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FOREWORD

The analytical design principles presented in this report represent
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Sadoff and W. D. Chase. The STI Technical Director was D. T. McRuer,
and the project engineer for this part of the program was D. H. Weir.

The authors would like to thank those in the flight director industry
who contributed data, ideas, and helpful suggestions during the course of
this project. This includes Messrs. Roger Bishop of Smiths Industries
Ltd.; K. E. Duning of Collins Radio Co.; Harry Miller of Sperry Rand
Corp.; G. E. Ewalt of Lear-Siegler, Inc.; Harrison Wood of Bendix Corp.;
Christopher Lewis of Elliott Brothers Ltd.; Arthur Barnes of British
Aircraft Corp., Ltd.; and J. M. Naish of McDonnell~Douglas Corp.

Finally, we are particularly indebted to the STI Publications Depart-
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ABSTRACT

Recent developments in the theory of manual control displays now make
it feasible to state principles for a priori analytical design of & flight
director, given the available sensed feedbacks and the dynamics of the
vehicle and its manual control system. The principal result from the
theory is that there are effective controlled element dynamics which are
preferred from the standpoint of pilot response and system performance.
Other considerations include response compatibility, display consistency,
and autopilot monitoring., This leads to rules and analytical proce-
dures which allow the feedbacks to be selected, weighted, and equalized
to provide an effective flight director-plus-vehicle controlled element
which is best for both pilot control and overall performance. This report
details and illustrates this process for longitudinal control of transport-
type aircraft during landing approach.

The flight director design requirements are determined in part by the
guidance, control, and regulation demands of the pilot-vehicle closed-loop
system in a given task. In addition, there are manual control reguire-
ments which help prescribe the equalization and relative weightings of
the selected feedbacks whose sum gives the flight director command signal.
In the process of satisfying the derived requirements, the analytical
approach serves to:

® Isolate the effect of each feedback and show how
it relates to the requirements.

® Determine the sensing and equalization on the
feedbacks.

® Identify the practical compromises that must be
made, as well as their effects.

® Suggest aerodynamic and other modifications to the
vehicle which could improve the pilot-controlled
system.

A manual control loop structure of altitude with elevator, and speed
with throttle is used to illustrate the analyses. Conventional aircraft
dynamics are assumed in which short-period-to-phugoid frequency ratio,
static stability, and the low frequency zero in the altitude numerator are
of key importance. The influence of direct 1ift control (DIC) and auto-
throttles 1s also considered.
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SYMBOLS

Vertical acceleration from 1g, positive dowﬁ

Coefficient of highest order term in a transfer function
Mean aerodynamic chord

Center of gravity

Deviation from glide slope beam, positive up

Direct 1ift control

Flight director command bar motion

Gravity

Transfer function or describing function relating output,
a, to input, b

Altitude perturbation about the initial x axis, positive up
Instrument Landing System

Moment of inertia about pitch axis

Linear gain

Distance from c.g. to a longitudinal body station

Mass
pSUOc2
I, Mg
pSg;c (o + CMu)
pSU,c
2, 9%
pSCe c
R, My
oSlUe
oI, Mo

Beam noise

Glide slope receiver noise
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Numerator of transfer function relating output, A, to
input, i

Coupling numerator relating outputs, A, to inputs, i
Pitch rate or dynamic pressure

Range

Laplace cperator, ¢ * jw

Wing area

Time

Inverse time constant

Forward speed perturbation along x axis, positive forward

Gust along the aircraft's body-fixed x axis (tailwind
positive)

Steady-state velocity along x, axis
Total velocity
Vertical speed perturbation along z axis, positive down

Gust along the aircraft's body-fixed z axis (downdraft
positive)

Weight
Perturbed longitudinal body-fixed stability axis

pSUo
m

- . _=28
(—Cp CDu) AT

pSU,
sm (L~ Cpy)

2
psUZ

Perturbed vertical body-fixed stability axis

pSUg
m

(=Cz~ Cg,)

U
ﬁ;(4%*%)

pSUG
om

(—C1y)
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Angle of attack

Flight path angle relative to initial x axis positive
when rate of descent is decreased

Control deflection, specialized by subscript
Denominator of airframe transfer function
Damping ratio

General form for gust input

Attitude perturbation from initial condition, positive
nose up

Initial ineclination of X, axis, positive above horizon
Density
Real portion of the complex variable s

Angular frequency

Special Subscripts

sp

SSs

WO

Command

Error, or elevator comtrol (positive TED)
Flap

Gust

Glide slope receiver
Natural

Initial value
Phugoid

Short period

Steady state
Throttle control

Washout



SECTION I
INTRCDUCTION

A, OBJECTIVE

The purpose of this report is to apply the existing "theory of manual
control displays" to develop design principles for advanced flight director
systems and to illustrate these principles in an example with a modern

commercial transport.

The evolved design principles are applicable in general to the following

control tasks:

® TLanding approach
® Altitude hold
® Attitude hold

The emphasis in the analytical development and numerical example is on
landing approach, from beam acguisition to flare initiation. This con-
centration on the ILS-guided landing task permits coverage of one of the

most complex conditions for which flight directors are useful.

The flare maneuver is not included per se; however, a direct exten-
sion of the landing approach laws can be used to accomplish the flare.
Similarly, with some minor modifications an attitude hold configuration

could provide for takeoff rotation or initiation of go-around.

B. BACKGROUND

A flight director system combines display and camputation elements
with the pilot and effective (augmented) vehicle in a feedback control
system. This combination is shown in Fig. 1 for the approach mode of
operation. The flight director display presents both command and status
information. The command elements provide lateral and vertical steering
signals made up of a cambination of desired path and aircraft motion
quantities. These are shaped, filtered and mixed appropriately to permit

the pilot to close the flight director system loop with ease and efficiency.



Gust

and Shears
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Figure 1. Flight Director System Elements for Landing Approach

The status information on the display indicates the aircraft state relative
to the external world. This includes an artificial horizon for all purpose
use, and other pictorial information pertinent to a particular phase of
flight. For example, in the landing approach phase localizer and glide
path signals are presented, and the more modern instruments also indicate

altitude and airspeed error.

The nub of the dynamic design problem for flight director systems is
the selection of the appropriate mix of signals to make up the steering
commands. Historically, this mixture has been determined in two general

ways:

® By adapting and displaying the output of an automatic
flight control system

® By mechanizing the flight director camputer based on
guidance and control requirements, and adjusting the
various feedback gains during simulation and flight
test for acceptable pilot opinion and overall system
performance.

Both approaches satisfy the overall system requirements for stability,

path following, and regulation against disturbances. The first also offers
the advantage of a nearly one to one correspondence with the autamatic
flight control system and can serve as a monitoring device for automatic
operation. The second emphasizes the pilot as an active system element
rather than as a monitor and backup. Neither of the approaches pay
explicit attention to the specifics of the human pilot-centered charac-

teristics until the system is tested or simulated with actual pilots.



This is undesirable, both economically and philosophically. Setting up

a flight director system using ad hoc, ground-based and flight experimen-~
tation exclusively is much more costly than if the experimental program
and data interpretation are guided by an adequate theory. Also, when
flight director control is contrasted with other manual control modes,
such as pilot operation on raw data from the full panel, the advantages
of the flight director are primarily pilot-centered. Consequently, these
advantages should be considered in terms of the relevant pilot properties
from the very outset of design instead of as a final tuning up procedure
which makes do with what is available. Among the advantages possessed
by a flight director system which takes into account these pilot properties
are:

® Reduction of pilot remnant (unwanted control action)
by reducing scanning and the need for pilot equalization

® Reduction of pilot equalization

® Provision for a wide range of pilot gain to permit good
characteristics with either loose or tight control.

A1l lead to superior control.

The theory of manual control displays permits the pilot-centered
requirements to be considered at the design stage along with the usual
guidance and control aspects. This theory derives from a large body of

analytical and experimental research on

® Compensatory and pursuit control tasks
® Multiloop pilot response properties

® Pilot scanning and control behavior

It is still evolving and no single source summarizes all of its current
aspects. An overview is provided by Refs. 1-5. The first reference
summarizes the overall theory and methods of analysis. Reference 2 is
primarily an example contracted fram Ref. 1. References 3 and 4 present
recent experimental research involving pilot control with instrument
scanning. The latter includes some scanning data for flight director

tasks. Reference 5 is the latest detailed account of the theory, and



it includes an illustrative example of pilot plus flight director control

synthesis for a turbine helicopter.

The theory of manual control displays consists of the techniques, data,

and models needed to analyze and design vehicle control systems whose

elements are

Man, as the controller
Manipulator and feel systems
Basic vehicle dynamics
Stability augmentation systems

Control and motion feedbacks; their sensing and
shaping

Pilot displays.

The theory is now developed sufficiently to be applied to several classes

of problems, including the design of flight director systems. Specifically,

given the effective controlled element consisting of the augmented wvehicle,

application of the theory permits the user to estimate:

Vehicle motion quantities necessary as display
inputs to the pilot

Equalization and weighting of these display signals

Predicted pilot dynamics— describing function
plus remnant

Expected pilot commentary and rating

Measures of excess pilot workload capacity (e.g.,
as performance on a secondary task)

System performance.

Other results of the theory which are important for the full panel but
which are not central to an integrated flight director display include

predictions of

Instrumentation fixation probabilities and links
Instrument dwell times

Sensory workload.
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C. SCOPE OF THIS REPORT

This report starts with the results and implications of the manual
control theory of displays as a fundamental background. It proceeds
directly to a definition of flight director system requirements, and
from these requirements forms the basis for the analytical design pro-
cedure in this particular application of the display theory. The emphasis
is on the feedback control system aspects of the flight director/vehicle
system as a whole. In terms of system hardware, this impacts primarily
on the flight director computer because this is where the intermix of
signals occurs. The selection and design of the flight director display
instrument format and its optimization from a human factors standpoint
(e.g., symbol shape, illumination, etc.) are separate topics. Other

assumptions which define the scope herein include the following:

® longitudinal axis of control is emphasized
® Path camand is an ILS glide slope

® Properties of the vehicle and its augmenters
are known

® DNeeded feedbacks* can be sensed and/or synthesized
using complementary filtering or other technigues.

Although longitudinal control is emphasized, the requirements in Section II
have general applicability. The analytical technigues of Section IIT also
apply by direct analogy to lateral path following. To make the analogy
work one must translate into the terms of the lateral-directional eguations
of motion, and recognize some minor inner-loop differences; but the impor-
tant point is that the resultant vehicle-plus-flight director controlled
element as seen by the pilot must have dynamic properties similar to the

longitudinal,

The primary concern of this report is with the selection of feedbacks
and their weighting and equalization in the flight director computer. It

involves the application of four general considerations or criteria, i.e.,

*Acquisition of all the feedbacks considered in the report is within
the current state of the art.



® The system should possess adequate guidance and
control properties (regulation, beam following,
ete.)

® The dynamic response of the effective vehicle-plus-
director controlled element (as seen by the pilot)
should minimize the equalization and gain adjust-
ment demands imposed on the pilot.

® The command signal should induce acceptable vehicle
response when the pilot closes the loop.

® The displayed signals should be internally consistent
and correspond with the real world, i.e., they should
have a high degree of face validity.

These yequirements are developed and elaborated in Section II.

Section IIT develops analytical design techniques for an advanced
longitudinal flight director as a function of the wvehicle properties and
the requirements for longitudinal control in landing approach. It also
considers the mechanizational aspects (e.g., antenna location) that
influence the idealized case, as well as the use of additional control
means (e.g., direct 1ift control, autothrottles) to increase the flight

director potential.

The summary and conclusions camprise Section IV. Appendix A lists
the vehicle equations and numerical values for the illustrative design
example in Appendix C. Appendix B contains a derivation of the steady-
state guidance and control properties. Appendix D presents examples of

current director instrument face designs.
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SECTION IT
FUNCTIONAL REQUIREMENTS

The primary mission in landing approach is to arrive at the Category II
window with the state variables of the aircraft and controller within
acceptable limits. This is generally accomplished by acquiring the ILS
beam early in the approach and following it to the window, all the while
maintaining the aircraft near the average beam center in spite of external
disturbances and beam noise., ILanding is normally accomplished manually using
visual cues. Landing can also be performed automatically, or manually
on instruments, by continuing down the beam (or a smoothed extrapolation)
to the flare initiation point and thence, following the flare camputer's

output, to touchdown.

The design requirements for the guidance and control system necessary

to accomplish the approach are dictated by the following needs:

Stability
Following of the beam command

Regulation against disturbances

Compatibility with the human pilot

The satisfaction of these needs is the consideration which leads to the
selection, sensing, shaping, and relative weighting of appropriate feed-
backs in a way which is best for manual control using the flight director.

The requirements can be grouped into those which are:

® Fundamental, and independent of whether the
controller is an automatic or human pilot; and

® THuman centered, and relate to the fact that the
controller is a man.
These are elaborated below for longitudinal control.

A. FUNDAMENTAL REQUIREMENTS

The first set of requirements are independent of the type of controller,

manuval or autamatic. In general, they are to establish the aircraft on



glide path, and to reduce any path errors to zero in a stable, well-
damped and rapid manner., They lead to outer loop feedbacks which are
those required to accomplish the mission. Additional inner loop feed-
backs are needed to permit the first set of feedbacks to function. The

basic system for longitudinal control is shown in Fig. 2.

Beam Receiver
Noise Noise Gusts
Np Ny n
de Ye ) FD Se * 6 =1 d
| . -] 8 d |
+ ﬁ + Gye rbGYC-,B,d GFB Gae’n Ge 3
B Beam Receiver Director Pilot Vehicle
Geometry Indicator
Gg
Inner Loops
Gy =

Outer Loop

Figure 2. Block Diagram for Approach Control with Flight Director

The fundamental path quantity in the block diagram is the beam
deviation, de, which is equal to the difference between the aircraft's
altitude (at the antenna) and the instantaneous centerline of the beam.
This is corrupted from the ideal by beam bends and noise in the airborne

equipment. The actual physical signal is a glide path error angle, 7,

converted from the deviation by the (decreasing) range to the receiver, R.

The path error and the inner loop feedbacks are combined in the flight
director camputer and displayed to the pilot on the director indicator.
The pilot can conceivably close other loops using raw data from the
instrument .panel, but these are unnecessary if the director is properly

designed.

The equations of motion for the system in Fig. 2 are time varying

due to the range variation, which is linear for constant speed. This

8
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time variation requires compensation to provide an approximately constant
effective controlled element, so that precision path control can be main-
tained throughout a director approach. This is done by inserting a range-
varying gain as one of the operations in G7e such that G7e/R = Gde’ where

Gae is a constant-coefficient operator.

Inputs which lead to path errors may be deterministic or random.

Deterministic input examples include:

® Step (offset) glide slope command, including initial
beam acquisition.

® Dual angle beam, representing a ramp change from
one beam angle to another.

® Configuration and trim changes in the wehicle (flap
actuation, lowering gear, etc.).

® Discrete changes in the horizontal and vertical
winds, including increasing or decreasing headwinds
and tailwinds, i.e., shears.

Random inputs can include horizontal and vertical gusts, and beam bends

and receiver nolse. Their entry points to the system are shown in Fig. 2.

Table I summarizes the fundamental guidance and control requirements
of the pilot/director/vehicle system. The right column lists the feed-
backs to the flight director which can satisfy these requirements for the
system functions which must be performed. Many of these are justified in
Appendix B. Beam deviation provides the basic outer loop for command fol-
lowing, and its gain determines the bandwidth or stiffness of the system.
Damping is achieved by feeding back functions of the attitude and/or beam
rate. Pitch angle also has a primary function in maintaining attitude-
stability and avoiding overrotations. Windproofing (path regulation
against wind inputs) is accomplished by adding various functions of beam
deviation. Integral of beam deviation avoids path errors in the presence
of low frequency beam commands or wind shears, but its use in the flight
director computer is not compatible with some pilot-centered requirements
(Section B).



TABLE T

SUMMARY OF FEEDBACKS TO SATISFY FUNDAMENTAIL, REQUIREMENTS

SYSTEM FUNCTIONS— FUNDAMENTAL FIIGHT DIRECTOR FEEDBACKS

REQUIREMENTS
Path command and stiffening Beam dévia;igﬁ; d”“ ]
Path angle trimming Beam integration, [d dt
Curved path following Beam double integration,[([d dt)dt
Path damping Attitude, 6, at path frequencies,

or beam rate, d; or rate of climb, h

Short-period attitude regulation | Attitude, 6, at short-period

frequencies
Short-period damping Attitude rate, 6
Low frequency windproofing Beam integration, fd dt
Mid-frequency windproofing Beam rate, é; or rate of climb, ﬁ
High frequency windproofing Vertical acceleration, a,

A preliminary illustration that these feedbacks satisfy the require-
ments can be given for the path mode, which becomes a second-order system
when an equalizing imnner loop is closed with a large gain. Assuming a
high-gain pitch attitude inner loop, the block diagram of Fig. 2 reduces
to that of Fig. 3 in the frequency region of pilot control. If the range
variation is removed (or ignored, as when fixed-gain conditions are
assumed) the equations for Fig. 3 are constant coefficient, and they can

be Laplace transformed to give:

)

GeTe G
2 524 (G&+ﬁ§>s+Gde da = Gde[dc+nb+Rnr] (1)
o] o]

10
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Tigure 3. Path Mode Approximation
for Longitudinal Approach Control

When the transfer functions Gg, G&, and Gy are pure gains, Ke, Ka, and

Kg, the undamped natural frequency of the path mode is given by:

KdUo
o, = Vrme (2)
n KeT92
The total damping becomes
K, + U.K3
i od
2t —_— (3)
“n KoTop

The desired stiffness and damping are achieved by adjusting the feedback

gains. A more complete development is given in Section III.
B. PILOT REIATED REQUIREMENTS

The presence of a human pilot in the control loop places additional
requirements on the specification and design of the flight director. Two
aspects are important. The first is the division of functions between the
pilot and the flight director computer. At least some of the system func-
tions are better satisfied by the pilot than by computer action. Second,
the presence of the pilot in the loop adds anobher dimension to system

performance considerations. The feedbacks must be selected, equalized

11




and weighted, not only to obtain good overall system performance, but also
to be compatible with good subjective pilot ratings.

The pilot-centered requirements can be grouped for convenience as

follows:

® TFEqualization to minimize pilot effort
® Response compatibility

® Face validity and command bar consistency.
These are elaborated below.
1. Equalization for Minimum Pilot Effort

The desire to minimize pilot effort while retaining maximum system
performance imposes requirements on the dynamic properties of the effective
controlled element consisting of the vehicle plus flight director computer.
As is very well known, the human pilot adapts his characteristics to com~
pensate for the dynamic deficiencies of the effective controlled element.
As part of this adaptation, he may be forced to develop low-frequency
lead(s) and/or to adjust his gain precisely. When low-frequency lead
is required of the pilot, a cost in pilot dynamic capacity is incurred
(Refs. 6-8); which is reflected in increased effective time delay and
remnant. Increases in both these quantities cause a deterioration in
system performance and pilot retings. To some extent, the increased
time delay can be reduced by increasing the neuramuscular system tension.
This, too, has a substantial cost in increased pilot effort. Finally,
while it is possible for the pilot to maintain his gain and other dynamic
properties relatively constant when such precision adjustment is required,

the additional cockpit workload which can be handled is reduced.

As a result of these human pilot properties, an obvious design

requirement is that the effective control element be constructed to:

L Require no low frequency lead equalization

Permit pilot loop clesure over a wide range of
gains.

12
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This can be achieved when the effective controlled element approximates
either a pure gain, K, or a pure integration, K/s, over the frequency
range of pilot/director/%ehicle system crossover. For the pure gein case,
the pilot must adopt a very low frequency lag equalization; this corre-
sponds to a slow trim-like operation and is not objectionable. However,
the dynamics of an aircraft between elevator and attitude are not a

gain, and it is not feasible to attain this without additional automatic
feedbacks to augment the vehicle dynamics., With the basic vehicle plus
flight director, a pure gain controlled element at low frequencies might
be obtained, for example, by shaping the IS signal with a large lead (i.e.,
differentiator). This would result in an undesirable amplification of
glide slope noise. Another possibility is to include a very high gain
elevator feedback to the flight director. In this case, the large feed-
back gain requires a reduction in display scale, thereby making the
desired command inputs barely perceptible to the pilot. Higher gain
elevator feedback also violates the "face validity" requirement discussed

below.

An effective controlled element consisting of an integrator, K/s, is
nearly as good as a pure gain from the standpoint of pilot response and
performance in single-loop tasks. It has distinct advantages over the
latter as a basis for the design of flight director computers. For this
set of controlled element dynamics the pilot response is approximately a
gain plus time delay in the frequency region of control (near crossover).
His time delay will be close to minimum, and the remnant can be minimized
with the proper choice of controlled element gain., Pilot lead generation
requirements are small, although'the pilot can use a small amount of high-
frequency lead to reduce his effective time delay in the loop. This lead
can be minimized by making the controlled element less than a K/s at high

frequencies, e.g., with a small amount of elevator feedback.

In short, the key requirement is to adjust the weightings of the
various motion feedbacks in the flight director computer so that the

effective controlled element approximates the K/s form over a fairly
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broad frequency region, At the same time, achieving a K/s effective
controlled element is the way to satisfy most of the fundamental require-

ments presented in Section A.

Other requirements based on minimizing pilot effort include the

following:

® TFilter the pilot's output (particularly if high
frequency feedbacks are used) to avoid undesirable
disturbance due to remnant. Ordinary manual control
system dynamics are usually sufficient to accomplish
this action.

® Range compensate the beam error so that the display/
controlled element dynamics are approximately time
invariant. The pilot can adjust to nonstationary
situations, but it involves adaptation and learning
which increases task difficulty and degrades performance.

® Account for other pilot workload and for unattended
operation by providing effective controlled element
amplitude ratio and phase characteristics that permit
wide variations in pilot gain while retaining adequate
gain and phase margins throughout the mid-frequency
region. This implies that conditionally stable systems,
and feedback of beam integral are undesirable.

These requirements and their feedback implications must be further tem-
pered with the considerations for response compatibility and command bar

consistency.
2. Response Compatibility

The response compatibility requirements relate to the ways in which
the various motions of the aircraft interrelate and how they affect the
pilot. With a flight director present the important cues are combined
into a net "error" signal which the pilot attempts to reduce to zero by
manipulating the controls. When this is done the airframe motions gene-
rated by the pilot should be similar to those which he experiences under
other manual control conditions. This is desirable both for the pilot's
internal self-monitoring functions and for the monitoring of pilot activity
by the copilot using the full instrument panel. To achieve response com-
patibility, the feedbacks used in the nondirector situation should be
present in the flight director signal— beam deviation, pitch attitude,

and altitude rate.
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One way to describe response compatibility characteristics quantitatively

is with the use of modal response ratios. Imagine, for instance, that the
aircraft has been displaced from the beam and that the flight director
system is operating to reduce this departure, then the Laplace transforms

of the beam response will be given by

d. d d d
a(s) = =2+ 1,2 il
5] S—S1 S—52 S—'SN

(%)

where the si's are the roots of the closed loop characteristic equation
of the flight director system and the beam forcing function. Then the
Laplace transform of other aircraft motion quantities such as attitude,

6, or normal acceleration, a,, will be

_ &—_eﬂ] 4 [e(s)] do [G(S)J o, [S(S)
8(s) = s |d(s) s=0 M s—sqla(s) 5, * s—sp|4(s) 5 * * s — sy d(S)JSN
d fa,(s) d; Ja,(s) dy |a,(s)
ag(s) = —5—_———(1(3)]8_0+————S_S1 [——d(S)L + o S_SN[ g(s)LN (5)
- 1

The bracketed quantities in Eq. 5 are modal response ratios. In general
they have both an amplitude ratio and a phase. The closed loop response
in a well designed flight director system will be dominated by only a
very few (3 or less) basic modes. These will be associated with the
system crossover region. The values of s. within that region are measures

i
of the system bandwidth.

To carry the example further, consider that the crossover frequency
is at a location where the short period equations of motion are approxi-
mately valid and that the modal response ratio relating flight path and
attitude is pertinent. Under these conditions 8/y would be given by Eq. 6.

% . [T925+1]S (6)

i
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Thus if the dominant modes, s;, are such that |T92Si| << 1, then attitude

and path are related on a nearly proportional, in fact one to one, basis.

On the other hand, if the system crossover frequency is considerably higher,

such that |T928i| >> 1, then the attitude will be much greater than the
flight path change in this mode.

Now, let us translate all of this back to the response compatibility
in recovering the beam centerline from an offset. With adequate damping
presumed, this will be accomplished most rapidly if the system bandwidth
is very large. While the response in "d" would then be very good, the
associated attitude and load factor responses may be much greater than
the pilot or passengers desire —an incompatible situation. This can
be avoided by specifying allowable or desirable values of pertinent modal
response ratios. In turn, for a given alircraft and control system tech-
nique, these specifications would limit the maximum system bandwidth.
Unfortunately there are no hard data on the key modal response ratios
for flight director or autcmatic landing systems. Presumably, the value
of |6/7|Si for the dominant modes should be near unity to aveid over-
rotation in corrective maneuvers. As a practical matter, this is not
as imporbtant on flight director systems as on automatic approach systems
because the modal response ratios of the dominant mode, and hence response
compatibility, are ultimately set by the gain the pilot uses in closing
the loop. It is a central issue in pilot/ﬁehicle system performance

predictions.

Ariother related requirement is the compatibility of the flight direc-
tor with the autopilot during an automatic approach-. Ideally such com-
patibility might be taken to mean that the signals driving the autopilot
servo and the signals to the flight director should only differ by a gain.
Unfortunately, certain signals such as the integral of beam deviation are
appropriate for the automatic system but not for the flight director.
These minor differences need not be significant since the primary goal
would be to make the autopilot and flight director correspond only at
the dominant automatic flight control system modes. But this implicitly
requires that the modal response ratios exhibited by the flight director

system be compatible with those of the automatic system.
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3. Face Validity and Command Bar Consistency

Some elements of a flight director display are intended to reproduce,
instrumentally, portions of the external world which are sources of visual
flight cues. To the extent that the resulting abstraction evokes responses
while on IFR that are similar to responses under VFR conditions, the dis-
play is adequate from a behavioral standpoint. Of course the IFR abstrac-
tion may be superior to VFR in principle by providing cues which are dif-
ficult or impossible for the pilot to obtain from the visual scene. On
flight directors, these cues are used as command signals which the pilot
is to follow. The remainder of the display presents status information
which, ideally, has a one-to-one correspondence with the actual situation.
In this sense the status information has a high degree of "face validity"
with the outside world. For example, the artificial horizon, except for
any registration errors, corresponds directly with the actual horizon.
Other status elements that tend to show a similar one-to-one correspond-
ence are the glide slope and localizer signals. TFigure 4 illustrates
this aspect of "face validity" of the status elements. It shows a line
drawing of the status elements of the typical flight director instrument
(based on the summary in Appendix D). The status information is generally

realistic and easy to interpret.

The command signals, which are our major concern in this report, must
also have some aspects of face validity. DBut the cue here is different
from status information in that the command signal is a mixture of control
and. vehicle motions so there is no corresponding real~world cue. However,
some correspondence does exist between the command signal and the vehicle
or control motions in each of several frequency bands. In each band, the
flight director command may be dominated by a particular airplane motion
or control quantity. So, even though there is no VFR cue which corre-
sponds directly to the flight director command, nonetheless the command
signal must have some degree of consistency with the status elements on
the display and thus the pilot's visual world view. The types of con-

sistency needed are best illustrated by a series of examples.

If the integral of beam deviation is made one component of the command

signal in an attempt to reduce a steady-state beam error to zefo, and the

7



Attitude-Horizon

Indicator Bank Indicator

Glideslope Fast-Slow
Indicator Indicator

\ Fisf

Rising Runway
Symbol/Localizer

. Pointer
Inclinometer

Figure 4. Presentation of Status Information
on a Modern Flight Director Indicator
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pilot operates intermittently on this signal, then a flight director
command can develop during the periods of unattended operation if the
aircraft is just slightly off the beam. When the pilot closes the

flight director loop, this acts as an initial condition which must be
countered by reducing the output of the beam integrator. If the air-
craft were quickly maneuvered to reduce the beam deviation to zero, the
displayed command signal would not be zero. Thus the integral of beam
deviation is not a suitable component of the flight director command
signal because it can result in a displayed low frequency error when the
aircraft is actually stabilized on the beam. In this sense, the command
would be inconsistent with the status information of the ILS indicator.
This example is not only a question of face validity, but is also a situa-
tion where the guidance and control requirements would not be met because
of the pilot's intermittent behavior. The integral component is also
undesirable because it could drive the command indicators to saturation
when the flight director is turned on, or during long periods of unat-

tended operation.

Since the integral of beam deviation cannot be used for the several
reasons noted above, the lowest frequency component of the command signal
should be beam deviation itself. If pitch attitude feedback is used as
a means to supply path damping, and if there is no washout of this signal,
then the command bar can be zero 1f the beam deviation and pitch attitude
components are equal and opposite. The indication would be that the air-
craft was on the beam, whereas the fact would be quite different. In
this case, it would be inconsistent for the glide slope and artificial
horizon status information to indicate the aircraft was not on glide
path while, at the same time, the command bar was zero. This is, again,
a8 situation where face validity and command bar consistency are faulty.
To alleviate this the pitch angle signal component should be zero at low
frequencies, yet provide a signal proportional to 6 in the short-period

frequency region.

From considerations of equalization to minimize pilot effort, response
compatibilities, and face validity and command bar consistency, a number
of flight director computer requirements have been described. These are

summarized in Table II.
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TABLE II

FLIGHT DIRECTOR COMPUTER FUNCTIONS
FOR FPILOT-CENTERED REQUIREMENTS

REQUIREMENT FUNCTION

K/s effective controlled Y, feedback at mid-frequency

element
Lead and remnant 8e feedback (with lag) at mid- to
minimization high frequencies

Only d feedback at very low
Command bar consistency frequency. 6 feedback at short
period frequencies.

Response with flight director similar
to that for raw data (or VFR); and
similayr to that for autopilot, i.e.,
6 and h inner loop feedbacks.

Response compatibility

Taken together, the guidance and control and pilot-centered requirements
prescribe the flight director ccmputer feedbacks, as well as the general
nature of their weighting and equalization, needed to accomplish a
landing approach in the presence of disturbances. The implementation
and analytical interpretation of these requirements for conventional

transport-type aircraft are presented in Section III.
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SECTION III
ANALYTICAL DEVELOPMENT OF ADVANCED LONGITUDINAL DIRECTOR

A central part of this report is the derivation of an effective
controlled element consisting of the vehicle-plus-flight director computer
which will satisfy both the guidance and control and the pilot-centered
requirements outlined in Section II. This is accomplished in this section
by setting up a rudimentary system, and subjecting it to constructive
criticism. Then, taking the criticism into account, a more advanced sys-
tem is evolved, and the critical routine is repeated. This sequential
process also highlights the effects on the controlled element dynamics

of selection, equalization, and weighting of the feedbacks.

The axes system and vehicle equations are specified at the outset.
The analysis begins with a basic system which has feedbacks that satisfy
the functional requirements in a minimal way: beam deviation plus washed-
out pitch attitude. Although this basic system is adequate, significant
improvements can be made by introducing additional feedbacks and equali-
zation in the director computer. The result is a composite system that
has superior path regulation and command following properties, and which
satisfles the pilot's subjective feeling for responsiveness, validity,

and consistency.

Elevator 1s considered to be the primary control. The effects of
throttle and direct 1lift control on the effective vehicle dynamics are

discussed where appropriate.

The following analyses are done in generic terms. They are illustrated

in Appendix C by a numerical example for a DC-8 aircraft in landing approach.

A. AXIS SYSTEM AND VEHICLE EQUATIONS

The basic block diagram for the pilot/director/vehicle system is given
in Fig. 2. The vehicle element is summarized below as a preface to the

flight director computer development.
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A conventional body-fixed stability axis system is used. In landing
approach the unperturbed x-axis is aligned with the glide slope, making

8o = 7o @s shown in Fig. 5. Due to the body-fixed nature of the axis

Glide Slope ¢
Horizontal
Xo
04/’////¥:;;/
. ';52 m/
Transmitter ///éround ?

Figure 5. 1Initial Axis System Alignment

system, perturbations in aircraft attitude change the orientation of the

x- and z-axes as shown in Pig. 6.

Beam deviation, d, 1s normal to the glide slope, while altitude, h,
is measured vertically, positive up. When the initial x-axis is not hori-
zontal, 1t is important to differentiate between d and h. For example, in
a2 headwind there is a reduction in groundspeed when the pilot helds air-

speed constant.

Qs

4 Glide Slope ¢

Horizontal

are shown positive

i
Ground

Figure 6. Perturbed Axis System Alignment
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There must therefore be a corresponding reduction (perturbation) in the
rate of descent, fx, in order to maintain a constant inertially referenced
glide path angle. The result is a zero beam rate deviation, but a con-
stant altitude rate perturbation. Beam deviation, d, and altitude, h,

will be distinguished in the analysis where appropriate-

The longitudinal dynamics of the vehicle are assumed to be described

by the linearized 3-degree-of-freedom perturbation equations given in

Eg. 7.

8 —Xu —Xyr g Ccos B¢ u X5e XST —Xq %e
~Zoy s —Zy —Ups + g 5in Qg w = de ZST —ZT] S
My —(Mys + M) s(s—Mg) ] Mye Myqp My n
(7)
ad = -w+ Un0 + zxé s at station gy
}.1 = —WC0os By + usin@, + U, cos 8,0

az

W - Uoé + gsin®,8 — 446 , at station gy

The terms are defined in the list of symbols. Appendix A contains a
detailed description of the characteristic equation, transfer functions,
short-period approximations, and stesdy-state gust responses derived from

thils set of equations.

B. THE BASIC BEAM-DEVIATION-PLUS-PITCH-ATTITUDE SYSTEM

A minimum system which meets the guidance and control requirements of
Section IT for conventional alrcraft consists of beam deviation and pitch
attitude feedbacks to the director computer. This deviation/attitude sys-
tem is shown in the block diagram of Fig. 7, where GFkP and GFéD are the

respective feedback functions.

The system is assumed to be linearized by removing the range variation;

i.e., letting Gyo = KR in Fig. 2 so that GEICJ is a constant in Fig. 7. Also,
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Figure 7. Simplified Flight Director System Block Diagram

deviation, d, has been simplified to perturbation altitude, h, by assuming
no steady-~state wind effects to change the groundspeed . Without wind, the
small difference between d and h due to sin @, and cos @, is negligible for

glide path angles of current ILS systems.

Distinction is made between GEE and G%P in Fig. 7 to permit separation
of the equalization of the ILS data from that of the vehicle's internal
measuring system. Both blocks contain ILS data but feedbacks that are not
referenced to the beam (e.g., rate of climb and normal acceleration) are

added in the feedback block only.
1. S8teady State Regulation and Command Following

The deficiencies of the basic deviation/attitude system provide one
basis for evolving the form and function of an advanced director. Among
the deficiencies are those relasted to very low frequency (appreoaching
steady state) requirements for path following and gust regulation (wind-
proofing). Inputs with which the pilot/director/vehicle system may be
expected to cope include the following:

Step offset from the beam
Change in beam angle
Curved beam

Step changes in wind velocity

Ramp changes in wind velocity (shears).
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Steady-state analyses 1n Appendix B examine the response of the basic
system to these types of inputs, and draw implications for additional
equalization or feedbacks. The result of these analyses is the list of
alternative minimum systems for each type of input given in Table III.
The 2-degree-of-freedom case assumes that the pilot controls elevator
while airspeed is held constant with autothrottle (or pilot control).

The 3-degree-of-freedom case involves only elevator control with airspeed

allowed to vary.

The wind shears and curved beams are seen to result in the most complex
systems. Comparing the 2- and 3-degree-of-freedom cases indicates that
autothrottle simplifies the minimum director, generally removing the need

for pilot elevator trim.

The need in some cases for beam integration within the director com-
puter is in conflict with pilot-centered requirements for display con-

sistency. This can be handled in several ways, including

® Full time beam integration with limiting.

® Multi-mode flight director, in which beam integration
is switched in when needed.

® Providing other status information to permit the

pilot to perform more than a single integration.
Similarly, the need for rapid attitude washout to give good low and mid-
frequency windproofing tends to conflict with the path damping require-

ment, and this compromise is treated subsequently.
2. Dilrector plus Vehlcle as an Effectlive Controlled Element

The requirements of Section II and the steady-state considerations
noted above define a number of feedbacks to the flight director computer.
A central implication of the pilot-centered requirements is that the gains
and equalizations be selected so that the net dynamics from pilot elevator
output to director instrument displacement look approximately like an
integration, X/s. The analytical procedure for assessing and establishing
this result is given below for the basic deviation/attitude system. The
deficiencies of this basic system then lead to a more advanced system

evolved in the rest of Section IIX.
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TABLE IIT

MINIMUM SYSTEMS FOR STEADY-STATE BEAM ERROR WITH DISCRETE INPUTS

INPUT

MINIMUM SYSTEMS

CONSTANT ATRSPEFD (2 D.F.)

VARTABLE ATRSPEED (3 D.F.)

Step beam

Beam deviation only; Eq. B-8

Beam deviation only; Eq. B-T7

Dual angle beam

Beam deviation; plus washed~out 6
integration; Eq. B-8

or beam

Beam deviation; plus washed-out 0 and pilot
elevator trim, or beam integration; Eq. B-T

Curved beam

Beam deviation; plus washed-out ©
beam integration; Eq. B-8

and

Beam deviation; plus washed-out 8 and pilot
elevator trim and beam integration; Eq. B-T7

{ Step wogust Beam deviation; plus washed-out 6 or beam | Beam deviation; plus beam integration, or
P w-gh integration; Eg. B-1k washed~-out 6 and pilot elevator trim, Eq. B-13
‘Shear W-must Beam deviation; plus washed-out 6 and Beam deviation; plus washed-out 8 and pilot
gl beam integration; Eq. B-1k4 elevator trim and beam integration; Eq. B-13
Step u-gust Beam deviation only. Beam deviation only; Eg. B-19
Shear u~-gust Beam deviation; plus pilot throttle trim Beam deviation; plus washed-out 6 and pilot

elevator trim, or beam integration; Eq. B-19




The dynamics of the effective controlled element as seen by the pilot
can be obtained by adding the component vehicle motion transfer functions
with their associated equalization. The effective flight director transfer

function is then

FD,.6 D
Gg NS, + Ghmge

I _
Be

For the basic system, the feedback

. (8)

functions are initially constant, so

P = Kg (9)

FD
Gy

= Ky (10)

The controlled element transfer function is given by:

1 1 Ap 1 1 1
Kgh —_— e K, — _ L L
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The vehicle numerators are given in Appendix A. A simplified expression
valid in the region of pilot control is obtained by eliminating the high

frequency terms.”® This results in

1 1 o 1
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FD Toq Top Th (12)
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The numerator of Eq. 12 combines into a first-order root at nearly 1/‘I‘h1

and a second-order pair at an undamped natural frequency, wg, Pproportional

sk

Bl

e

*This assumes the effect of Z3¢ is negligible at frequencies less
than Wsp*
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to the \/Kh/Ke gain ratioc. The agpproximate transfer function is:

KeAe (S + —1;-) [52 + 2§ gWgs + (Dg]
= = = —— (13)
s[s2 + 20pwps + u%ﬂ[sg + 20 gpwgpS + wéﬁ]

[kpan* —KpZ
where w = — n=a (14)
8 Kohg Ko
1 / Kohg
g = =0 o 727 (15)
0 2To, ¥ KA

Figure 8 contains frequency response (jw-Bode) and root locus plots

of this basic system transfer function for two values of the gain ratio,
Kp/Kg- The smaller value is given by the dashed line. The location of
the wy zeros is determined by the ratio y/Kn/Kg- Note that at larger
Kp/Kg values (solid line) the system is conditionally stable and has no
region of K/s-like amplitude ratio. This will make the system more sen-
sitive to variations in pilot gain, and will restrict the pilot-vehicle
system crossover to frequencies outside the crosshatched unstable region.
The system becomes stable over a broad region as wg is decreased. Also,
as wg is decreased the spread between wg and Wsp increases, and a region
of K/s-like amplitude ratio is produced in between. As such, there is
less sensitivity to changes in pilot gain; i.e., with X/s-like dynamics
the form of the response is invariant with change in gain and the band-
width is proportional to the gain selected, while with K/s2-like systems
the closed~loop dynamics change sharply as the gain varies. The systems
of Fig. 8 will have a high frequency instability point beyond Wgp due to

higher-order lags in the display, actuator, and pilct.

a. Pitch Attitude Washout

The' basic system of Fig. 8 contains "pure" pitch attitude feed-
back. Windproofing considerations showed that attitude feedback

must be washed out at low frequency, i.e.,
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For adequate path damping, however, a good attitude signal must be

GFD (16)

retained at and below mid-frequencies. In order to obtain a closed-

loop system that will have the required windproofing as well as having .
the closed-loop path mode at a frequency greater than the phugoid, the
washout inverse time constant must be less than the phugoid, wp - With
approach speeds on the order of 200 to 300 fps, the washout time con-
stant will generally be arocund 10 sec. Such a low frequency washout
does not materially change the approximate flight director transfer
function of Fig. 8. Faster time constants will reduce the damping of
the wg zeros below that shown in Fig. 8. For example, if the washout
time constant was equal to Teg, the wg Zeros would be on the imaginary
axis and the highest crossover frequency would be near the vehicle

phugoid.

b. Speed Control with Throttle

In the three-degree-of-freedom case, flight director control with
only elevator does not provide stable operation below the speed for
minimum drag; i.e., during "backside" operation. Even above this
speed there can be an appreciable delay before the airplane motions
naturally return to their trim condition. This lag is related to the
low frequency closed-loop mode at approximately 1/Th1 (in the altitude-
to-elevator numerator, Nge), which moves into the right half plane for
backside operation. To reduce the time delay, 1/Th1 must be moved
further into the left half plane. Elevator control will not modify
1/Th1, and the conventional way to augment it is by control with the
throttle.

The desired effect of the throttle loop is to improve the altitude

mmerator, gilven by

1 . -I . -
s Nge = 5 (Nge + KuwgegT)

s U5
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The second term on the right is the throttle loop gain times the
coupling numerator. The effec® on 1/Th1 of increasing K, is shown

in the root locus sketch. The main effect on the characteristic

jw

Increasing K,

~—F— 3 A—8— o
L Il | |
T, Th

Altitude Numerator Rcot Locus

equation (denominator) is to damp the phugoid, yielding the two
degree of freedom model in the limit. These effects will effectively
make the controlled element form in Fig. 8 a K/s2 at very low fre-
quency. Hence, autothrottle is required if the aircraft is below

the speed for minimum drag and it serves to increase the path damping.

¢. Deficiencies of the Basic Deviation/Attitude System

The most apparent drawback of a basic h, 6 flight director
system is the K/s2 nature of the effective controlled element in
the anticipated crossover frequency region between the phugoid, Wp>

and short period, w This does not adequately meet the pilot-

sp*
centered requirement derived in Section ITI for a K/s-like amplitude

response.

Referring to Fig. 8 and Egs. 14 and 15, it can be seen that
with large enough pitch gain, Ky, the second order wg zeros can
be overdamped to produce two first order zeros. Although this
might appear to improve the mid-frequency gain and produce the
desirable K/s region, it has several drawbacks. First, since the

total damping, Qeub, is constant the two first orders may not be
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provides the basis for an advanced director which has several advantages.

These include more preclse beam following, improved gust regulation, and

placed separately in the most desirable locations. Secondly, the
flight director will look very much like an amplified pitch attitude
display, and be quite '"busy" in turbulence. This violates command
bar consistency, and attempts by the pilot to follow the bar will
result in unacceptable normal accelerations and pitch attitude

excursions — incompatible response.

Other overall deficiencies of the basic 8, h flight director
include poor gust regulation due to the slow attitude washout, and
high sensitivity of the wy zeros to slight changes in the Kh/Ke
ratio. Keeping Kh/Ke precisely constant requires a linear desensi-
tization of the glide slope signal as range decreases. This is a
difficult mechanizational task to do exactly, and as a result, a condi-

tionally stable system may be produced during some portions of the approach.

The amplitude ratio in Fig. 8 has a K/se-slope above the short
period. This implies a need for pilot (or other) lead equalization
in this frequency range, in order to extend the K/s region. Usually,
this will not be a strong requirement, unless Wgp, is smaller than
about 1 rad/sec. For lower short period frequencies, additional

equalization in the director should be considered.

The advantages and deficiencies of the attitude/beam deviation
system are summarized in Table IV. Attention now turns toward

overcoming these deficiencies with a more advanced system.
ADDITION OF BEAM RATE FEEDBACK TO THE BASIC DIRECTCR

Combining beam rate with attitude and beam deviation feedbacks

better fulfillment of pilot-centered requirements.

1.

Bteady-State Regulation end Command Following

The steady-state beam deviation equations are the same as those

derived in Appendix B for the basic system unless altitude rate, ﬁ,

is used in place of true beam rate, d. With h the functional blocks,

32



TABLE IV

RETATIVE PROPERTIES OF THE BASIC
DEVIATION/ATTITUDE FLIGHT DIRECTOR

ADVANTAGES N DEFICTIENCIES
Simple to mechanize K/s2-like amplitude ratio at
mid-frequency when Ky, /Kg
Provides command bar weighting is acceptable

consistency with washed
out attitude feedback Poor w-gust windproofing due
to slow washout

K/s®-like amplitude ratio at
high frequency

Maximum crossover fregquency
restricted by non-pilot lags
in forward loop

GED and GEE, of Fig. 7 are no longer equal, and a GgD feedback must be
added to GED. The result can be seen in the following three-degree-
of-freedom steady-state expressions for beam error due to beam command,

w-gust, and u-gust.

" 8¢ FD 0 8e FD_d
13 s(GppGg Cpe* En + CGppGr D)
Y S e (s) (17)
€]ss s—=0 GSeGFDDg. c
| FD™d e
X! 8, JFD_O d FD u d
de]SS = s—=0 S G:?FSGFDDg. Jwg S (1 )
- d D8e
FD u 4
 C
lim G Selg
de]ss - s—=0 FD_4 ug(s) (19)
Ga D6

FD
The numerabor coefficients are given in Appendix A, Note that Gy operates

on h feedback. A1l free s terms have been multiplied through.
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The requirements for G%D are the same as for GgD, including washout.
However, the beam error to u-gust transfer function no longer has a
numerator free s. This will then cause a standoff to u, and Wg shears,

- g
unless beam integral is included in the GgD control path. However, the

constant term in the de for ug input expression, Eq. 19, is generally

quite small, so the resulting steady-state error to a u

g shear may be

negligible.
2. Director Plus Vehicle as an Effective Controlled Element

The general equation for the h, o, h director is

D h D 0 FD_h
Cp Ngg + Gg N, + Cpy Npg

o3

The dynamic features of this combined system show a broad K/s-like
region between the phugoid and short period. It allows faster attitude

washout than does the basic system. These results are developed below.

Combining h and 8 changes the second-order zeros* in the flight

director transfer function of Eq. 13 to

* . T
Ky Ap Kn A
[32 + (—l— + E; —E—)s + i& 7?—] (21)
Teg 2] Ae 0 8

Again, 1/Th2 and 1/Th3 are assumed large relative to wgp. This quadratic
may be separated into two independent first order zeros, each located
independently to maximize the K/s region. This means placing them at

ay and. Dgpy respectively.

Placement of the zeros is facilitated by an approximation for the roots

of Eq. 21 when the two roots are greatly different. They are one small root

*The h washout is assumed to have an inverse time constant at or below
phugoid frequencies and it will not influence these mid-frequency zeros.
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X
il KZ\ | g 2 (22)
T ( 1 h m) al, Ko %
T92 KG Kg Uo .
and one large root,
a1 Kﬁza[ _ Kg ] s Kl:lza (23)
T, Ko UK, K

Figure 9 presents frequency response and root locus plots for the
modified director/vehicle controlled element. The zeros have been

located as follows:

2 (2u)

*n
B~ %

1
T

(25)

H
N
@

The frequency response shows a broad K/s region between Qp and. wsp, with
very little phase dip near Wy - The path damping is now coming from the
low frequency zero, 1/T1, due to the h feedback. Good high frequency

properties are provided by the other zero, 1/To.

a. Pitch Attitude Washout

With the addition of ﬁ, the attitude feedback can be washed
out much faster than in the basic flight director case without
compromising the mid-frequency path damping. This will improve
the low frequency windproofing. The relationship between 6 and

h is helpful in determining the slowest reasonable pitch attitude
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washout time constant. In the low to mid-frequency region, a good

approximation relating h and 6 for elevator inputs is given by

: U
h o
®  Tgs * 1 (26)

Thus, for frequencies below 1/T92, ﬁ and 6 feedbacks are redundant
(in the absence of winds), and 6 can be washed out with a time
constant of at least Tee. Because the pitch attitude feedback
provides the required attitude stability, the ultimate lower Limit

on the washout time constant is near the short period frequency.

The effect of the washout location on the low frequency wind-
proofing can be shown analytically as follows. Rewrite the effective
controlled element transfer function, FD/&e, to include an attitude

washout, Tyg. The numerator of this transfer function becomes:

o)) i o))

T ) S

(a1)

Assuming, as before, that the high freguency altitude zeros are
large with respect to the short period frequency, Eq. 27 simplifies
to

2 1 1 * 1 1 K
D . KeAeS (S +T6?) (S +T—e;) + KI.],AI"I (S +%—)(S +ﬁ1-1—) (S +K—1:l') (28)

Ng =
e s(s+—l—>

The summation of numerator terms in Eg. 28 is illustrated by the
root locus sketches in Fig. 10. The "closed-loop" numerator washout,
1/Tyo, moves around with the "open-loop" value, 1/Tyq. The flight

director transfer function approximation becames
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Figure 10. Locus of Zeros of Director/Vehicle Numerator
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The numerator and denominator washout terms form a dipole pair which
occurs at low or high frequency in Fig. 10, depending on the washout

time constant.

The washout dipole has little effect on the open-loop director/
vehicle effective controlled element properties in Fig. 9, and the

pilot loop closure properties will be essentially the same, Assuming
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a4

the same pilot crossover frequency (near the short period in Fig. 9)
for the slow and fast washout cases, the beam cammand, d/dc, responses
will be about the same, but the low frequency gust responses will
differ.

The washout modifies the closed-loop phugoid a little, moving it
to a somewhat higher frequency in the fast washout case. The closed-loop
w-gust numerator is obtained by adding the coupling numerator times

the 6-loop equalization to the open-loop gust numerator, i.e.,

1 K.s
N%g] ST ge (30)

Tt changes substantially with washout variation as shown in the
Fig. 11 root loci (for increasing Ke). A significant point in

Fig. 11 is that the low frequency zeros in the fast case, wéF,

can have a fairly low damping ratio, depending on We and the

effective 6-loop gain.

jw jw
wg,
Wyo
wg wg
1 | ,
Tde\ Two wge
— m— o —=—3¢ D— o

1 L5 Lol L
Tg TwoN Tg Tg Two Td 0
a/) Slow Washout Locus b)Fast Washout Locus

Figure 11. Effect of Pitch Attitude Washout
on w-Gust Numerator Roots
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Magnitude (dB)

The closed-loop beam error to w-gust transfer function can be
obtained by combining the closed-loop characteristic roots (for a
selected crossover on Fig. 9) with the closed-locp numerator from

Eg. 30. The result in the slow washout case has the form

. R o W e

W, 1 ‘I 2 t t t
g]FD*@ (S +—,—)<S +—r—)(s +—r—> (S - )[S +2§ DS + W 2]
e Th1 TWQA TP1 Tp2 SpTsp sP

(31)

The closed-loop gust numerator in Eq. 31 includes a term at 1/TW6N
due to the washout, and three terms from the basic d/wg numerator.
The closed-loop denominator has a term due to the washout, 1/Twé&,

and the phugoid has been overdamped to give two real roots, 1/TI'J1

and 1/Tﬁ2. This response is plotted as the upper curve in Fig. 12.

] d 8
N\dVg+ GHe ng Se

de
Wq = Sep 8 Se py d
%lep—s, O *Gg°Ng,* G4°Ng,
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o —— ———
Slow l 1 1 414 , ,
Washout g Twop Twoy Ty woy Wp  Wiko
===l \L l
Fast S
Washout ,
Wgg
—I/ wQIF 1 wS’P
by Tpz
|ogw——>

Figure 12. Effect of Pitch Attitude Washout
on Beam Error Due to w-Gust
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The generic closed-loop w-gust response transfer function for a

relatively fast washout typically becomes:

Awg[sa-PEQngng-+a€F][32-+2§Wowwos-+wwO]
wg]FD-—Se ( 1)( ) s“+2! mps +mp ][s +2§SP sps +wé§]
(32)

&

The fast washout gust response is the lower curve in Fig. 12. Now the
high frequency quadratie in the closed-loop numerator is affected bty the
washout, as shown in Fig. 11. The effective closed-loop phugoid is also
different from that in Eg. 31, having been moved to higher frequency.

The denominator washout term moves to higher frequency as expected.

The curves in Fig. 12 illustrate the well known result that
faster pitch attitude washout reduces beam error due to low and mid-
frequency gusts. The difference in error is related to the area
between the curves on Fig. 12 when plotted in linear rather than
logarithmic coordinates. As an example, if the w-gust is described
by a low frequency first order power spectrum the difference in the
mean square errors for the systems of Fig. 12 will be about a factor
of two because the average separation of the amplitude ratios is
about 3 dB. Note the important influence of the damping ratio, QéF,

of the low frequency numerator quadratic in the fast case.

b. The Use of Blended Direct Lift Control

For flight director control using elevator and throttle, the
upper limit for the path mode bandwidth is given approximately by
the high frequency pitch attitude numerator term, 1/T92. Blended
direct 1lift control (DIC) which augments Z5e in the basic vehicle
can be used to increase 1/T92, potentially improving the path mode
response. The pertinent block diagram is given in Fig. 13, where
the DIC control is related to elevator action via a crossfeed,

resulting in augmented vehicle dynamics.
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Figure 13%. Block Diagram for Direct Lift Control

The primary effect of blended DIC occurs in the pitch attitude
numerator, with secondary changes occurring in the high frequency
part of the altitude numerator. The pitch attitude numerator with

DIC becomes

<) S S]

© 5e_’6DLC

9 0 .
Napro has the same form as Nge, i.e., two real zeros 1/T91 and 1/T92.
In either numerator the low frequency zero is predominated by X, so
1/‘I‘DLC1 is almost equal to 1/T91. The approximate factor for the

other zero is

1

= ey + 2 Tg
Toic, Mepro  ODIC

which moves from 1/Te2 toward the right half plane as Z8p10 is
increased. The effect of increasing Kppo is shown in the sketch
of the locus of numerator roots. Increasing 1/Te2 will increase

1/T2 in Fig. 9, which can be interpreted as augmenting 7, in the
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expression for 1/T2, i.e.,

1 —Kﬁ( ZCL + Z6DLC)
T2 K

0

The main result is to increase the bandwidth of the closed-loop
beam command transfer function, d/dc. In summary, while blended
DIC is not a requirement for an advanced flight director, the
resulting augmented vehicle dynamics should be used as the basis

for the director analysis when DIC is included.

c. Deficiencies of the Beam-Rate-Added Director

The main remaining deficiency of the combined 6, h, h flight
director system is that the desired K/s-like region of the effective
controlled element does not extend beyond the short-period frequency.
This means that potential high gain pilot closures will require pilot
lead equalization in the vicinity of the short period. Means for

offsetting this are discussed subsegquently.
ADDITION OF PITCH RATE FEEDBACK TO THE ADVANCED DIRECTOR

The inclusion of pitch rate in GgD creates an additional zero in the

flight director transfer function, FD/8g. Placing the zero near the short

period makes the flight director transfer function K/s-like ai and above
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w The closed loop short period damping ratio will then increase as

sp*
the pilot increases his gain.

The effective flight director numerator can be formed by adding its

component equalizations and numerators in the usual way.

STV P -1 Y AR I Y A KﬁAﬁ*“ﬁHL
D o9 Two %5 Te; Tog % Thy

N6 = 4+
e (S s ) )

(34)

Again, the high frequency terms in N%e are neglected. ITf Wgp >> QP’ the

approximate expression for the numerator becomes

1 1 1 2 2

KA ls + =)[s + =—)Is + ———)[s + 20 w8 + J
&)

e( Th'1)< T1)( Tywo 68 ®

O’Z
¢S
|
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pore o2 e LM p
where o Kﬁ s oPg = 7 » and ag -

N

Q!?i'

S'e

[N

fur}
————
I =

D
—

What was a first order lead (in Fig. 9) near the short period now becomes

a second order at wg.

A generic Bode-root locus plot for the revised director, Eq. 35, is
given in Fig. 14. There is a broad K/s region from the phugoid to the
higher order lags (display dynamics, etc.). The resulting closed-loop
altitude response to beam commands for a possible pilot crossover fre-
quency is shown by the dashed line on the Jjw-Bode plot. Both the closed-

loop phugoid, Qé, and the short period, w_., are well damped, and there

sp’
is little phase dip in FD/&e, so that the system is insensitive to gain

changes.

There will be a closed~loop root at low frequency as the free s
at the origin is driven to 1/Th; (see |FD/6e(—o)[ on Fig. 14). Although
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this root is nearly cancelled by the 1/Th'1 zero in the closed-loop beam
response there will be a significant modal response in the other vehicle
motions, primarily airspeed. In other words, when the vehicle is dis-
turbed from its trim condition the beam error will quickly rebturn to zero
but the airspeed will have a very long settling time. As brought out in
Section B-2-b this settling time cannot be changed without separate r
throttle control.

E. ADDITION OF ELEVATOR FEEDBACK TO THE ADVANCED DIRECTOR

Another possible feedback to the director computer is elevator
deflection. This introduces an additional functional box, ng, to
the feedbacks in the Fig. 7 block diagram. The director/vehicle effec-

tive controlled element transfer function becomes

FD g FD._6
m [ Nh + G N5 + Gh + Gé Nge] + K&eA (56)
de A
D
when Gge = ng. The locus of numerator roots for increasing ng is

given in Fig. 15. The result is a high frequency lead at 1/Tae. The

remaining numerator terms are relatively unchanged.

Root Locus of -2 - b
u B ———m—r——
[Xq]
Wsp
(.UB I
wp}
L o
L Ll 4
Tée Two Two ﬂ Th,

Figure 15. Effect of Elevator Feedback on Director/Vehicle Numerator
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The resulting lead can be useful in partly offsetting the high frequency
lags inherent in the pilot, and reducing the need for pilot lead equaliza-
tion. However, these are largely accounted for with pitch rate; and con-
siderations of response compatibility and other criteria suggest that the pilot

crossover will be low enough to avoid his high frequency limitations anyway.

Elevator feedback has several disadvantages including the following:

® High gains will make the display too sensitive to
o _ motions, and cause the other essential feedbacks
to be obscured.

® Undesirable feedback of pilot remnant may result,
50 any G5e needs to contain filtering to smooth
the remnant.

® Aircraft trim changes will result in low frequency
director errors, avoided by using washout in

The fundamental point is that any elevator feedback other than high frequency
(above the short period) violates command bar consistency. It is useful at

high frequency, to the extent that it indicates aircraft acceleration.
F, SUMMARY OF THE ADVANCED DIRECTOR FEEDBACKS

The requirements of Section II have been used as the basis for the
analytical development of an advanced flight director for landing approach
which features superior regulation and beam following properties, while
being subjectively acceptable to the pilot. The resultant director

contains the following feedbacks:

Beam deviation

Washed-out pitch attitude

Beam deviation rate, or washed out altitude rate
Pitch rate

Washed-out and filtered elevator (sometimes)

Each of these plays a unique role in satisfying the requirements, although

C e -

the first three are more essential than the last two.
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An overall summary of the effects of different feedbacks and combinations
of feedbacks is presented in Table V. The basic and advanced systems are
identified. The terms in the "Feedback(s)" column are underlined to indicate
that the table entry refers to their contribution. The "Approximate Factors"
are intended to apply only to a conventional (jet transport-type) aircraft.
"Desired Equalization Location" provides a starting point in determining
the appropriate feedback weighting that is most consistent with the require-

ments, and this is elaborated in the preceding text discussion.

As noted at the outset, the required feedbacks are assumed to be obtained
in conventional ways, including the use of complementary filters. This may
modify the respective signal waveforms a little, but it should not affect

the generality of the results.

Other practical considerations relate to the presence of a glide silope
receiver lag, and the effect of the antenna location. The receiver lag
introduces a dipole at approximately the lag frequency in the effective
director/vehicle transfer function, and it tends to reduce the damping,
Cewe, of the numerator thereby decreasing the available path mode band-
width. When the receiver is not at the aircraft c.g., sensed beam devia-~
tion will include an Zxé component. For forward locations, this will
provide increased path damping; but the effect is slight even at extreme

locations.
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TABLE V

SUMMARY OF FEEDBACK INFLUENCES ON DIRECTOR/VEHICLE CONTROLLED ELEMENT, FD/‘(‘)e ]
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SECTION IV

SUMMARY AND IMPLICATIONS

A, OVERALL RESULIS

A comprehensive set of functional requirements, basic principles, and
analytical procedures have been presented for specifying and designing
flight director/vehicle systems. These permit the designer to select,
equalize, and weight the director feedbacks analytically, glven the
(augmented) vehicle dynamics and a definition of the task. By using
these design techniques the final optimization process using actual
pilots during simulation and flight test can be planned and accom-
plished much more expeditiously. Experimental optimization should
now become a "fine tuning' procedure, involving overall gaiﬁ selection

and, perhaps, minor changes in the predicted relative weightings.

The basic feedbacks required in a director are beam deviation and
washed-out pitch attitude. The addition of beam deviation rate (or its
near equivalent, altitude rate) helps provide a K/s-like form for the
director/vehicle in the mid-fregquency region, improves path damping,
and permits more rapid pitch attitude washout. Adding pitch rate helps
extend the potential pilot crossover region by offsetting high frequency
pilot lags and increasing the gain margin (if the short period is lightly
damped ).

Although augmenters may improve the system properties, they do not
usually have a large effect on the form of the director/vehicle dynamics
in the mid-frequency region where pilot crossover will occur. Instead,

their principal effect is on fringe areas. For example:

® With a lightly damped short period an increase in
pitch rate damping improves the maximum attainable
flight director loop bandwidth;

® An autothrottle reduces the speed deviation, improves
the speed settling time, and damps the phugoid.

An exception is blended direct 1lift control which can increase the potential

path mode bandwidth by increasing 1/T92 and modifiying the path numerator.
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This would permit higher pilot gain while maintaining the |9/7[ modal

response ratio at an acceptable value.

This report emphasizes longitudinal control, but the procedure and
considerations are the same for the lateral axes. The functional require-
ments are pertinent to lateral and longitudinal landing-approach tasks.
With minor changes, the requirements of Section II would also be applicable
to other tasks such as curved beam following, flare, and takeoff rotation

and. climbout.
B, NEW ASPECTS OF THE EVOLVED DESIGN PRINCIPLES

As a paradigm for analytical synthesis of flight director computers,
this report contains some new principles and techniques, which arise
largely as a result of pilot-centered requirements. These new concepts

are summarized below:

[ ] The director synthesis procedure involves the
interaction and tradeoff of guidance and control
and pilot-centered considerations.

® The effective director/vehicle controlled element
should lock like a K/s over a broad mid-freguency
region.

[ The director display should be consistent with
status information — low frequency and steady-
state bar motions should be beam deviation, the
mid-frequency deviations should reflect corre-
sponding vehicle motions, and high frequency
(above short period) motions should be
attenuated.

® The compatibility of attitude and path motions
has an important influence on pilot gain and
system crossover frequency. Unfortunately,
selection of suitable |8/y| ratios at the
dominant mode is currently a weak area for
both autopilot and flight director design.

o Scanning required to monitor status information
will tend to reduce the pilot's gain (Refs. 3 and
5), and this can be avoided by suitably integrating
the status information on the display.
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C. OTHER IMPLICATIONS FOR DESIGN

The combined requirements and the analytical synthesis procedures lead
to other implications for director design that are more or less well known.

These are listed below:

® Beam command desensitization is desirable so that the
pilot does not have to continuously modify his gain.

® lags in the director display instrument can reduce the
attainable path mode bandwidth, if they are significant
in the mid-frequency region.

® The glide slope receiver lag will decrease the attainable
path mode bandwidth, as it does with non-director (manual)
or autopilot control. Higher quality ILS beams will
increase the performance potential of advanced flight
control systems by allowing the receiver lag to be
decreased.

® Beam integral is needed to achieve good beam following
with higher order inputs such as w-gust shears and
curved beams. If this is included as a director com-
puter function, the display may be inconsistent for
lower order inpubs, resulting in standoffs.

® As an alternative to beam integration, the pilot can
perform the function based on (non-director) status
information. Some compromise 1s probably the best
solution; and this might consist of a selectable mode
for curved beams, or a cambination of limited integral
feedback and pilot integration.

D. FLIGHT DIRECTOR AS A MONITOR

A fundamental pilot-centered consideration is that the pilot will
tend to adapt his response so that the pilot-plus-director system has
dynamic properties similar to the pilot~plus-raw data system. In effect,
in cenfiguring the director/vehicle system the preferred pilot loop
closures and eyuvalizations are drawn forward from the pilot and placed
in the director computer. On the other hand, for pilot monitoring of
(fully automatic) coupled approaches the director output should approximate
that of the autopilot.
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To simultaneously satisfy these requirements the loop dynamics of
the director/vehicle should look like both the pilot/vehicle and the
aubopilot/vehicle. In practice, the goal would be to make the auto-
pilot and flight director correspond at the daminant modes of the
automatic system. The main difference between the closed-loop opera-
tion of the pilot and the autopilot would be higher loop gain with the

latter.
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APPENDIX A
VEHICLE EQUATIONS AND TRANSFER FUNCTIONS

THREE DEGREE OF FREEDOM

Equations of Motlon* —Body-fixed stability axes, Wy = O.

s — Xy Xy g cos @, u X5 _XT] ®
-z, s — Zy U, s + g sin @9 w =] 25 —ZT]
M, —(Mgs + MW) s(s — Mq) 8 Mg, —M.q |
c‘l = ~ + Uge + .Zxé, at station by
h = -w cos B, t u sin @, + U, cos 8,8
ag; = w - U.b + g sin 8,8 — 4,8, at station £

Transfer Functlon

B d. v 0

9 Ns 4 SNy 0" (U, + Szx)Nn .

B T A ) = A = A » etc.
Characteristic Function

L 3 2
A = (AAS + B8 + C,8" + D8 +EA)

AA = 1
B, = —(Mq+zW+UOM;v.+)gl)
Cp = Mqu - UM, + xu(Mq+zW+UOM€r) - X2y + M sin @,
Dy = K (ZMg~UMy) =MUX, +MZ X + g cos 0, (M, +ZyMy) + g 5in Oy (M, ~X,M;)

g cos @O(szu—Muzw) + g sin 6,(M X, —MX,)

DI:l:I
n

*The nominal glide slope is @o = 75



Beax Deviation Numerators

SNg = Ag's5 + Bg's2 + Cg's + Dg’
B = I
Bg' = Zg(UMy +Mg +Xy) — XgZy
0§ = UolM(XeZu=Zeky) + (Zghhy—Zudp)] + M(ZuXp—Xulp) + Mg sin 8,
Dy = UolXa(Zuy—MZy) = Zp(MXy—XMy) = Mp(XyZy=2Xy)]

+ g cos 0,(Z;Ms —MyZg) + g sin © j(MXs—XyMs)

SN% = A%s3 + B%sz + C%s + D%

A‘% = 42,

B% = 2 (UM +My +Xy) + Xply
el = U [Mp(Zrky—XnZy) + (MyZog—ZnMy) ] + My (XyZp —ZXyq) — My sin @,

D% = Uo[xn(MuZw_ZuNR«‘) + Zn(MwXu"XwMu) + M.,](XWZu—wau)]
+ g cos 0,(ZpMy — Zly) + g sin @ o(XuMy—MuXq)

Pitch Attitude Numerators

N

= AJs? Bgs + Cy

AY = ZgMy + Mg

e = X (MaZy+My) + Z(My—MiKy) — Mg(Zy +Xy)

= Kp(MZy M) + Ze(ME,—MX,) + Mo(ZX,~K,2,)

8 - %2 4+ 8% +¢8

Ny 1 n n

f’] = —~(ZoMy +My)
B.,e] = Kn(MiZy +M,) — Zn(My —MKy) + Mn(Zyr +Xu)
)

1

- g = Zy) = 200K~y = (2~ X Zy)
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Vertical Veloclity Numerators

Ny = A5s5 + Bgs® + Cps + Dy
W
Ay = Zg
w — —
By = ZS(Mq+Xu) + UMy + X2

C¥ = Xu(ZgMq—UgMs) — &M sin O, + Xg(MUs—2ZyMy)

DY = g(ZgMy—MyZy)cos By + g sin O (MsXy — Xphy)
W= a¥s? 4 B¥s? + ¥s + DY
7 1 1 1 1

A:]’ = -z,

Bﬁ}"' = Z,q(Mq+Xu) ~ UMy — X2

c‘T’]’ = KUy =ZMy) + My & sin 0 ~ X, (MU, — Zdy)

D‘T*]’ = g cos ®O(anu 'un) + g sin @O(X MnXu)

Forwerd Velocity Numerators

N} = Aus® + Bys© + Cys + Dy
by = Xp(1-%)
By = XplMg(1—Zg) + 2, +M;] + ZX,
Ch = Xa(MgZy—My) — Zg(aMy cos B, +MXy,) + M [X, ~ (g cos €,)(1—Zg)]
+ gXsMy sin O,
D, = g(%—l\%zs)cos 8y + g(XSI\dw—M.éXw)Sin O
L A¥s? + BsZ + CUs + Dl
AL = X,
B% = xn(Mq+M&+zw) ~ X2y
c% = Mq(xwzn_zwxn) + Uo(XnMw"XwM'n) + g cos @o(an;ﬁM.q) ~ g sin 8, XMy
D} = g sin @XM —XM,) + g cos O(Z M, —ZM,)
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35 32 3=

S0 3o

Numerators

o

e _ de
sNTd]6 = An6

=

ZMy — M Zy

—xu(an6 ‘qua) + Zu(XT]M5 —M.qxﬁ) - Mu(xnz6 - ana)

uw o uwe uw uw
NSn—ASnS +B§ns+c6n
XnZS_ZnXB

Mq( ZT]XS —XT]ZE,) + UO<XT|M6 - M‘QXS )

g cos @0(Mﬁzn—z5Mﬂ) + g sin @o(qug—Maxn)

u o
N5T]

Mv;(ans—znxzs) + XMy ~ MpXs
KBy —MZe) + 2y (MXg —MeX ) + M, (XpZ, —X 7))

_ L,u® u e
= ASTIS+B5T]

d ud 2 ué ud
Slealen = Agens + Baens +C§en

[XSZT] —XnZS]s1n e,

(Mq+Md)(XnZ6—X6Zn)sin 8o
. . 2
g cos 8, sin ®0(Z6Mn—ZnM6) + g sin QO(XT]MS—XSMT]>

+ Uy sin @O[Mw(xnza—znxs) + zw(stﬂ—XnMg) + Xw(ana—ang)]

a6 _ _we _ 6w
N’qs = Mqp = Nn&
du uw u o
sl\I,rl 5 = s[—NS n + UON5 'q]
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SHORT PERIOD EQUATIONS

Equations of Motion

s(s—27,) zZ, a Zg -7 e}

S(M‘:rs + M) 52 _(Mq+MO-L)s - M, 8 My —Mﬂ 1

Characteristic Functlon

A = 52[52 — (Mg +M; +7.)s — (Ma—ZWMq)]

Transfer Function Numerators

Ng = —Z5[52 - (Mq+M('1)s - (MOL - Dz% Zoa)] = Ags2 + Bg's + Cg
M

Ny = Zn[s2 — (Mg +Mg)s — (MOL - 2% za)] = Ajl]s2 + B%s + C?]'

N = s[(M +ZeMi)s — (MpZu—ZgMy)] = s[afs +BE]

W= —s[0n +zpn)s - 07y -zge)] = —S[ATe]s +B%]

Coupling Numerators

Sh
(o)

= MgZn ~ ZgMy
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AFFENDIX B
STEADY-STATE BEAM FOLIOWING AND GUST REGUIATION

The function of the flight director is to maintain the aircraft on
the glide slope when the command bar error is nulled by the pilot.
Whether the flight director can produce zero beam deviations in steady-
state (as t —= o) depends on the nature of the command and disturbance

inputs, as well as the equalization of the feedback signals.

This appendix develops the analytical expressions for steady-state
longitudinal beam error in the presence of arbitrary beam commands and

gusts. The resulting control implications are examined for the following

specific inputs:

Power series beam command
Dual angle beam command
Step and shear (ramp) vertical gusts

Step and shear (ramp) horizontal gusts

Although the limiting steady-state cases are examined, landing approach
involves only a short time duration. Hence, the practical concern is

with the errors at the end of the landing apprcach.

BEAM FOLLOWING

With the basic attitude plus beam deviation system the beam error®

equation for an arbitrary beam command, he(s), is

he(s) (B-1)

*Beam error can be deseribed by de Or he in the context of beam command
inputs.



The equalization terms, G, are defined in Fig. 7 of the main text, and the
airframe transfer function polynomials are given in Appendix A. Since an

h feedback is not included,

Gfll-)hc = GTF;D—Gﬁz = 0 (B-2)

Deleting this term in Eq. B-1 and taking the limit as s —=O0 gives the
following steady-state result:

Be FD_o
Lim S(GFDGe o3, + EA>
Pe|] = §»0° 5o FD T he(s) (B-3)
SS GFD Dse

This applies for the general case where throttle setting is not changed

and airspeed is gllowed to vary.

If the pilot holds constant airspeed, Eq. B-3 reduces to the following

2 degree of freedom expression (when L3g is neglected):

GFD

s

1im S

he = ¢ o S5 | bels) (B-4)
ss UnGp

If the commanded path is given by a power series in time, i.e.,

2 n-1

hc(t) = h1 + h2t + h5t + e.n hnt (B-5)
This has the Laplace transform,
h1 h2 2h5 (n—1)!hn
hc(s) = <+ ;E + :;§ + e —__;Ef——' (B-6)
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Then the steady-state error in the three degree of freedom case is

obtained by substituting in Eq. B-3, i.e.,

8e FD 6
n _ lim [;G}EDGG Cse * EA (n~1)thy
€lss ~ s-=0 Se FD h ' n-1 (B-7)
GF:DG'h ae S

The corresponding two degree of freedom result is

D
i ] T sGg | (n-1)thy,
e = -
ss s—»0 UOC‘ED Sn 1

(B-8)

To satisfy the requirements of Section II, Egs. B-7 and B-8 show that the
numerator must contain a free s" if the system is to have zero steady-~state
beam error for an nt? order power series command., In the case of a step,
h1/s, the system will have zero steady-state beam error when the equaliza-

tions, G, are gains only.

The higher order terms in the power series, Eq. B-5, lead to the require-
ment for equalizations other than gain (e.g., additional feedbacks). From
the sketch it is apparent that a system
which is stabilized on the first segment
of a dual angle glide path must follow a Glide Path |
ramp function in h without steady-state
error if it is to successfully transition

from paths 1 to 2. So a free s2 is needed

in the bracketed portion of Eqs. B-7 or B-8.
This is obtained in different ways depending

on which equation is used.

If the pilot changes throttle sebting to hold airspeed constant (Eg. B-8),

G%D must either

® Contain a free s via washed out pitch attitude,

6 =TT /g "
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® Have an integral term in the denominator, for example,
via a parallel integrator on the beam signal

This latter alternative has the disadvantage that integrators accumulate
small errors which could cause the flight director to be off center when
the aircraft is stabilized on the beam and the beam error is zero., This
would give the pilot a director command contradictory to his status

information.

In the three degree of freedom case (airspeed not held consbtant), the
remp input into Eq. B-7 could be handled by washing out attitude and letting
the pilot retrim the elevator (i.e., G%% LK, + Kp/jw).

Higher order inputs, for example, curved path commands, would require
at least a free s? in Egs. B-7 and B-8. This would demand beam integration

feedback in addition to pilot elevator trim and washed out 6.

GENERALIZED GUST REGULATION

The flight director must permit pilot control to compensate for wind
(or gust) disturbances. At very low frequency (steady state) this implies
maintaining the aircraft on the beam in the presence of step gusts, shears,
and vehicle trim changes. Satisfactory steady-state performance is again

achieved by suitable equaligation of the feedback signals to the director.

The beam deviation response to a generalized external wind velocity

disturbance, n(s), is shewn in the block diagram of Fig. B-1.

+77(s)
: d
FD 5, Se N F——
Y / ) Cro 1 & [ 1
PILOT VEHICLE

GZD GED GZD

Figure B-1. Flight Director Feedbacks with Gust Inputs
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The beam deviation transfer function to a generalized gust, n(s), is:

be (DA © , DA
6 + GFD(G Ny de * G M 6e)

d, = (s) -
e A+ G%S(Ge Nse ‘gDN T GﬁDNh ) nis (B-9)

A distinction between d and h is now made to properly account for steady
state wind effects. This difference produces the coupling numerator, ﬁ g .

+

The disturbance, 1, can result from a vertical, or horizontal, wind, and
either can have a constant velocity component, i.e., n(s) = n1/s-+--- .
Because of the stability axis system used, a horizontal (head or tail) wind
contains both ug and Vg components, along the x and z axes, respectively.
To cause no residual beam error for the constant velocity component reguires
that

d'e]ss - s%in S[ ] g} =0 (B-10)
where the term in brackets is defined by Eq. B-9. This condition is
satisfied when there is at least one free s in the numerator of the term
in brackets. Other expressions for the response to a generalized gust

are given in Table B-I at the end of this Appendix.

VERTICAL GUST, wg

When only attitude equalization is used, the three degree of freedom

steady-state expression for beam deviation due to a generalized wg(s) is

d de FD_6 d
13 Ny, + Gpplg Mo
_ lim g g
delss = s=058 Be [ FD. 6 wg(s) (B-11)
A + GFD(G Np, + Gy Dyd )

And this reduces to

d Be FD_4 O

o 1in _|Pig * Gin Brghe
e T s—=0 Se FD_d
S8 GrpGg Dpe

wg(s) (B—]E)



d d e d .
The terms Dwg, BWgBe and Dp are the lowest order terms in the numerator
expressions when s — 0. Using the values from Appendix A, the complete

three degree of freedom steady-state expression for beam error to a w-gust

is
+ GpSCe My ZuKey — ZogXy)
4 ] Lim  PuZy — ¥ Z)g cos 0o + G%GEDXS)*(XuMW—MuXw)(g sin@g, + G%G.e Zzs) .
= s = W, S
Hles 870 G%GED[(ZSMu_MSZu)(U&w_gCOS 0) +( XMy~ MXs ) (UgZy,— g 8in 8;) &

+ UM ( 2. X5~ X Z5 )]

(B-13)

Expressions for this and other vehicle motions resulting from a w-gust are

given in Table B-TI.

The equalization requirements are determined by the fact that the
expression in brackets in Eq. B-13 must contain numerator free s terms
of the same order as the input, wg(s). Because the numerator within the
brackets is a constant as s -» 0, the free s terms needed to cancel those
inw (s) must come from the denomlnator within the brackets. One free s
can be obtained by the pilot, GFD: retrimming the elevator, i.e., acting
as a parallel integrator in the elevator channel and having G-F include a
washout of the pitch attitude. An alternative is to include a K—/s com-
ponent in the GgD control path. A similar argument applies for step trim
changes resulting in Zs and My, 1ift and pitching, accelerations applied

to the wvehicle.

Shear (ramp) inputs, on the other hand, require the same equalization
as a step, plus a Ka/s component in the GgD control path. If beam integral
equalization is not acceptable, the flight director will not show an
existing steady state beam error caused by a Wg shear even if the pilot
holds the director bar centered. Hence the guidance and control require-
ments conflict with the pilot-centered requirements in this case. Ways

around this conflict include the following:

® Provide a separate director mode for shears which
includes beam integration. This will also satisfy
the (second order) curved beam requirement, discussed
above,

B-6
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® Include beam integration feedback in the flight
director and limit its authority.

® Provide other (beam error) status information to
the pilot so that he can essentially double integrate
the beam error, avoiding beam integration in the
director computer.

Bach of these solutions can be found in current practice.

As an alternate technique, the pilot or an automatic controller can
attempt to maintain a constant airspeed by throttle changes. In this
case the steady-state beam deviation can be derived from the two degree

of freedom approximation of Appendix A to give

2,5(g M) + GpaCE (M 2y — M Zg)
de] = 508 T 80D
S8 G-FDGd (Mﬁzaf—MﬁZ6)

wg(s) (B-1k)

Again, wg(s) is generalized. With washed-out attitude feedback, the drift
from the beam caused by a step w-gust is reduced to zero by virtue of the
aircraft's weather-cocking tendency. The pilot will have to make a change

in power setting, however, because
_ Ilim 1
9]ss - s=0 s(Uo>wg(s) (8-15)

For a w-gust shear input, the pitch angle and power setting must be
continuously changed (as a ramp) in order to hold the command bar centered.
In this case, with washed-out pitch attitude, the aircraft will remain at a

constant steady-state beam error equal to:

KoTwr,,

de}ss = U—OKI—-J_— (Wgz) ) ft (B—16)

where Vg, is the magnitude of the shear in ft/sec®. Note that the beam

error is reduced as the attitude is washed out faster. Beam integral

B-T



feedback would also be helpful in this two degree of freedom case, because
it would provide the additional free s in the numerator necessary to produce

zero steady-state error.

HORIZONTAL GUST, ug

Substituting ug(s) for n(s) in the general d/n expression, Eq. B-9,
yields

d
% g, + e (egDmgea « i h)
@< s) = (B-17)

Be { FD
N CT ey

In the three degree of freedam case (when airspeed is allowed to vary) the
constant terms of sN%g and SNge%g are zero. The steady-state expression,

found by letting s —= 0, is therefore:

d be [ FD,d 8 u d
] = o2 S[scug+G (co”85 8 + oae ug)uw
e - s..»ol S(GFD g8
S8 5(G Doe * G D)
Se 5

(B-18)
d d e ud d
where Cug, AugSe’ Cs g and Dy are the lowest order term in the respective

numerators. When Gy~ = 0, Eq. B- 18 reduces to

ot~ 26s) = & 1y ot 0 + SRzt 1)
GFDGd D5e

de] = sl-i>mo

S8 g(S)

(B-19)
Note that a free s occurs in this expression. Step u-gusts produce zero

steady-state beam error without any feedback equalization or pilot retrimming.

Other steady-state expressions are given in Table B-I.

A u-gust shear requires washed-out attitude and pilot retrim. The
initial response is reduced in magnitude as MyZw— ZuMw is made smaller,
and is, in fact, one argument for neutral static stability of the airframe
alone. In the 1imit the u-gust shear causes a steady-state airspeed change

which will normally be countered by the pilot with the thrust correction

B-8
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necessary o bring the aircraft back "on airspeed."” The trim power change
is simply AT = m( dug/dt). As pointed out in Ref. 9 this trim change may
be a critical one, especially for decreasing tailwind shears that stop near

the ground, lesving the pilot with insufficient power.

These steady state considerations indicate that the most troublesome
disburbance inputs are wind shears. The worst of these is a shear normal
to the flight path, for it causes a low frequency beam error even with
attitude washout and the pilot retrimming elevator and power. The need
to wash out attitude feedback as rapidly as possible also tends to conflict
with the path damping requirements of Section IT.



TABLE B-I. SUMMARY OF STEADY-STATE GUST RESPONSES

System Definition

8,d d
7 —-— Nz —
A
63 S
- s I
; 3
Response for Generalized Gust, n(s)
[ .o d ] . d _ oo W
g - e RN ey o um oo L
= 50 ° ~ San® + chnd n S0 g
S8 + Ges 13 s | a-e
P L g 1i &y 1 B o
1 5 im 5 im
SR o LR N L= o R
L %5 L 5 ®
wd [ W 8 9w
[ : UK . UoBg
1im n rj lim onbd _ lim 1
W = sl——=1n(s) = s n{s) = s 7{s)
]ss s—=0 na S—aQ' NE s—-0 Dd
LD L 7% 8
u 4] u W u e AW au
_ lim ”Nn 5 Lim LNn 5t UM s 1m | Sn & * U q
u = sf——|n(s) = s ————— 10 (s" = sl | n(s)
ss s—=0 nd s—=0 Ng s =0 Dg.

Response for Vertical Gust, w.(sm)

(M2, ~M,2,)(g cos 8+ GaXg) + (X, —MyX,)(g sin O +GGZs) + GgMs (2%, = 2%,) .
—————— s

d] - lim s
ss

s=0 {cf;[g cos Oy, —Zgiy) + & 51 O, (Xghy~ Mgy )| + Uo [Ra( 2y M) + Zo(MK,~MX,) + My(ZX, X, 2,)]

s—=0 D

) - M S[Xu(z'uMb_ZéMw) + Zu(stw‘deMb) * Mu<zsxu—xszw)]wg,s)
sSs

5

lim

w]ss = s—m0® wg(s)

Lim I‘g cos @o(ZwMﬁ—ZBMw) — g sin G)O(XH.M&—XBM”)
s wg's)

u -
Jss s—=0 l Dg

For Horizontal Gust ug_(il

d] _ lim 52[[U0(MUZW_Z\1MW) -8 Mu sin
ss s—=0 L Gng

8] *[G5(Zuits —MZs )]]u o
g

2 -
. v S I AM) ‘o)
]ss T s—=0 d g

w] = (s)
ss s—=0
Dﬁ
lim
= {
u]ss semp %Y s)



APPENDIX C

EXAMPLE APPLICATION OF FLIGHT DIRECTOR DESIGN PRINCIPLES
TO THE DC-8 ATRCRAFT

This appendix presents a numerical illustration of the flight director
synthesis techniques developed in Section III. The longitudinal dynamics
of an unaugmented DC-8 aircraft trimmed for the landing approach configura-
tion (from Ref, %) are used to represent the vehicle. The airframe parameters
and stability derivatives are given in Table C-I. Numerical values for the
transfer function numerators and denominators are given in Table C-II,

based on the definitions in Appendix A.

TABLE C-I

DC-8 PARAMETERS FOR LANDING APFROACH CONF IGURATION

GEOMETRY AND INERTTA IR
no(£t) 0 x, (1/sec) ~0.0372
M (-) 0.204 X, (1/sec) 0.136
Vo, (ft/sec) 228. Xso (ft/sec?/rad) o)
7o (deg) 0 X8 (£t/sec/%) 0.106
a  (1b/£t%) 61.8 |z, (1/sec) —0.283
s (£t7) 2158, | 2, (1/sec) —0.750
b (ft) 1he.y Zy (=) 0
¢ (ft) 22.16 | 7, (ft/sec®/rad) | —9.25
W (1b) 180,000. | Zgp (£t/sec?/B) —0.00097
m  (slugs) 5,580. | M, (1/sec-ft) 0
by (1) 60. M, (1/sec-ft) —0.00461
I, (slug-f‘tz) 3.8 x 106 < (1/ft) —0.00085
Iy (slug-ft2) 0 Mpo (1/sec?) —0.923
Xog (% <) 5.2 | Myy (1/sec®/b) 0
8fo (deg) 50 M, (1/sec?) -1.05
as (deg) 0.62 M, (1/sec) -0.1936




TABLE C-IT

IONGITUDINAL STABILITY AXIS TRANSFER FUNCTIONS
FOR THE DC-8 IN THE TANDING APPROACH CONFIGURATION

A = [0.0865 ;3 0.166][0.627 3 1.23]%
Ng, = —0.915(0.101)(0.6k6)
x5
Ny, = —1.258(-%.12)(%.03)
Nge = —9.25(23.3)[0.090 ; 0.198]

Nge = 9.25(-3.63)(0.0352)(k.42)
5% = 45.66(0)(0.035)[0.192 ; 1.81]
Wep = O
N%T = 0.106(—0.0009)[0.636 ; 1.22]
Ny = =0.00097(31.1)(0)(0.59)
N% = —0.00097[0.38 ; 1.02](31.1)
Ngesp = 0.0009(31.1)
Ngebp = —0.097(0.709)

ngegT = —0.98(—0.0013)(23.3)

NgegT = ~0.0009(31.1)
B - 0.203(31.1)

Mg B, = —0.98(-3.63)(k.41)

N%g = —0.75(0.871)[0.011 ; 0.254]

Nﬁg ~  0.00L(~0.0087)(0.0378)

N%g = —0.136(0)[0.407 ; 0.975]
N%g e = 0.649(0.092)

*To simplify the notation, A[s® +2fws +a”] is written A[¢ ; »] and
A(s +a) is written A(a).
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FEEDBACKS AND EQUALIZATION

Ideal feedbacks containing no significant lags or nonlinearities are
assumed to be available to the flight director camputer. These can
normally be obtained (to a good approximation) with suitable complementary

filtering. The feedbacks include:

Beam angle, 7
Pitch altitude, ©
Pitch rate, 6

Instantaneous vertical velocity, ﬁ

Range desensitization converts the beam angle, 7y, into a displacement
from the beam. 1In turn, this can be approximated by the perturbation
altitude, h.

This example is sufficiently similar to the generic development in
Section III that the feedbacks and equalization form evolved there can

be applied directly. The resulting feedback functions are:

K
. 1 0
K.s Kes(s to— K')
G—FD = 0 + Kes = WO
8 1 . 1
S+T— S+T—
WO WO

.‘J‘Q
i
D_,Pﬁ
+
o
|7}
!
=
“w
+
a5
S ——

First cut values of the gains and washout time constant, Tyg, can be
selected a priori using the considerations noted in Table V. Special-
izing these considerations to the vehicle dynamics from Table C-IT
results in Table C-I1II, which also gives the first-cut equalization

values and associated rationale.
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TABLE C-IIT

SELECTED EQUALIZATTON VATLUES

EQUALIZATION

FEXPRESSION

DESIRED LOCATION
AND VEHICLE VALUE

SELECTED

EQUALIZATION

REMARKS

Pitch
Washout

< a)sp

> —

1.23

: 0.7
0.65

T92

Washout less than wg, to
provide attitude stagility
but greater than 1/Tg, for
windproofing and to main-
tain altitude bandwidth.

Pitch
Attitude

.23 1.

Pitch attitude lead set to
implement short-period
damping and extend the
region of K/s by having
the resulting wgy zeros
cancel the wgp poles.

Altitude

e

wp = 0.167 0.2

Greater than to avoid a
"busy" display and the low
frequency closed-loop d/d,
amplitude droop, yet main-
tain mid-frequency phase
margin,

VEHICLE/DIRECTOR TRANSFER FUNCTION

The overall director/vehicle transfer function is

0|3

FD. O  JFD
Go oo + G %

e

%o
=

A

The behavior of the numerator as a function of the gain ratio, Kﬁ/Ké, can

be evaluated analytically by letting

1

+

FD
CGh Nge

D, 0
Gg Nee

C-L




Numerically, the numerator ratio is:

" GhNE. X 9-23(s+0.2)(s+0.042)(s~3.6)(s +h.b)(s+0.7)
G{s) = = —

GgDNge K —.91552(s +1.7)(s +0.101)(s +0.646)

Figure C-1 is a system survey of this transfer function, consisting of
jw-Bode and Bode root locus plots on the right and a conventional root
locus plot on the left. The heavy lines are the o-Bode which show the
variation of closed~loop numerator's real roots with gain, XK;/Kg. The

dotted line along the Bode asymptote is the locus of the complex pair wg .

The numerator roots are determined by the gain Kﬁ/Ké. Selecting a
+0.,011 rad/ft places the complex pair of roots, wg, near the vehicle
short-period frequency to cancel Wgp and extend the K/s region. The

complete flight director numerator is then

e e e e

(Kghe, ~ KiZp, ) (5 +0.042) (s +0.25)(s + 0.76)[s% +2(0.59)(1.27)s + (1.27)%]

sg(s-+0;7)

This is combined with the vehicle characteristic equation, A, to give the

open-loop director/vehicle transfer function.

The absolute gain values for the effective controlled element are
determined when the display scale is established. For example, if a
ratio of director bar to pitch (horizon) bar deflection is unity, the

director computer gains are the following:

Ke = —=1.0
Ky = —1.0
Kp = —0.0110 rad/ft/sec

—0.0022 rad/ft

o
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Figure C-1. Flight Director Numerator Survey
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PILOT LOOP CLOSURE CONBIDERATIONS

The open-loop director/vehicle, FD/6e, system survey is given in
Fig. C-2. The equalization terms (1/T1 and me) do provide the desired
K/s-like amplitude ratio over a large frequency region where the pilot
should close the loop (the potential crossover region). The wind-
proofing and command bar consistency requirements are implicit in the
selection of the feedbacks, as discussed in Section ITI. The actual
equalization terms (transfer function zeros) are campared with the

approximate characteristic ratios in Table C-IV.

TABLE C-IV

COMPARISON OF APPROXIMATE AND EXACT EQUALIZATION ZEROS

EQUALTZATION

CALCULATED
TERM CHARACTERISTIC RATIO APPROXIMATION VALUE
K
1 h
o = = 0.20
T4 Ky 0.23

Vi.89)(1.7) = 1.78 1.27

®g

e
Q
o
———————
EIA
(@]
+
NI =
D | D
N ——
]

In closing the loop, the pilot will introduce a time delay, and
perhaps same offsetting high frequency lead. This will modify the open-
loop system response properties as shown for an assumed pilot time delay,
7, of 0.4 sec by the dashed phase curve in Fig. C-2. This gives the
"maximum possible crossover" line which intersects the amplitude ratio
plot at about 4 rad/sec. A more realistic "potential crossover region"
is also sketched in Fig. C-2, and this is felt to be more typical of what
can be expected in a longitudinal director control task on the basis of
available models and data. The actual crossover will vary depending on
the pilot gain selected to satisfy the guidance and control requirements
(see Section II) for particular inputs while at the same time maintaining

an acceptable level of vehicle motions (pitch attitude, load factor, ete.).
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Figure C-2. Pilot/Director/Vehicle System Survey
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His gain will vary for different levels of system input (beam bends,
turbulence) due to threshold effects. Hence, a key objective is to pro-
vide a broad range of K/s-like dynamics so that the nature (mode shape)
of the system response is insensitive to variations in pilot gain, what-

ever the cause.

For large discrete inputs such as an initial beam (step) offset, the
pilot’s response will differ from that for continuocus random inputs. He
will tend to operate so that the system responds more rapidly yet with
less overshoot (Ref. 10) than the describing function would predict. In
the 1limit, a skilled pilot performing a practiced maneuver may approach
a time optimal response, consisting of one well-timed and sized elevator
pulse in the case of K/s director/vehicle dynamics. When discrete inputs
are not daminant, but are mixed with random inputs in a relatively unpre-

dictable way, then the describing function models are appropriate.

For director control of transport aircraft in landing approach, a
primary consideration in estimating pilot gain is the frequency and
damping of the resulting closed-loop modes. The pilot will be sensi-
tive to the pitch attitude and altitude rate motions which result from
efforts to minimize beam error, and the modal response ratios will vary

directly with pilot gain or control effort.

The system of Fig. C-2 presents relatively good vehicle characteristics.
With lower short-period damping the potential crossover frequency will have
to be reduced in order to stay below any peak in the amplitude ratio. In
that case more attitude rate feedback will be necessary. In the opposite
sense if the phugoid had had better damping it would not be necessary to
use as much Kﬁ gain, i.e., 1/T1 could be increased. These effects are
reflected in the modal response ratios, along with the effect of varying

pilot gain.

Preferred values for the closed-loop modes can be illustrated with the
loci of modal response ratios plotted in Fig. C-3 for the DC-8 example.
The loci of modal response ratios plotted are:

® |6/7|, pitch attitude to path angle; equal to unity

® |a,/6|, normal acceleration at the pilot relative to
pitch attitude; equal to 0.1g per degree
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Figure C-3. Modal Response Ratio Boundaries for the DC-8 Example

The chosen criterion values are hypothetical and serve only to illustrate
the analysis. The plotted loci were obtained by evaluating the appropriate
open-loop numerator ratios at various values* of s, and then plotting the
frequency and damping associated with a given amplitude ratio (e.g.,

|6/7] = 1.0). The resulting loci form boundaries for excessive pitch
attitude and normal acceleration. Superimposing the example boundaries

in Fig. C-3 onto the root locus portion of Fig. C-2 indicates the allow-
able gain region for the closed-loop modes. A crossover frequency of

0.6 rad/sec or less keeps the path mode accelerations due to attitude

*The values of s represent possible values for the dominant mode which
would result from pilot closure of the flight director/vehicle control
loop in Fig. C-2.
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changes less than 0.1g/deg, and the attitude to flight path angle change
near unity at short-period frequencies. In other words, the roots on
the complex locus in Fig. C-2 lie within the example "acceptable" region

in Fig. C-3.

The loop gain associated with a 0.6 rad/sec crossover frequency would
be K?(KéAe-+KﬁA5) = 0.5. Using the example gains based on Ky = —1.0
results in K? = 0.62. The closed-loop characteristic equation for this
gain is

(s +0.639)(s +0.034)[0.699 ; 0.437][0.624 3 1.191]
Al = P — _

s(s+0.7)

Another view of the closed~loop motion harmony for this example can be
obtained from the beam deviation and pitch angle responses to beam commands.

These are given by*

2] | KR,
Belpp—s, i
~0.013(s +0.7)(s +0.042)(s=3.6)(s +4.k)
B (sir 0.639)(s +0.034)[0.699 ; 0.437][0.624 ; 1.191]
B
_e_] _ 5l
hc FD—»Se A

0.07T1(s +0.7)(s)(s +0.101)(s +0.6L46)
= : , deg/ft
(s +0.639)(s +0.034)[0.699 ; 0.437]1[0.624 3 1.191]

The frequency response plots for a 0.6 rad/sec crossover are shown in

Fig. C-4. The beam deviation response is flat out to the dominant mode

*These transfer function forms assume that the h term is obtained by
a rate of descent feedback as opposed to an ideal forward loop beam
differentiation.
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Figure C-L. C(losed-Loep Attitude and Beam Deviation Respense
to Beam Commands for Example Crossover

and then rolls off sharply. The dominant response will be well damped.
The attitude response peaks up near the path mode and then rolls off
sharply, indicating little attitude overshoot to a beam command.

The mode shapes are illustrated in Fig. C-5 by the time responses to

a 10 £t beam deviation offset.® The maximum pitch angle excursion is

*This step is assumed to be imbedded in a background of random inputs
so that the describing function model is appropriate.
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Figure C-5. Beam Deviation and Attitude Time Responses
to a 10 Ft Beam Command

is Jjust slightly greater than that of the flight path angle. The beam devia-
tion rise time is relatively slow but this will be gquickened as the crossover
frequency in Fig. C-2 is increased. The shape (overshoot, etc.) will be

similar throughout the K/s region.

Modal response ratios are useful in assessing the closed-loop system
properties. Table C-V summarizes the more important ratios at both closed-
loop modes for the 0.6 rad/sec crossover example. The 6/y and a,/6 ratios
at the closed-loop phugoid are within boundaries on Fig. C-3. The e/h

ratio can be used to express the attitude overshoot to a beam command at a
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TABLE C-V

MODAL RESPONSE RATIOS FOR EXAMPLE PILOT CLOSURE

MODAL RESPONSE
RATIO

CLOSED-LOOP PHUGOID
[0.70 ; 0.44]

% (deg/deg)
= (deg/t)
%; (ft/sec/deg)

a—ez (g/deg)

0.65 % L7°

0.06 % 162°

1.75 & 19°

0.075 & 275°

CLOSED-LOOP SHORT PERIOD
[0.62 3 1.2]

1.15 % 90°
0.32 % 225°
0.45 % —4o°

0.09 % 200°

given mode by multiyplying the 6/h ratio by the h/h, response at the

same mode yielding the e/hc response.

that it includes the damping ratio effect.

This differs from Fig. C-4 in

The small u/@ ratio at

short period indicates that the vehicle holds speed well and may not

require an autothrottle. At the path mode the speed changes will

present little problem to the pilot.

In summary, these modal response considerations include estimation
of pilot gain and closed-loop system properties based, at least partially,
on what the pilot will consider to be an acceptable repertoire of system
responses. This is somewhat different from the usual situation in which
the analyst is attempting to estimate pilot gain and system stability

margins largely on the basis of predicted path mode error.



APPENDIX D
TYPICAL DIRECTOR INDICATOR DISPILAYS

This appendix contains photographic examples of modern flight director

indicators evolved by four manufacturers; Bendix, Collins, Lear, and

Sperry. They each contain the same status information but somewhat
different flight director caommand indications, warning flags, and

annunciator lights.




Vertical Gyro Roll Attitude
Inoperable Flag

Go -Around Light

Flight Steering

Attitude - Horizon Computer Inoperable Flag

Sphere

Aircraft Fixed

Reference /Speed Command Deviation

Glide Slope Deviu'rion/
(Shown Inoperable)

R Flight Director
Command Bars

Pitch Reference Command Bar Reference

lnclinometer/ Expanded Localizer

(Shown Inoperable)

Figure D-1, Bendix FD-60 Horizon and Director Indicator



Minimum Decision . . .
Altitude Light Attitude Disp'ay Bank Indicator

Go-Around
Light

Fixed
Delta Aircraft ‘
Reference [ Flight Director
F¥3 @ Command Bars
Glideslope
Indicator
Fast-Slow
Indicator
Attitude

Test Button :
Rising Runway
Symbol/Localizer
Pointer

_ Rate of Turn
Inclinometer Indicator

Figure D-2. Collins FD-109 Flight Director Indicator
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Index
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Fixed Aircraft

Reference
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l Rising Runway /

Expanded Localizer

o éate of
_Turn Indicator

Test

Inclinometer

Figure D-3. Lear Model 4058AC Two Axis Attitude Director Indicator
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Figure D-k, Sperry HZ-7B Attitude Director Indicator

Longitudinal Flight Director




