of aircraft sensors and the amount of control authority
required. The STOL configuration was used in this study to gain insight
about the two flight director design methods presented in Chapter IV. A
practical procedure for satisfying the design criteria by iteration on

the cost function weighting matrices was also establi:hed.
The trade-off study examples are presented in the follouing order :

1. Three sensors configuration - Baseline Characteristics : all
performance criteria except one are met ( insufficient throttle
effectiveness 1is the limiting factor); pilot work-load level

judged too high.

2. Five sensors configuration - Significant reduction in pilot work-

load; small improvement in performance.

3. BLC configuration with three sensors - Significant improvement in
performance due to increased throttle effectiveness; also pitot
work-load is similar to that of the five sensors configuration

but only three sensors were required.
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The last section of this chapter includes a similar design example for
the C/STOL configuration.
6.1 SOFTWARE JOOLS

A computer program, 70PTSYS”, developed by the Department of
Aeronautics and Astronautics at Stanford University, was used to
determine the Kalman-filter and regulator gains [13]. The program was
modified to calculate the pilot observation and motor N/S ratios, and to
predict the appropriate values of the spectral density matrices Q and R
that would result in the N/S ratios specified by the 0CM method. With
this modification, the specified N/S ratios could usually be obtained

with only tuo iterations.

The original program provided a printout of rms states,controls, and
outputs which were checked against the performance criteria (c.f.

Section 3.4.2). The program was further modified to provide :

1. An output disk +tile containing the closed-loop state matrix
computed by OPTSYS and the control distribution matrix. These
matrices uwere used as input to a time response program written by
the author. The time response printouts and plots were then
compared to the performance criteria on wind gust rejection and

glide-slope capture given in Section 3.4.2.

2. A printout and output disk file containing the system open-loop
( Yso1 ) frequency response from 0.1 to 109 rad/sec. These data
wera used to assess the pilot wWork-load and satisfy the

additional criterion proposed for method Il in Section 4.2.1%.
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6.2 PILOT PARAMETERS AND SENHSOR NOISE

6.2.1 Pilot Parameters

The pilot time delay and neuromuscular lags used are :

T4 0.20 sec

0.15 sec Te

0.25 sec

Tht 5 0.20 sec Tne
6.2.2 Sensor Noise

The values chosen for the elements of R (for design method Il only)
are based on conservative estimates of typical aircraft sensor noise
levels. The noise sources are independent, so R is diagonal and each
element has the form :

Riji = 2140;2

wuhere o; is the rms noise level f{for sensor i, and the corretation time
1¢ is chosen to be smaller than the sample interval for typical real-

time Kalman-filter implementation.

The values used are :

Ts = 0.025 sec
Oua = 0.75 ft/sec
cd = 1. ¢t

o4 = 0.5 ftssec
od = 0.2 ftssec?
oy = 0.2 ftrssec?
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6.3.1 Ihree Sensors Confjauration

Three sensors uere used for the initial design example : airspeed
(ua), vertical position (d), and sink-rate (d). In design method 1}
these variables are displayed to the pilot by three cockpit instruments
(c.f. Figure 5). The basic pilot observation N/S ratio (-20 dB) is
multiplied by three to account for the scanning process, and results in
an effective normalized N/S ratio of -15 dB. In design method Il these
three measurements are processed by the flight director, and only tuwo
variables are displayed to the pilot : throttle command (6¢), and pitch
attitude command (8). The pilot observation noise level 1is therefore

louer by one third (-17 dB).

An initial set of cost function wuweighting matrices was obtained by
Bryson’s rule (c.f. Section 4.1.2), based on the maximum errors
specified in Table &limits.. The resulting flight directors, usibg
either method, satisfied both the statistical and deterministic wind
gust rejection criteria. The glide slope capture and pilot work-load
criteria were not satisfied, and the pitch attitude control uwas felt fo

be under-utilized.

The adjustment procedure for the weighting matrices that evolved

during this study is :

1. General - The pitch attitude weighting was used as reference and

was not modified.
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Performance criteria - The airspeed error (u,) and vertical
position error (d) weightings were increased in order to decrease
the maximum and residual errors on u, and d. The fhrottlt
weighting wWas increased to more nearly equalize the control
utilization of the throttle and piteh attdtude. The u, and d
weighting were increased accordingly to keep the same ratio of

outputs to controls weighting. The sink rate weighting had a much

smaller effect and was not modified.

Work-1lead criterion (method 1!1 only) - The effect of the
weighting matrices on the work-locad metric was more complicated.
No analytical procedure is knoun to allouw systematic shaping of
the frequency response resulting from LQ6 design. Consequently
trial and error adjustements of the weightings were made and the
effects assessed. Taken individually, any weighting except the
one on sink rate affected mostly the low frequency range of the
system open-loop frequency response magnitude curve.
Collectively, the previously described adjustments, required to
improve the flight director performance, had a detrimental effect
on the work-load metric. That is, improving performance resulted
in the frequency response magnitude curves becoming steeper and
farther away from the rcquired -20 dBs/decade slope. Yhe work-
load metric could be improved significantly only by increasing
the sink rate weighting or decreasing the sink rate measurement
noise. These adjustments provided relatively good contro! of the
frequency response magnitude curve slope for the pitch attitude
channel, but insufficient control of the corresponding curve for
the throttle channel.
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The adjustment procedure uas carried out separately for the two
design methods. The end result was two sets of ueighting matrices : one
for method I, the other for method I1l1. The difference between the tuo
sets was not significant, and only one set (the wueighting matrices as

adjusted for method 1II) was used to generate <the design examples

presented below.

Examples of flight director performance for the STOL configuration,

using three sensors are presernted in the {first column of Tables 2 to 6,

and in Figures 7 to 10.

As mentioned earlier, the wind gust rejection specifications uere
achieved., Table 2 shous the average outputs and controls in the presence
of random wind gusts. Both methods produced similar results. Tables 3

and 4 shouw the aircraft response to a tuwo-sigma impulse in horizontal

sngd ver

4

iza! wind gusts respectivly. A more detailed picture of the
aircraft response is shoun by the corresponding time history plots in

Figures 7 and 8.

Glide slope capture following an initial offset in airspeed (4 kt)
and vertical position (20 ft) are shoun in Tables 5 and 6 respectively.
The corresponding time history plots are shoun in Figures 9 and 10. The
glide slope capture criteria are met uith one exception : following an
initial offset 1in airspeed, the vertical position residual error
(2.18 ft) slightly exceeds the specified value (2.0 $t), while the

maximum throttle excursion (6.30 %) is already above the 6. % limit.
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As shoun by the frequency response curves in Figure 11, the sork-load
criterion is not met either : uhereas the pitch channel magnitude curve
slope (-18.5 dB/decade between 0.4 and 4.0 radssec) is quite acceptable,
the coresponding slope for the throttle channel (-23.83 dB/decade) is

much steeper then the desired -20 dBsdecade.

Although the performance criteria were not fully met, the main
concern at this point was to improve the work-load metric. To this
effect the use of additional sensors to measure higher derivatives of

the aircraft outputs was investigated.
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Wind Cust Rejection
RMS Outputs and Controls
STOL - Method 11
outputs 3 5 3 design
pLe ? no no yes criteria
Ua [ftssec) 2.22 2.20 2.02 ) 2.25
d [$¢t) 5.00 4.79 3.07 6.70
d [ft/sec] 1.18 1.13 .874 2.20
64 [%] 2.29 2.26 1.59 3.00
0 [deg] .617 .569 .45%7 2.00
STOL - Methed 1
outputs 3 5 3 design
pLe ? no no yes criteria

Ua [$t/nec] 2.24 2.22 2.04 2.25
d [t] 5.44 5.08 3.52 6.70
d [$t/sec] 1.29 1.18 1.13 2.20
8¢ %1 2.30 2.27 1.59 3.00
;) [deg] .648 .578 .483 2.00
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Response to a Two-Sigma Horizontal Gust Impulse

TABLE 3

Wind Gust Rejection

STOL - Method I and Il

ORIGINAL PiGL jy
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outputs 3 ! 5 3 design
pLc ? no l no yes criteria
i

Uy max {$t/sec) 4.6 4.6 4.6 6.75
d max [ft) 2.67 2.43 2.08 20.0
d  max [ft/sec) 1.17 1.03 .997 6.50
u, residual [ftrssec] -.001 -.003 -.03¢ .67%
d residual [ft] 015 .0%9 .075 2.0%
d residual [ft/sec] -.010 -.01 -.008 .650
5¢ max [%] -. 884 -.861 -t.1 6.00
8 max [deg] -.588 ~-.443 4.00

-.623
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TABLE 4

Wind Gust Recjection

N

Response to a Tuo-Sigma Vertical Gust Impulse
STOL - Method I and I1
outputs 3 ) 3 design

pLC ? no no yes criteria
Uy max [ftssec] .577 .536 .476 6.75
d max [$t) 2.51 2.62 1.68 20.
d  max [ftssec]) 1.03 1.10 .829 6.50
ua residual [ftssec) . 134 137 .031 .675
d residual [ft) .528 .519 .090 2.00
& residual [ftssec] -.055 -.054 -.017 .650
1 max %] -1.61 -1.63 -1.37 6.00
® max [deg] -.455 -.405 -.356 4.00
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Figure 7: Response to Horizontal Wind Gust (STOL - 3 sensors)
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Response to Initial Cffset in Airspeed (6.75 {ftssec)

" STOL - Method I and 11

outputs 3 S 3 design
pLC ? no no yes criteria
Uua max [$t/sec] 6.75 6.75 6.75 6.75
d max [$t) 8.83 8.29 5.28 20.0
d max [ft/sec] 3.14 2.83 2.13 6.50
usg residual [$t/sec] .555 .584 .133 .675
d residual [ft] 2.18 2.21 . 391 2.00
d residual [ft/sec) -.229 -.229 -.073 .650
§¢ max 141 -6.30 -6.19 -4.98 6.00
6 max [deg] 2.07 1.65 2.23 4.00
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Response to Initial Offset in Vertical Position (20 ft)

STOL - Method I and 11

ocutputs 3 5 3 design
pLe ? no no yes criteria

us max [ftssec] 1.81 1.64 1.37 6.75
d max [ft] 20. 20. 20. 20.
d  max [$t/sec) -2.87 -2.64 -3.81 6.50
u, residual [ftssec] .430 .436 . 102 .675
d residual [£t) 1.67 1.65 .258 2.00
d residual [ft/sec]) -.176 -.172 ~.056 .650
§¢ max 13 -5.10 -5.16 -2.57 6.00
8 max [deg] -2.83 -2.44 -2.57 4.00
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6.3.2 [Five Sensors Confiauration

Adding vertical acceleration (3) as the fourth sensor was not
sufficient to meet the work-load criterion; and a fifth sensor, axial
acceleration () was added as well. Only the two additional output
weighting and sensor variances wuere iterated to obtain the design
examples presented belou. The objective of these iterations nas to
improve the work-load metric only, and no attempt was made to improve
the performance level, varying the u weighting and sensor noise
variance provided a much better control over the magnitude curve slope
for the throttlie channel than was available in the three sensor
configuration. The 2 weighting was varied mostly to counteract the

effect of the G weighting on the slope of the pitch attitude magnitude

curve.

Wind gust rejection and glide-slope capture performance are shoun in
the gsecond column of Tables 2 to 6. As expected insufficient throttle
effectiveness 1is still the limiting factor, &and the improvement in
performance is relatively small (5%-10%). As a result, the
corresponding time history plots are not included. un the other hand,
Figure 11 shous clearly the improvement in the work-load metric. The
frequency response magnitude curve slope is -19.9 dB/decade (betueen 0.4
and 4.0 radssec) for the pitch attitude channel. The corresponding slope
for the throttie channel is -23.7 dBs/decade, quite close to the desired

value of -20. dB/decade.
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The results presented so far, especially for the glide-slope capture,
clearly indicate that gerformance is limited by the available throttle
authority. cénsequentlv. the use of the DLC mode uwhere the spoilers are
linked to the throttle was investigated. The spoilers to throttle ratio
was chosen to effectively double the thrnttle authority (c.f., Appendix
A for the values of Z4p versus 24, and Xgp versus Xg). The spoiler
actuators are also very fast, thereby rartially compensating for the
more sluggish thrust response of the engine. The loss of maximum usable
1ift is acceptable in view of the substantial stall margin of the QSRA.
It should be noted that the DLC mode is part of the original design of
the aircraft, and its usefulness has been proven in flight. In
particular, during carrier trials of the QSRA by the Navy [17), the DLC
mode was instrumental 1in bringing the pilot’s uork-load doun to

acceptable levels (no flight director was used).

The improvement 1in performance is quite dramatic, as shown in the

third column of Tables 2 to 6. The corresponding time history plots are
presented in Figurs 12 to 15. The work-load metric is shown in Figure
11. The average slopes of the frequency response magnitude curves are
-19.7 and -21.5 dBs/decade for the pitch attitude and the throttle

channels respectively (between 0.4 and 4.0 rad/sec).

Last but not least, the above results were obtained using only three
sensors, thereby simplifying the flight director implementation in the
aircraft. This indicates that the faster acting spoilers, used in the

bLC mode, reduce the need for lead equalization so that sensors to
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measure higher derivatives of the aircraft’s states are not required.

As all design criteria uere improved, no further 1{terations uere
performed. The cost function weighting matrices are the same as those

used in the three sensors configuration presented in Section 6.2.1.
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6.4 C/STOL CONFIGURATION

The ¢€/STOL configuration (c.f., Section 3.3) represents the
transition between the conventional and the STOL configurations. The
UsB flaps are partially deflected to 30 degrees. Following the trade-off
study results, DLC 1is used with three aircraft sensors. As this
configuration is not as highly coupled as the STOL one, the value chosen
for the ©OLC gain is only half of that used previously. Thus, a tuo
percent increase in throttle will result in a one degree decrease in

spoiler deflection.

The results, presented in Tables 7 and 8, and in Figures 16 to 18,

are similar to those of the STOL configuration with DLC.

TABLE 7

Wind Gust Rejection

RMS Outputs and Controls

C/STO0L Configuration

method I 11
Ua [ft/ssec) 2.15 2.13
d [ft] 3.0 2.81
d [ft/sec) 940 | .872
6¢ [%) 1.54 1.53
0 [deg] .563 .559

- 73 -



ORIGINAL PAGE IS
OF POOR QUALITY
TABLE 8 _

Wind Gust Rejection and Glide-Slope Capture

C/STOL - Method I and Il

criterion Uy Wy Ug Wo
Ua max [ft/sec] 4.6 .5688 6.75 1.88
d max {ft] 2.19 1.68 5.17 20.0
d  mex [ft/sec] 1.06 . 859 2.14 -4.79
us residual [ftrssec] -.075 .084 .306 . 190
d residual [ft] -. 113 . 156 .567 .352
& residual [ftssec]) .006 -.024 -.087 -.054
6+ max [%] -.879 -1.38 -4.73 -3.82
6 max [deg] -.415 -.616 1.66 -3.52

where
u, : response to horizontal gust impulse
W : response to vertical gust impulse
up : respaonse to initial offset in airspeed

Wy : response to initial offset in vertical position



ORIGINAL PAGE IS
OF POOR QUALITY

T I - I
o 5 -
Q
(724
~ -
0, ___
> -
o
== L 1 ! ! ]
20. T I T
10. ]
- g
-10. —
- 20 i 1 ]
5. : T x T
(@)
(68
[€0]
~
FREE ——
QG
O
g 1 | |
5 [ T ] T ]
0.
2
2 S ——
-5 | L L =
4 7 T T
o 2 T —
© 0
DO . 2. L _
-4 - | L i
’ 0 5 10 15

TIME (sec)

Fiaure 16: Response to Airspeed 0O0ffset ( C/STOL )




20.

10.

10.

20.

é Ft/sec

w

e deg

ORIGINAL PAGE I3
OF POOR QUALITY

- 7% -

[ ] | {
vttt e ———— 1
r—
1 ! | ]
| I 0
| 1 i
I H !
| i {

L T 1 ) ]
L | | | |
] T - T

/
! ] 1
0 5 10 15 20
TIME (sec)
Figure 17: Response to Vertical Position Offset ( C/STOL )




ORIGINAL PAGE IS
OF POOR QUALITY

THRQTTLE CHANMEL

(db)

MAGNITUDE

(db)

MAGNITUDE

20.

10.

- 10.

|

" 2Pue o

20.

PITCH CHANNEL

1.0E-00

1.0E-01

- 1G.

" 2Pre

1.0E-00

1.0e-01

B i i e e e

FREQUENCY (rad/sec)

fFigure 18: MWork-Load Metric ( C/STOL )

- 77 -




ORIGINAL PAGE |
OF POOR QuALITY

Chapter VII

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

7.1 CONCLUSIONS

Tuo methods for flight director control law design have been
presented. The first design method, proposed by Levinson, is based
directly on the QCM concept. The second design method, proposed here,
uses a fixed dynamic model of the pilot 1in a state space formulation
similar to that of the OCM. The second design method also includes an

explicit work-load metric.

The several design examples presented in Chapter VI, clearly shou the
strong impact of throttle effectiveness on the performance and pilot
work-load ascociated with manual control of a powered-lift STOL aircraft

during approach. Use of OLC to increase throttlie effectiveness greatly

improves performance and reduces pilot work-load.

Flight path reaulation in the presence of turbulence, initial capture
of the glida-slope, and accaptable response to horizontal windshear, can

be achieved, equally uell, by both methods.
The two design methods have the following features in common:

1. They are based on a highly structured state space pilots/vehicle

model, and use a Kalman-filters/LQ regulator. Their use requires
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1.
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less expertise and engineering judgment than classical manual

control design methods.

The special requirements of the OCM concerning pilot observation

and motor noise-to-sional ratios can be easily achieved.

Only three aircraft sensors uwere required to achieve the desired

performance.

An explicit work-load metric is incliuded, which should improve
the suitability of the flight director for manual control tasks.
This meiric is affected by the throttle effectiveness, and by the
number of sensors used. With DLC only three sensors wuere
necessary; wuwithout DLC, two additional sensors were required to
ac~‘eve the desired uork-load level, Thus, a minimum sensor
complemenf can be determined early in the design process uwhich is
not the case for method I. Iterating the weighing matrices and
sensor noise levels to meet the work-load criterion has only a
small effect on the flight director performance. Hence, the
flight director can be designed in two consecutive phases : (1)

.

performance improvement, and (2) work-load reduction.

A simpler model of ihe pilot’s observation and scanning process
is required. The complexity of the observation model increases
with the number of controls for the second design method whereas

it increases with the number of outputs for the <first method.
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Also, the pilot’s observation model used in method I i8 not
relevant to the actual control task. The resulting control laus
may have to be revised to account for the difference betueen the

pilot observation noise levels used in the design phase and the

actual sensor noise levels.

The second method is more flexible 1in tnat any linear model of
the pilot can be used, whereas the first method is limited to the
OCM. Improved models of the human operator can be incorporated in

the future with only a few modifications.

RECOMMENDATIQNS FOR FUTURE RESEARCH

Design methods 1 and Il should be evaluated in a piloted simulation.

0f particular interest are :

1.

Pilot opinion ratings for the two methods.

The performance levels achieved in the simulator as compared to

those predicted by the two design methods.

The correlatisn between the work-locad metric proposed for methpd
Il and pilot opinion ratings. This could be done by comparin§
pilot opinion ratings for the three design examples presented in
Chapter VI, or by generating additional examples with varying
levels ¢f work-load. In addition to validating the proposed
metric, 1hese data could be used as guidelines for simplifying

the flight director control laus.
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4.

The robustness of the design to variations

parameters : time delay, neuromuscular time constant, and pilot

observation no‘se levels.
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in the pilot model
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Appendix A g E
MODEL PARAMETERS FOR THE QSRA é
configuration STOL c/sSTOL cToL )
;
Uo fkt] 70. 90. 130.
h [ft) ' 500. 1000. 1000.
Yo {deg] -6. -6. o.
Susb [deg] 50. 30. 0.
Xy {sec™ '] -.074 -.066 -.06
Xu {sec~1] 131 . 1056 .084
Xe [ft/sec2/%) 0 .367 .22
Xsp [ft/sec?sdeg] .034 .012
2y [sec- '] -.365 -.304 -.21 3
Zu [sec- 1] -.485 -.547 -.862
Za [ft/sec?/%) -.327 -.293 -.22 -
Zsp {ft/sec?/deg] -.298 -.506 »
1y [sec~ '] .3 .237 . 342
/Tw [sec~ 1] .13 .532 .768
Qu [ft2sec- 1] 35. 45.
Qw [ftisec- ] 14. 19.9
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