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SYMBOL S

By Longitudinal acceleration as sensed by an accelercmeter

ay Lateral acéeleration as sensed by an accelerometer
ay Vertical azcceleration as sensed by an accelerometer
d Deviation of aircrafi center of gravity from the glide slope;

measured perpendicular to the glide slope

e Napierian base

T - Function

Fg Column (stick) force for longitudinal control

FDe Longitudinal column flight director command

FD¢ Output of bank angle limiter on lateral flight director

.FDW Lateral flight director command

FDp Throttle flight director command

g - Acceleration due to gravity

Gx Transfer functionAin feedback loop defined by a variable, x

h Altitude

hselegt Altitude hold select (cockpit control)

Ky Gain in feedback or feedforvard loop defined by a variable, x

M Blending circuit for transfer to backside operation (see Fig. 3.1}

X ' " Blending circuit for transfer-from Altitude Hold to élide Slope
Tracking Mode (see Fig. 3.1)

oM, MM, . Outer, middle,ﬂand inner marker beacons associated with ILS

pEld approach system (see Fig. 5.8)

Ny Normal load factér, gls

Ng Numerator of x/6 transfer function

P Roll rate

d Pitch rate _
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r Yaw rate

R Turn radius of circular course

s - Laplace operator

t Time

T Time constant

T Time gain on longitudinal column fliéht director (see Fig, 5.1)

Tyo or Ty  Washout time constant
Uo Steady state velocity along x axis
V. Velocity along y axis

V or Vpag True airspeed

vas Groundspeed
. Vgg Groundspeed at glide slope capture
Vi © Wind veloeity
Ve Tail wind component
Veal Calibrated airspeed
Vgelect Commanded airspeed (cockpit control)
v, Airspeed error (selécted minus actual)
WP Waypoint designator (see‘Fig. 5.8)7
X Y, 2 Iﬁertial coordinates
XnIsT Distance from aircraft c.g. to localizer antenna; measured

along the path

¥ | Crogstrack deviation

Ve ' Command lateral position

Y. Crosstrack error, (y, — y)

&h ' Actual crosstrack érror rate, [d/dt(y. — ¥)]

&b Derived crosstrack error rate “ '

Yﬁ Human operator transfer function with a gain of unity,

Tp = (Triw + 1)eTdw
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7 Or 74

81 or PLA

- €loe

€GS

e
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Angle of attack

Sideslip angle

Aerodynamic flight path engle

Inertial flight path angle

Longitudinal column deflection

Elevator control surface deflection )

Flap deflection angle

Cockpit throttle control angle (power lever angle)
Nozzle angle (0° is full aft, 90% is straight down)
Lateral control wheel deflection angle

Characteristic determinant, denominator for transfer functions
Angle between ailrcraft c;g. and localizer centerline
Angle between aircraft c.g. and glide slppe centerline
Damping ratio of second-order mode

Piteh attitude

Lateral flight path angle

RMS value
Human operator time delay

Time constant in derived beam rate circuilt for lateral flight
directors

Feedforward bank angle command
Filtered bank angle command
Aircraft bhank angle

Defined in Fig. 5.9

Washed out bank angle
Feedforward heading command

Heading angle

xii



Undamped natural frequency of short period mode

Wgp
wp Undamped natural frequency of phugoid mode
e Crossover frequency corresponding to feedback loop defined
by x :
Subgeripts
aug Refers to augmented airplane
GS Groundspeed
e Command
D Desired
SAS Stability augmentation system
.0 Initial condition
R Roll subgidence
(") d/dt

. Primed variables denote that their present value has resulted from a
previously closed loop. The number of prim=s denotes more than one loop
has been closed.
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SECTION I
INTRODUCT ION

The inherent complexity of the basic mission of STOL aireraft gives
rise to a dramatic increase in requirements for improved flight control
systems, displays, and control tecﬁniques. For examplé, the crew of a
typical STOL transport will be faced with curved path, decelerating,
high angle, precision approaches.down to instrument minimums followed by
a short-field landing on nearly every flight. Clearly, a significant _
improvement in the pilot vehicle system is required to achieve this mission
and still maintain a level of safety consistent with present standards.

To this end, two fundamental concepts have evolved; first, a fully auto-
matic system wherein the pilots simply act‘as mdnitors, and second; a
system tailored around the pilot in such a way that the‘ﬁOrkload and task
requirements for a manually conﬁrolled approach are reduced %o an accept-
able level. A third, and more expensive, choice is to do both, thereby
allowing the pilots to take over and complete the STOL approach manually
in the event of an automatic system failure; The work covered in the
pregsent report is oriented towards the pilot centered requirements, and

as such, assumes the pilot wiil be in the Toop during the entire approach.

The major areas of concentration were centered about improved flight
director displays and configuration management techniques designed and

combined to minimize pilot workload.

A, BACKGROUND

Some of the fundamental concepts reported here represent an extension
of earlier work. In particular, the basic formulation of the configuration
management scheme is reported in Ref, 1 and the initial work on the longi-

tudinal flight director is reported in Ref. 2,

The Augmentor Wing Jet STOL Research Aircraft presently being
flown at NASA Ames Research Center served as the test bed for the concep-
tual developments and simulations reported herein. The'analysis reflects
this in that the airframe characteristics and high 1ift devices employed

on that aircraft are utilized in the design development.
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B, ORGANIZATION OF THE REFCRT

Each section of the report deals with.thé'individual components of an
overall system designed to reduce pilot workioad to an acceptable level

during curved, decelerating, descending STOL approaches.

Section IT dealg with refinements of the configuration management scheme
with sufficient detail to give the reader a feel for the basic concepts
and how they are applied to the Augmentor Wing aircraft. The bagic formu-

lation of the configuration management scheme is given in Ref, .1,

The longitudinal flight director is presented in Section III. Again,

this represents an extension of previous work which is reported in Ref. 2.

Section IV contains a discussion of the development and evaluation of

two competing curved path lateral flight directo:s.*

System performance checks and piloted evaluations were accomplished
- on the NASA Ames Flight Simulator for Advanced Aircraft (F8aA), These

results are summarized in Section V.-

Section VI presents a summary of results in terms of the originally

stated objectives of the program.

A rate command attitude hold pitch SAS was designed to complement the
configuration management system and longitudinal flight director. This is
presented in Appendix A. It represents an extension, to a wider speed

range, over the Ref. 1 pitch SAS,

TR-1015-3 2



SECTION II
CONFIGURATION MANAGEMENT

The primary design goal of S8TOL transport aircraft is to achievé very
low approach and landing speeds without significant sacrifice in cruise speed
and payload. This implies some form of 1ift augmentation in the approach
configuration. In many cases, this résults in a redundant set of basic
longitudinal controls, i.e., elevator, flaps, throttle, and thrust vector modu-
lation., 4An increased complexity of the piloting task arises from the large
number of control combinations which can be used to achieve a given trim state.
In addition to having an extra control lever to manipulate, the pilot must
also consider (and avoii) inadvértent excursions into "marginal regioms" of
the flight envelope. Unlike the CTOL aircraft situation where angle of attack
and speed are directly related (1 g flight), the ST0L pilot must consider a
large variety of flight parameters to evaluate his current safety margins. The
concept of the "configuration management” scheme discussed herein is to maxi-
mize the vehicle operating safety margins throughout the flight envelope from
the "clean" configuration, through the conversion to STOL, and during straignt
and curved tracking of precision approach paths in the STOL mode. A detailed
description of the method is given in Ref. 1, The following paragraphs sum-
marize the application of the "automatic” configuration management scheme to
the Augmentor Wing Jet STOL Research Aircraft for a decelerating, descending,

curved approach.

Primary consideration is given to minimizing pilot workload while maxi-
mizing the operating safety margins throughout the conversion to STOL and
the final approach, The desired characteristics that accompany these
objectives are summarized below:

® Controls which produce "separate" changes in airplane

motion perpendicular and parallel to the velocity
vector (this uncouples the controls),

@ Good acceleration—deéeleration and climb-descent
capability (without coupling) at all speeds.

® Configurations that allow unsafe flight conditions

should not be possible (due to configuration manage-
ment scheme), ‘
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® Small changes in pitch attitude during transition
Tor ride comfort and to maintain acceptable safety
margins. :

¢ Minimum number of required throttle changes,
A, TFUNDAMENTAYL. CHARACTERISTICS

As discussed In detail In Ref. 1, the pilot workload is minimized by
means of & flap-nozzle interconnect so as to keep the aircraft operating
within the acceptable region of its trim envelope at any speed and descent -

combination.* The primary consideraticns in design of such an interconnect
are:

a) The flap and the interconnected nozzle, should be
programmed as a function of speed.

b} Uncompensated flap deflections cause "ballooning”.
It is therefore desirable for the flap to lag
rather than lead speed changes.

c) Flap actuation is slower than nozzle actuation;
therefore, the flap should drive the nozzle for
trim, '

d) A continuous trim state is achieved by using the
flap to also drive the elevator.

e) Speed regulation and command is best accomplished
with the nozzle. '
To summerize, a continuous trim state is achieved by driving the flap with

speed and in turn driving the nozzle and elevator with flap.

A fundamental result is that the aircraft becomes neutrally stable in.
speed, Physically, thig means that the aircraft will stay at its current
airspeed until disturbed, in which case it will go to a new speed and auto-

matieally retrim for that flight condition. In terms of the characteristie

modes of the aircraft, the phugoid roots are modified so that one pole is

always near the origin., The resulting augmented aircrait is representative

*The Augmentor Wing Aireraft utilizes a combination of blown flaps and
thrust vector control for lift augmentation. Reference to the "nozzles"
in this report refers to the hot thrust vector control,

TR-1015-3 ' 4
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of a type one system (locks like an integrator) at low frequency. In fact,
this was a primary cbjective of the design in that it serves as an ideal
controlled element for speed command augmentation., The speed command system
(which renders the configuration management scheme "autcmatie”) is achieved
via a unity feedback of airspeed which is compared with a selectable speed
command signal and fed to the nozzle (&,, in the block diagram in Figure 1).
The‘functions fq, fo, £3 in Figure 1 define the previously mentioned flap
nozzle and elevator interconnect required to achieve a contimuous trim state.
A gust filter [1/(Ty s + 1)] vas included to attenvate the effects of high
frequency gusts on the nozzle and flap servo actuators. A generic survey
of the effect of the outer speed loop is given in Pigure 2. Note that

the closed-loop pole at 1/Tf, is essentially cancelled by the zero at /Ty
leaving a dominant well damped second order mode, The speed SAS gain, K@v,
was selected to be constant for all flight conditions. The value was copti-
mized during the FSAA simulation resulting in 10 degrees of nozzle per

kﬁot of airgpeed error and a closed-loop spged'mode of .69 rad/sec with a
damping ratio of .72. (Ref, 1 simulations showed 10%/xt as preferable to
'59/kt — the only two values tested. ) -

Kgy I
2 - TLU(S+|./TUI) ‘Tp; 1
Ve s(s+U/T)(s+/m) T

Open Loop Asymptate,
v A
_0dB_ ]
Closed Loop _ Closed Loop
-~ Speed Mode Asymptote, 11 .

e——— ,5@ X- t
| o /1 | ‘
iy = = =, = Always
T*—u TUI TUu TP?. TPn“/ near zero

Pigure 2. Generic Survey of Speed Command I.oop
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For gpeeds at and above 125 kts the nozzle is trimmed at its full aft
limit of 6° leaving zero nozzle authority for closed loop speed control,
The trim thrust vector angle increases to 320 at 120 kts resulting in more

effective closed loop control at speeds below 120 kts.

Tt was initially thought that the speed command system would allow the
aircraft to be operated using frontside control techniques, because a speed
loop always tends to drive the low frequency h/8e numerator zero (]/T£1)
into the left half plane (see Ref, 3).* However, results obtained during
the FSAA simulation revealed that if the aircraft was perturbed from the
glide path, or if a large wind existed, the nozzles were driven to the limits.
This effectively opens the speed control loop, thereby making frontside '
operation no longer possible (i.e., 1/Th1 is no longer driven into the left
half plane), Later in the program, the nozzle aft limit about trim was
reduced to —20° to minimize SAS failure transient‘effects on lift. Backsi&e
operation was therefore clearly inevitable and was incorporated into the

' longitudinal flight director at speeds below 85 kts (see Section III-B).

B. TRIM SCHEDULE DEVELOFPMENT

The develbﬁment of the trim schedules (T4, 5, 5) involved a number of
compromises between the pilot centered and guidance and control requirements.
In some cases, the desired performance was restricted by basic airplane
limitations such ag meximum deceleration capability, flap placards, and
nozzle limits. A detailed analysis of the fundamental tradeoffs and limi-
tations inherent in the design of thé trim schedules for level flight
transitions from 120 kts (CTOL configuration) to 60 kts (STOL configuration)

is given in Ref. 1.

In the present work, the mission profile has been extended to include
decaleration on a —7 1/2° glide slope, Conceptually, the method is the
same {as Ref., 1), but the problem changes from one of being underconstralned
(1arge variety of realizable turn points) to one of overconstraint (unable

to achieve any acceptable trim points in some regions)., "The nub of the

*1/Tn (* —g dy/dV) = —.1 at 60 kts, without the speed loop closed.
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matter lies in the limited capability of the aircraft to decelerate on the

L4

glide path. The total acceleration along the velocity vector, V, is given
V = ax- gy

where &, can be achieved with power flap and nozzle changes. Note that in
level flight, all of the deceleration capability goes directly into speed
changes whereas in descending flight (negative y) the maximum v capability

is decreased by gy. This is shown graphically in the generic sketch in

Figuare 3,

Figufé.é indiééfes that improved"performance cén Bé“ébfained if the
pilot centered requirements are ignored. That is, increased deceleration
capability can be achieved via large changes in thrust and pitch attitude,
The penalty is a significant increase in pilot workload and corresponding
degradation in pilot opinion. The Tundamental tradeoff centers asbout the
ability to achieve an acceptable level of deceleration capability at glide
slope intercept without incurring large variations in pitch attitude and
thrust; and to maximize, as much as possible under such constraints, the

allowable speed for glide slope intercept, Vgs. The final compromise does

as:

‘. Without Pilot Centered
: Tradeoffs (increased

T 81,8 activity)
iy —=— Final Compromise
[¢]
I .
@ V Capability
'é" ' o0 '7/%%%'7;@
//
7 gy
U L ¥ 1
140 120 100 . 80 60

gs

Airspeed (kis)
Figure 3. Effect of Glide Path Angle on Deceleration Capability
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this for nominal winds (less than 25 kt). "However, in the presence of a
tail wind, 7 is increased, and the v margin is redﬁced to the point where
the aircraft Wili not decelerafe below Vgg on the glide path. A practical
solution is then to intercept the glide slope at a lower speed when this

condition exists.

Attempts to maximize the deceleration characteristics via nozzle angle
and thrust magnitude indicated that the resulting performance is fairly
insensitive to the optimal combination, That is, going from high power
settings and low nozzle angles to low power settings and high nozzle angles
does not have a dragtic effect on the maximum deceleration capability.
Nevertheless, since the total deceleration capability is limited, some

time was spent maximizing nozzle effectiveness.

In additiont-thé angle of attack was kept to a minimum value conglstent
with reasonable values of pitch attitude and power settings. This resulted
 in a trim angle of attack on the glide slope of 39, The additional 1if%
required for curved path tracking resulted in an aqpmy of 50, Abuses of
the system which positioned the aircraft below the curved ILS course occa-
sioned angles of atftack as high as 80, congidered marginel but still in the

_ acceptable range.

The nozzlé, flap, =nd throttle trim curves which resulted from the
above considerations are given in Figure 4a and the reéulting trim angle
of attack and pitch attitude is showm in Figure tb, The dashed lines in
Figure lha represent the ideal nozzle trim schedule required for perfect
trim at all gpeeds., However, since the nozzles are driven by the flap,
(f1ap-to-nozzle crossfeed) no nozzle motion is possible when the flap rate
is zero. Hence, the departure between the actual and ideal nozzle trim

schedul es,

The final pilot centered consideration involves frequency separation
of controls. {See Ref. 4). Given a two control task, the control effects
should be decoupled and separated so that responses to the primary control
occur at 2 much higher freguency than those to the secondary control. For
speeds about 85 kts, the altitude is controlled with pitch attitude and
elevator is the primary control (the aircraft is inherently on the "frontside"

of the thrust required curve). Accordingly, the throttle trim function

TR-1015-3 9
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was designed to be relatively inactive with only two discrete changes,

one at 130 kts and the other at giide‘slopg intercépt. Below 85 kits, the
control strategy is reversed aﬁd throttle becomes the primary regulatory
control of altitude and/or glide slope. The trim pitch attitude is therefore
a constant below 85 kts. The longitudinal flight director contains switeh-
ing logic that changes the altitude/glide path feedback from the pitch bar
to the throttle bug at 85 kts,

C. PILOTING TECHNIQUE

As noted above, the nozzle and Tlap controls are automatic when the system
is engaged and therefore not used by the pilot. Speed changes are accom-
plished by slewing a speed command bug to the desired indicated alrspeed

and then keeping the pitch bar and throttle command bugs centered during

the deceleration, If the aircraft is in the altitude hold mode, the pitch
bar is the primary (nost active) display until the aireraft decelerates
"below 85 kts at which time the throttle bug becomes Primary and the pitch
bar simply commands a reference attitude of about —2°, The same is true
in the ILS mode except the pilot must not intercept the 7 1/2° glide slope

above 90 kts to insure adequate deceleration capability on the glide slope.
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SECTION III

LONGITUDINAL FLIGHT DIRECTOR SYSTEM

A, SUMARY

This section presents a detailed formulation of the longitudinal flight
director system. It is perhaps too detailed for the reader interested only
in finding out what the system is and how it works. Therefore both the
longitudinal and lateral flight director sections are 1n1tlated by giving
a brief summary consisting of the fipal block diagrams, gains, limiters, mode

switching logic, and a brief description of system operation.

The longitudinal flight director system consists of a column director
(piteh bar) and a throttle director located on the left zide of the ADT
instrument. These two director commands are used by the pilot in conjunction
with the speed command bug {Section IT)} to perform precision curved, descending,

.decelerating approaches,

The final column and throttle flight director block diagrams are given
in Figures 5 and 6. Switching from altitude hold-to glide slope track-
ing is blended in when glide slope deviation becomes less than 150 £t (1 -~ N
circuit in Figure 5). As the aircraft slows to speeds below 871 kts (baék—
side of the power required curve), the beam and beam rate functions are
removed from the column flight director and blended into the throttle direc-
tor via the "M" circuit in Figures 5 and 6. Speed error is simultane-
ously blended into the column director to support the limited authority
speed SAS* during backside operation below 81 kts. The "function” blocks
in each director reflect feedforward inputs from the configuration SAS trim
functions in Figure ha, Finally, protection against excessive angles of
attack (greater than 80) is obtained by feeding angle of attack to the
throttle director through the threshold function in Figure 6.

B, FUNDAMENTAL REQUIREMENTS

The objective of the longitudinal flight director portion of the program
vas to extend the capability of the approach director system developed in

*The nozzle 1imit is set to —20° from trim to mlnlmlze the effect of a
“hardover failure,
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Ref. 2 (designed for constant speed [60 kt] glide'310pe tracking) to encompass
cruige, transition to STCL, and final approach configurations; This was to
be used in conjunction with a lateral flight director system for tracking
curved lateral approach paths, This lateral director system is discussed in

the next section,

In review, the purpose of a fllght dlrector system is to reduce the pilot
workload by combining the various dlsplayed and computation elements used
by the pilot in performing a given task into one instrument, thereby forming
a single-loop compensatory tracking'task for each axis of control, Closed;
loop analysis using existing pilot models will yield directiy the vehicle
motion quantities which must be displayed in order to accomplisk a given task.
A functional diagram depicting the elements of'this_closedéloop system is

shown in Fig, 7. .

The display portion of Fig. 7 may be represented by the typical atti-
‘tude Tlight director indicator shown in Fig, 8, It has lateral and longi-
tudinal command bars as well as a thrust command indication on the left side.
The command elements form the basis for the pilot's control actions. In con-
ventional aircraft there are only the two central command bars, one for column

- and one for wheel., For the Augmentor Wing Aircraft, however, the additional
command bar is necessary since s major portion of t?e path control at low

speeds’ is achieved with nozzles or thrust.

Gust
and Shears
Command Fliqht Flight
———» Director F—31 Director |—» Pilot =1 \ehicle o
Input, | Computer Display
f Conirol Feedbacks
Position and Motion Feedbacks

Figure 7. Flight Director System Elementsg
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The control laws for the command displays are derived so that when the
pilét nulls the command bars the vehicle will be directed into the approach
in accord with well-defined guidance and control requirements. In addition
to the guidance requirements, the feedback quantities making up the "effective
controlled element,” i.e,, the vehicle-plus-flight-director dynamies, mist
~ be weighted, filtered, and equalized in accord with a set of pilot-centered
requirements so that the pilot can close the flight director system loop with
ease and efficiency. - The requirements for longitudinal flight director sys-

tems have been presented and discussed in detail in Ref, 1 and Ref, 5.

‘In summary, guidance and control requirements are independent of the type
of vehicle. For an approach control system, the fundamental requirement is
path control, Thus, the guidance law must provide for a stable, well-damped
beam acquisition and subsequent beam following in the presence of wind disturb-
ances and unusual initial conditions, Additional requirements related to
control ineclude attitude regulation and damping, as well as the more funda-
mental vehicle requirements (i.e., control power, authority, ete.). For a
STOL aircraft the guidancé and control requirements for the longitudinal axis
may be met most effectively using two active contrels. Hawever, this increases
the pilot control workload, especially when tracking a curved lateral path
where status informdticn is contimuously changing, Conseguently the nub of
the design problem is to design a two axis director system which provides

acceptable performance and workload.

Minimizing pilot workload is one of the key pilot centered reguirements.

As discussed in Ref, L, pilot workload is reduced by:
@ Requiring no low frequency pilot lead equalization
® Permitting pilot loop closure over a wide range_of gains
-] Alloﬁing long dwell times on each instrument

This can be accomplished when the weightings of the various feedbacks in
the flight director computer produce an effective controlled element, i,e.,
vehicle plus flight director, that approximates a pure integration, K/s,
over the frequency range of pilot/director/vehicle system crossover, For

this set of controlled element dynamics, the pilot response is approximately
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‘a gain plus time delay in the frequency region of control (ﬁear crossover),
Thiis can be aided to some extent Ey providing stability augmentation systems
on the vehicle, This satisfies the basic stability and damping requirements
without having the pilot provide the compensation, However, the flight
director must be such that in the event of a SAS failure the pilot can suf-

ficienfly cope with the increased task difficulty.

Workload is also reduced by minimizing the number and complexity of
controls. This aspect was discus§ed in the previous section on the design
of a flight management system. This system eliminated the need for the

pilot to move the flap and/or nozzle controls.

In the following portions of this section we Present the detailed
rationale and design of the longitudinal flight director system taking into
account both the guidance/control and pilot centered requirements for cruise,
conversion, deceleration (transition to full STOL approach configuration),
glide slope capture, and glide slope tracking on a curved lateral filight

path.

C. LONGITUDINAL FLIGIT DIRECTOR DESIGN

The longitudinal director system provideé_both column and throttle
commands throughout the entire approach from 140 kts level flight down to
60 kts on the glide slope. The various phases of the approach that the

director must be designed for therefore include the following situations:
1. Altitude holde (y = 0)
2. Conversion to STOL {y = 0)
3. Glide slope capture-(y = =7.59)

b, Deceleration %o finai approach speed while maintain-
ing glide slope {y = ~7.5°)

These gituations are depicted on an example flight planform shown in
Figure 9. Note that each segment of the approsch is initiated separately
- to minimize pilot workload, For example, conversion from 140 kit to 90 kt
is nominally accomplished first during straight and level flight. Also{ .

during wings level flight the glide slope is captured. During the descent,
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the turning phase of the approach is initiated, About halfway around the
turn the deceleration from 90 kt to 60 kt is initiated and is completed
prior to completing the turn., The final approach is on a straight path.

Deceleration and speed control is provided by the trim management systems

end speed SAS,

There are several vehicle induced design requirements that should be
discussed at the outset., First, glide slope capture and subsequent track-
ing must be at or below 94 kts, Due to flap placards, drag capability is
not sufficient to decelerate the vehicle on a =7 1/2 deg glide slope in
the presence of a tail wind when the speed is higher than 9% kts, This

result was discussed in Section IT,

A second design requirement is that the vehicle control technique be
properly altered as a function of frontside/backside flight conditions,
When the vehicle is on the frontside of the power required curve, i.e.,

V> 85 kts,rthe conventional control technique of flight path via elevator
is preferred. Conventional fiight path/attitude response times are pro-
portional to speed and at the higher speeds, larger path mode bandwidths
can be achieved with attitude (through elevator) than with thrust or nozzle.
Also, at these speeds the nozzles and/or thrust do not have sufficient con-
trol power teo provide an adeguate DLC capability., At lower speeds where
the veﬁicle is basically on the backéide of the power curve, the STOL
technique of controlling flight path with thrust and airspeed with attitude
is preferred for reasons converse to those cited above for conventional
control. Also, in the event of a speed SAS saturation or failure, the

STOL technique avoids any flight path instability due to backsidedness.

As a matter of fact, with the nozzles aligned near vertical, the only

- effective method of controlling speed is with attitude. A more complete
discussion of control technique selection for the Augmentor Wing Aircrafﬁ
was presented in Ref, 1, However, each of the above points will become
more apparent from the subsequent design of the flight director system

presented in this section,

A last requirement imposed on the longitudinal flight director is for
glide slope interception and acquisition at any speed from 60 to 90 kts.

The normal procedure to expedite the approach and keep noise levels down
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is to decelerate to 90 kts while straight and level, intercept the glide
slope, and slow to 60 kts when onlthé'glide élope a5 was shown in Figure 3.5.
However, the pilot should also be able to slow to 60 kts while straight

and level and then intercept the glide slope., This situation might be

" necessary for approaches in a tail wind, maintaining approach spacing, etc.

The remainder of this section ig devoted to the analytical design of
the throttle and column directors for each phase of the approach. The
analysis uses the updated transfer functions from Appendix D since they
refleét the latest aerodynsmic data and SAS gains anticipated for'the air-
craft. However, the feedback gains used in the simulation program were origi-
nally designed on the basis of original aerodynamic data and with Xpg = O
in the pitech SAS, (See Appendix D.) The differences are generally incon-
sequential; however, the design values may appear somewhat non-optimum due
to this data change. The amalysis is supported by the simulation evalua-

tion that is discussed in Section V.

1., Altitude Hold Phase

The first flight director task is to provide altitude hold when the
vehicle is in a cruise condition prior to glide slope capture. At 140 kts
the vehicle is flown as a CTOL aircraft and therefore a column flight direc-
tor can be designed from the rationale presented in Ref. 2. This design
basically uses path deviation, path deviation rate, and washed out pitch
attitude, The use of path rate allows the attitude to be washed out without
any losé of path damping.

Since the altitude holding phase of the approach will be at a speed
where flight path can be controlled with attitude, the throttle director
is used only to provide two discrele indicatioﬁs of changes in the trim
thrust required (see upper left portion of Figure 6). Nevertheless,
providing this information reduces workload since the pilot need monitor
the throttle director only as he starts tc decelerate from cruise and as
glide slope intercept is approached. However, additional throttle changes
may be necessary since there is no speed SAS designed for the 140 kt flight

condition and the pilot must close an airspeed to throttle loop as part of
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his "normal" scan pattern., In any event, throttle activity will be intermittent
and minimal; and only one longitudinal {column) director will require compen-

satory {attentive) tracking — key factor in minimizing pilot workload.

The weightiﬁg of the feedback qualities making up the column flight direc-
tor signal are determined by the guidance and control, and pilot centered
requirements, Basically this implies good altitude holding performance and
good effective controlled element dynamics, This is achieved by having an
acceptable bandwidth, a well damped path mode that does not force the pilot
to overdrive attitude, and K/s-1like effective controlled element dynémics ‘
in the region of pilot-vehicle crogssover. The bandwidth of the path mode
specifies the altitude/attitude feedback ratio, i.e., wp = UOKh/Ke. For
example, an acceptable path mode of 0.25 rad/sec (Ref, 5) results in a
Kn/Xg ratio of ,001 at 140 kts,

Since the flight director should reflect the vehicle's attitude response

(command bar consistency requirement ), the attitude feedback gain can next be
‘selected, Normally the attitude indicator gain is about 10°/inch; therefore,

Kg should be about 5.7 in./rad. Once this is selected the altitude feedback gain
can be calculated. For example, & gain of ,005 in./ft would produce full

scale flight director displacement {1 in.) when the vehicle is 200 ft eff
- altitude, This should provide the pilot with enough gain to hold altitude
within 10-15 ft, '

Path damping i1s achieved with altitude rate and attitude feedback, The
altitude rate to attitude ratio should be approximstely 1/Us since, at low
frequency, h :'UOB. The altitude to altitude rate feedback ratio, Kh/Kﬁ
should also reflect the desired path mode frequency.

Attitude feedback must be washed out to avoid an altitude stand-off error.
The washout time constant can be set at about Teg (approximately the inverse
of the airplane's heave damping, —Zy) since at frequencies less than 1/Tsp
~altitude rate is proportional to attitude, i.e., ﬂ = Uy8. For example, at
the 140 kts eruise condition 1/Tg2 = .93 (Table B-B),_thexefore a washout

time constant greater than 1 would be acceptable,
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Attitude rate feedback must be used in the flight director if the closed.
loop {SAS-on) short period mode is less than 1 rad/sec. This insures that
the pilot will not have to provide excessive lead eqﬁalization (at the
expense of increasing his workload). Even when the short period respotse
is between 1 and 5 rad/sec some pitch rate feedback may still be desirable.
However, the feedback should be lagged at higher frequencies (i,e., >5 rad/
sec) to keep the command bar response compatible with the vehicle's attitude
response, thus avoiding a "busy” display. A washout should also be used
on the feedback to avoid an altitude stand-off error in a steady turn when

the body axis pitch rate gyro output is not zero.

With these feedbacks the flight director effective controlled element is

obtained by computing the summation of feedback transfer functions shown below:

h h 5 3B - ()
. FDC K NBC + K Nﬁc + [K Nﬁc + K Nﬁc ] s :
5. oA T ThTA RN AT + 1) s + 1T

In the following paragraphs this procedure is illustrated for the 140 kt flight

condition.

In order to evaluate the effects of changing feedback gain ratios, the
transfer functions were simplified to the primary roots that determine the
response. For example, the attitude response to column (with the rate

command-attitude hold SAS on) can be approximated by:

o X1 (2.0)
e (0)(5.)[.65; 3.5]

which identifies a SAS lead, 1/Tp, at 2 rad/sec, the stick filter, 1/1g, at
5 rad/sec, and the SAS-augmented short period mode at t' = .65; whp =

3.5 rad/sec. The high frequency gain, K;, is dependent on the SAS. In a
like manner the altitude rate/column transfer function for constant speed

ig given as:

ho_ oy 28

Sa % §6e
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where the ¥/6 transfer function may be approximated by (1/Té2)/(s + 1/Té2).
(See Ref, 3.) From Appendix D, 1/Té2 is given zs .75 rad/sec, therefore
the approximate h/5. transfer function at 140 kts is: ' |

177 ¥4 {2.0)
(OX.13)(5.00.65;5 3.5]

b3
Be

The feedback gain ratios Kh/Kfl and Kh/Ke are checked by computing the
effective controlled element, FDC/BC. This is shown in Figure 3.6 for the

gains previously estimated., These were:

Kn = 0,005 in./ft

Kp = 0.02 in./(ft/sec)
Kg = 5.7 in./rad

Two = 2.5 sec

The main points to be noted from Figure 10 are that the effective controlled
element has the desirable X/s-like response for nearly a decade, i.e., 0.3

to 3.0 rad/sec; the path mode, oy, will be at about .24 rad/sec with .6 damp-
" ing when the pilot closes the loop in the region of 2 rad/sec; and the flight
director response is the same as the vehicle's attitude response at high
freqﬁencies. From this it appears the selected géin ratios will provide

altitude holding performance and acceptable pilot opinion.

A desirable ratio of pitch rate to pitch attitude feedback is determined
by examining the resulting change in the high frequency response of Figure 10,.
A comparison of the Bode amplitudes showing the effect of increasing Kg
from zero to 1.5 {Kg/K: £ 4) is given.in the sketch at the top of page 26.
The high freguency response of the approximate effective'controlled.elément
is increased by a factor of 2. This moves the pilot's lead equaiization
requirement from 3.5 rad/sec to 5 rad/sec which may improve pilot opinion.
The low freguency response remains unchanged, therefore the altitude holding

performance will not be affected by the addition of lagged pitch rate feedback.

To verify the feedback gain ratios selected using approximate vehicle

transfer functions, we next compute the effective controlled element response
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using the transfer functions presented in Appendix D. From Appendix D the
SAS-on attitude and altitude rate transfer functions for the 140 kts cruise

condition are:

Mg, 2, 74(.065)(.93)[.84; 1.26] rad/ineh

A (0)(.085)(.67)(1.08)(5.0)(.82; 3.13]

fl 42 i a ~ :
f?s ) 606.(.013)[.B4; 1.26) £t /sec/inch
A .

(0)(.085)(.67)(1.08)(5.0)[.82; 3.13}

When coﬁbined as éhown in Eg. 1, the actual effective controlled element
hag the frequency response shown'in Figure 11.' Notice that there is an
extensive region of_K/svlike regponse 0 that the pilot has considerable
latitude in the gain he uses. For a crossover at 2,0 rad/sec, which
provides maximum phase margin, the pilot gain is about 3 in. of column
per inch of director displacement, The main difference between the actual
- and approximate flight director response is at low frequency. This occurs
because the approximate transfer functions assume perfect speed control
whereas the actual vehicle has no speed SAS operating at 14O kts. The
difference in the high frequency response is due to the addition of the
lagged pitch rate feedback, This gain was optimized on the simulator and

the results are illustrated in Section V, page 112.

In the actual mechanization the altitude feedback will be limited to
avoid excessive rates of c¢limb when the system is engaged or when a large

altitude deviation is encountered.,
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- 2. Conversion to BTOL

The vehicle is decelerated from 140 kt to 90 kt by the speed control,
trim management system. As discussed in Section IT, the pilot simply commands
& new airspeed and the fleps and nozzle are automatically changed per the
schedule of Fig. Ya. A change in trim throttle (from 11.8 deg to 23.6 deg)
is also required during this deceleration. ThlS change is presented on the
throttle director bug, and the pilot simply moves the throttle to the com-
manded position to null the command. The effective throttle controlled ele-

ment is therefore a pure gain which represents the easiest form of control.

The trim attitude also changes during the conversion. A plot of the
trim attitude and angle of attack for the entire approach was shown in
Fig. Lb, During the decelerstion to 90 kts, an cpen-loop, nose-down abti-
tude command as a function of flap deflection is included in the flight
director piteh bar to avbid ballooning in altitude. This feedforward is
washed out through the normal attitude washout. The amplltude of the fead-
forward is 4.5 deg at 125 kt and -3 deg at 100 kt. With this input the
vehicle will assume the correct trim prior to building up an altitude error.
The mechanization of the feedforward is shown later in Fig. 14 as g eb iag
term at the output of Fy.

When stabilized at 90 kt the flaps are at 34 deg, nozzles at 55 deg,
and throttle ét 20.6 deg power lever angle. The column may still be used to
control flight path since the vehicle is on the frontside, i.e, "5 1/Th] is
positive. The effective controlled element for the column director at
D kt is shown in Fig. 12, The path mode, ay, is at 0.22 rad/sec with
0.72 damping. The K/s-like response region is similar to that for the
140'kt altitude-hold mode and therefore quite tolerant of pilot gain;
however, the gain required to achieve a 2 rad/sec crossover has increased
slightly to 4 rather than 3 in./in. at 140 kt. |

It should be meﬁtioned that at the 90 kt flight condition it is possible
to control altitude with thrust. This can be apprecisted from the h/&p
transfer function plotted in Fig. 13. However, modulatiﬁg the thrust during
level flight would produce an undesirable noise condition that would probably

be unacceptable to the pilots. It would also use more fuel.
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In summéfy it cppears that a fixed gain altitude hoid”c§cfém employing the
CTOL control technique will provide an acceptable flight director system down
to 90 kts. Speed is controlled wia the speed SAS or with the throttles when
the SAS limits are reached. The throttle dirsctor indicates the trim throttle
position necessary to maintain the transifion schedule, The advantage of this
technique is that the transition is accomplished with only the pitch and roll

cross bars, similar to that in a CTOL aircraft.

-

3. Glide Slope Capture

Normally the glide slope is captured at 90 kts although it is also pos-
sible to capture at all speeds down to A0 kts.

The.column director logic designed for capture is shown in Figure 1ﬂl
Altitude hold is faded out linearly as the aircraft goes from dyp to dp feet
from the beam, This logic is only applicable for capture from below. The
glide slope deviation and rate of closure is faded in as a function of time
after the altitude hold is faded out. A time function keeps the fade-in inde-
pendent of approach speed. No feedforward pitch command is required for cap-
ture since the beam plus beam rate feedback times the timer gain will command a
pitch over prior to intercepting the beam, The timer gain, Ky, and the fade-
out distances were optimized during the simulation since the interaction of

variables would require a nonlinear analysis including the throttle director.
A block disgram of the throtile director is shown in Fig. 15, Tﬁé_trim
throttle required for cruise at 140 kt is BTgs; the thrust change required for
conversion at 125 kt 1s 8py; and the thrust change necessary to maintain 90 kt
while on the glide glope is &To. From the trim thrust shown in Fig. ks,
thrust must be reduced from 20.6 deg to 12 deg for this intercept. Conse-
quently, prior to glide slope intercept, at a distance dI, an open-loop thrust
command is presented on the throttle director. This starts the vehicle on a
descending path which reduces the beam closure rate, and therefore interacts
with the column director command. Hence, the selection of the distance, dg,

is again best accomplished on the simulator.

Filters are added to the feedback guantities in the throttle director

to reduce any high-frequency bar motions due to gusts and/or electronic noise.
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Figure 15. Throttle Flight Director for Conversion
Glide Slope Capture

~ The fiiter on powér lever feedback 1s necessary to reduce feedback of high-
frequency pilot inputs, i.e., remnant. To maintain a pure gain closure of the

throttle director, this lag should be at a break frequency of 3-5 rad/sec.

4. Glide Slope Tracking
a. ..Frontside

The first phase of glide slope tracking is accomplished at 90 kts. Since
the vehicle is still on the frontside there need be no difference in the
control strategy from the level flight case, In fact, a comparison of the
beam deviation to column transfer function shown below shows no significant

differences from the altitude hold director.
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h _ 110.(.025)[.87; 1.52] ft/sec

b loy e (O 1BISW)(1.32)(5.0)[.69; 2.56] in.

y=0 -
_é: _ 1%32{.025)[.87; 1.52] ft/sec
B¢l o xt (0)(.149)(.59)(1.41)(5.0)[.71; 2.56] in,
y=—T-y2

There are several differences,.however, in the flight director feedbacks.
First, a higher path deviation gain is necéésary for glide slope tracking than
for altitude hold, This is especially true with a range compengated beam'
gince the displacement sensitivity does not increase. Consequently, a constant -
gain system has to have a sensitivity that 1s acceptable for close in glide

slope tracking.

To keep the path mede frequency relétively constant, the beam rate gain
must be increased in propourtion to the beam deviation gain. Also it is desirable
to keep the Kg/Kj ratio equal to Uy as discussed in the 120 kt cruise phase. With
Kg = 5.7 in./rad this implies a beam rate gain of .038 in./(ft/sec) at 90 kt.
This is nearly double the altitude rate gain‘used for altitude holding. Doubling
the beam deviation gain in turn (to .01 in./ft) results in full scale director
displacement with *100 ft of glide slope error., The final gain selected was
0.0114 in. /ft in order to slightly increase the path mode frequency fron
0.25 rad/sec to 0.3 rad/sec.

Another difference is the usge of béam rate feedback instead of altitude rate.
Beam rate hasg been difficult to obtain in the past without incurring excessive
noise penalties., However; thig is solved with a second order complementary
filter as described in Ref. &, Basically, this derives beam rate from washed
- outb instantaneous eltitude rate (for the high frequency component), and lagged
beam rate (for the low frequency ccmponent)._ A schematic of the mechanization
is shown in Figure 15. The choice of the filter break freéuencies, w1,
wp, and w3, is based on (see Ref, 6):

® o1 cuts off the pseudo-differentiation of beam error;
therefore, it may not be overly large. A range 0.3 to
1.0 is a likely possibility. The actual value is deter-

mined on two bages: 1) "best" total signal reconstruction’
in, say, an rms sense; and 2) effective bandwidth of noise,

as opposed to signal.
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Figure 16. Mechanization of Beam Rate Signal

© wp cuts off the noise on the pseudo-differentiated beam

error, A good range of values is between 1.0 w] and
3.0 Wi,

® w3 must be chosen to approximate the barcmetrie vertical
speed lag as clogely as possible,

Due to beam noise being magnified by the higher gains in the beam deviation
feedback, a filter is necessary. With a path mode at 0.3 rad/sec a lag break
at 1 to 2 rad/sec: will not affect the performance or effective controlled

element response.

Incorporating the above changes and including the speed SAS produces the
controlled element for glide slope tracking at 90 kt shown in Fig. 17. The
differences due to the speed SAS are the elimination of the low-frequency
roots, 1/Th; and 1/Tg; and an increase in the flight path response mode, 1/Tgp,
from 0.49 to 0.63 rad/sec. This can be seen by comparing the beam deviation
to column transfer functions as follows:

-é- - 131(.025)[.87; 1.52] ft/sec
¢ lpcan sas B (0)(-15)(.h9)(1.&1)(5.0)[.?1; 2.55] "in.

0 kt, y=—7 V2
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a ) 131[.87; 1.52] ft/sec
B¢ lrean sag (0)(.63)(1.39)(5.0)[.71; 2.56] in.
SPEED GAS
90 kt, y=—-7 VE

The primary effect of the gain change from altitude tracking to glide
slope tracking is to increase the closed-loop path mode bandwidth (cnn) from
0.22 rad/sec (Fig. 12) to 0.3 rad/sec (Fig. 17). . The high-Trequency por-
tions of the two responses are identical so that the pilot should not notice
any difference in the region of crossover. Note that the gain for a 2 rad/ sec

crossover is & in./in. in both cases and the phase margins are the same.

An alternative to the CIOL control technique is to control flight path
with thrust. In this case the throttle director would represent the only
compensatory tracking command since the column director would be used for trim
attitude changes and speed regulation in the event of a speed SAS failure or
saturation., A simplified analysis of the effective throttle controlled element
shows the poltential of this alternative., From Appendix D the simplified beam

deviation rate to throttle transfer function is:

__c.}_ . 1.1 ft/sec
57 |poaE SAs " & + .63 deg PLA (2)
. SPEED ESAS :

90 kt, y=—T-V2

By combining beam rate and beam deviation in a ratio such that K3/Kj=1/T3=0.63

the effective controlled element has a pure K/s-like response, i.e.:

p  AKQ(s + Xa/K3)  AgKg
By  s(s +1/T5) s - (3)

The feedback gains should be selected for a reasonable pilot gain in the region
of crossover, For example, with Kj = 0.038 in./(ft/sec), as used in the column
director, the effective controlled element would have the response sketched
below. The pilot gain necessary for a 2 rad/sec crossover is U0 deg PIA/in. ¥Dy,
which would be too high. Therefore, the display gain, or both feedback gains,

TR-1015-3 - L34
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1O wlrod/sec) — 0.0

d
,. OB for Kp=40. =2

would have to be increased in order to reduce the required pilot gain to
something like 20 deg/in. if the throttle director were to have a K/s-like
response. However, the throttle director is more akin to a pure gain con-
trolled element during the altitude-hold portions of the approach. Therefore,
to minimize pilot readaptation in going from a pure gain director for trim to
a K/s-like controlled element for tracking, it is desirable to maintain the
same high-frequency response of the tw6 gystems. This can be accomplished

as outlined below.

Consider first the throttle director for glide path control; it must
contain beam and beam rate feedbacks in addition to throttle position feed-

back as shown in Eg. L1 below,

Fhr _ ALKy (s + Ka/K3) | Ber /T ' (k)
BT g s (s + 1/Ta) s + 1/Trg '
et ——"

THROTTL.E POSITION

where the subscript GS refers to "glide slope” control. This reduces to

the form;

TR-1015-3 38



FD A (s +1/Ty) K
6T = ((+ éP;- when—-?-m-%- (5)
T lyg s (s /T L& ] a : ,
where A = AgK3 + Kgp(1/TLg)
AKX
and < - &

TP AgKg + KBT(l/TLa)

This transfer function (Eg, 5) is now equated to the throttle director

transfer function applicable during altitude hold.

During frontside operation the throttle director simply combines the
feedforward trim function £3(¥) (Figure 1) with lagged throttle position
Teedback, The resulting flight director to throttle relationship is given as:

FDp _ Esp(1/Tpg)
or. Iy s+ /Mg - (6)

where the subscript AH refers to the "altitude hold” portion of the approach.
It can easily be verified that the high frequency characteristics of Egs. 6

and 7 are the same when:

i

KSTAH“ - 1/Tp)

Korgg

1

. 1
d™dgs Tp Tg Kompsy

Since a reagonable trim throttle director requires a pilot gain of about
20%/inch, and a remnant-reducing lag at about 3 rad/sec, a desirable effec-

tive controlled response is:

in,/deg (1)
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A glide slope tracking director with the same high frequency gain and with

a path mode at .3 rad/sec would have the effective controlled element

response:
For|f L L15(s + .3) (8)
or. Gg S(S + 3)

Consequently, the pilot does not hawve to readapt to the throttle director
if it transitions from trim system to a tracking system, The gains neces-

sary to produce "this response for the 90 kt case given in Eg. 3.1 are:

Kep = .035 in./deg
Kg = .01 in,/(ft/sec)

Kg = .025 in./rt

These gainsg are very compatible with the gains used in the altitude heold

‘mode; therefore very few gain changers would be required.

Finally, the throttle feedback was washed out at low fregquencies to
evold a glide slope standoff error for different trim throttle settings.

(See Figure 6,)

The main points that have been established in this exercise are the

following:
1. Glide path control with thrust can be used effectively.

2. The throttle effective controlled element would not
change dramatically in going from saltitude hold to
glide slope tracking.

3. The potential path mode bandwidth with thrust remains
relatively constant with speed, whereas the bandwidth
of path control with attitude decreases with speed.

4, For a limited authority speed SAS the STOL technique
leaves the column director free to provide speed con-
trol if necessary (since the RCAH SAS holds constant
attitude).
The ability to control speed with attitude may become a necessity when
" the vehicle decelerates below 90 kts and gets on the backside of the power
curve, When this occurs flight path control with attitude is only adeguate

. when the speed SAS is operating. However, at 90 kts on the glide slope it

TR-1015-3 iy



takes less than 1° of'steady'state attitude change to saturate the speed SAS
with only 20° authority (based on the open loop steady state u/e ratio which
is ~3.0 kts/deg at 90 kts). Consequently, it is desirable to change control
techniques when the vehicle gets below the speed for minimum drag. The
throttle director desizn ocutlined above permits a comfortable interchange

of flight-control techniques,

b, Transition to Backside

When the vehicle transitions to a backside condition it is desirable
to track the glide slope with throttle. The advantages of this technique
were just discussed. 8Since speed creates the backgide condition, speed '
should be used to fade-out the beam and besm deviation feedbacks to the
column director and to fade-in these feedbacks to the throttle director

as shown in Figure 18, The function M changes linearly with speed, i.e.,

Pitch Attitude - -— Column

Functions Director

i-M

Beam Deviation
and
Beam Rate

Throttle Required

for Trim Throttle
Management and - _ Director
Throttle Position

M =0 for V>86kt
M =1 for V<8lkt

u

Figure 18. Transition of Flight Directors for Fromtside
and Backside Operation
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from O at 86 kts to 1.0 at 81 kts., This switches the beam deviation feedback
from the column director to the throttle director in about 2-3 geconds. It
is not anticipated that the vehicle will be flown at an inbetween speed,

but if this becomes a problem a timer could be used in place of the gpeed
function, M.

There are several other changes that must be accomplished during the
transition to the backside technique. First, the washed out attitude feed-
back must be replaced with true attitude deviation from the desired trim
attitude on the ' glide path. This trim attitude will be different if the
pilot flies level at speeds less than 90 kts, Second, speed error should
be fed back to the column director in case the speed 8AS fails or saturates.
Third, the throttle position feedback must become washed out to avoid a beam
deviation standoff error. And last, the angle of attack protection feedback
is needed in the throttle director to insure that angle of attack is kept
below some threshold, agp, at speeds less than 90 kts. Each of these changes
"are incorporated in the complete column and throttle flight director block
diagrams of Figures 19 and 20 respectively. These diagrams also include
all the previous feedback functions required for cruise, conversion to STCL,

and glide slope capture.

We will now determine the feedback gain setlings required for the throttle
director (at 80 kts on the glide slope) that produce good trackihg performance
and ideal effective controlled element response, As shown previously, it
1s degirable to maintain the flight directorts high freguency response through-

out the transition in order to reduce pilot readaptation,

Although not a requirement, it would élsa'ié desirable to retain és'many
feedback gains as possible in order to simplify the mechénization and improve
reli&bility.

The column director is analyzed first. This is basically a trim director
gince the attitude SAS will hold the commanded attitude below 85 kts (M = 1).
For changes in the commanded attitude the effective controlled el ement response,

with speed SAS operating, is simply:

FD Kzs2 8

Fb, ,
B '[KS * (TLé s+ 1)(s + 1/TWD)J‘8C-

TR-1015-3 ' . Lo
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This regponse is shown in Figuré 21 for the g2in values previcusly used,

These gains keep the high frequency response constant. Comparing Figure 21
to Figure 17 (for frontside operation) shows there is no difference in the
responses at frequencies greater than 1 rad/sec and very little difference

in low frequency response.
If the speed SAS should fail the column flight director will regulate speed
with attitude. In this case the effective controlled element transfer function

is given by:

FD, [K . Kgs? -l ® v,
5, O (M s+ (s + /)] B, B,

The airspeed/attitude ratio, Ku/Kg, can be determined from the steady state
u/e ratio given in Appendix D for 90 kis, ¥ = ~7.5 with RCAH 8AS only. This
is =3 kts/des, therefore the Xy/Kg ratio should be —,0035 rad/(ft/sec).
Maintaining the nominal attitude gain at 5.7 in./rad results in an airspeed
feedback gain of .02 in;/(ft/sec), or in réciprocal terms, 30 kts of air-

speed error for full scale director displacement.

The effective controlled element response with the airspeed feedback
is shown in Figure.EE. The main point to be noted from tHis response is
that the speed mode, 1/T9§, essentially moves to 1/T! when the pilot closes
the loop at about 2 rad/sec. This produces an airspeed response time con-
stant very close to that of the nozzle speed.SAS. Higher airgpeed feedback
gains increase the response time but decrease the mid-frequency phase margin

which is undesirable.

The trim attitude bias for a —7.5° glide slope should be about -4,5°
(as previously shown in Figure 4b), If the vehicle is maintained in level
flight during the transition to backside operation, the trim attitude bias

should be +3°, The glide slope bias is faded into the level flight bias as
shovm (6p) in Figure 19.

Itrshould be reiterated at this point that with the attitude and speed
SAS operating, the column director will not bhe moving during the backside
portion of the approach. Consequently, the pilot will not be devoting any
workload to the column director. His main task will be tracking the throttle

director.
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Glide path control with the throttle has been previously reviewed theo-
retically. (Eqs. 4 through 8,) However, for completeness, the exact
effective controlled element response including throttle washout and lag
(Two, TL) and beam deviation lag (Tg) is shown in Figure 23, (A speed
of 90 kts is used here since it defines the approximate upper limit of
backside operation.) Note that the high frequency gain is the same as the
throttle director previously used from trim, The path mode, vy, is at higher
freguency than ekpected due to the a2dditional feedback compensations, The
closed loop path mode, for a pilot gain of 209/in,, is at k8 rad/sec with
.67 damping which wili produce good glide slope tracking performance; The
high frequency effective controlled element response should produce good

pllot opinion.

Although the optimum feedback gains for the throttle director are slightly
different from those used in the column director, the differences do not
appear significant enough to warrant a gain changer when converting to the

' STOL mode. For comparison, the two sets of gaing are:

FRONTSTDE * BACKSILE
Ky .038 o e on1 oo
& fi/sec _ ft/sec
in. FO ) in. FDT
Kg 0114 TE 025 T

The effective controlled element using the frontside gain values is showm
in Figure 24. The main difference between this response and that of

Figure 2% is the lower frequency of the closed loop path mode. This is

due to the reduced Kg/K§ ratio. However, e path mode frequency of .28 rad/
sec’is considered adequate and is consistent with path mode frequencies

for frontside operation. The %4B increase in the high freguency gain was
not objectionable to the pilot. The effect of speed is also shown on
Figure 2% and is seen to be considerable, This is discussed in detall

in the following subsection,
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System Survey for Glide Slope Tracking with the Throttle
Flight Director at 90 kt '

Figure 23,
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e, Tracking et 60 kts

The last phase of glide slope tracking is performed at 60 kts. This
is very similar to the previous 90 kit example since thrust is used for path

control and attitude i1s only used in case of a speed SAS failure or saturation,

One difference ift the vehicle characteristics that influence the direc-
tor design is that the beam deviation to throttle effectiveness has been
reduced by about 50% at 60 kts. (& dB reduction in Figure 24.} Comparison
of beam rate to throttle-characte}istics at 60 and 90 kts may be obtained

from the following approximations,

d . 1]

S 2 ——— (ft/sec)/deg FLA
& L)

?T ‘o P (ft/sec)/deg PLA

It will be shown that this decrease in effectiveness (while maintaining the same
gain ratio of Ké/KST) will result in decreased path mode frequencies, In
general, it is due to the throttle position feedback overpowering the beam and
beam rate feedbacks. In the limit when é/BT = 0-there can be no path control

~at all,

The decrease in path mode frequency with decreasing throtile effectiveness
can be shown fiom an examination of the flight director effective controlled
element, This expression can be derived generically since the throttle washout,
Twos -1s picked to be close to the beam rate to throtile lag, Tq. Then the

throttle director is simply approximated as:

FDr (Kop + AgK3)[s2 + K3ha/Kep s + KaAg/Kor)
BT ; S(S + 1/Td)(S + 1/TL5)
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From this expression it can be seen that.the damping ratio and frequency of the
numerator quadratic will decrease with a decrease in throttle effectiveness, Ad.
In terms of actual numerical values,‘the numerator change from Ly = 69 wg = .37,
at 90 kts to {4 = .53, wg = .31 at 60 kts. When the pilot closes the loop

with a gain of 20 /1n. the closed loop path mode decreases from .28 rad/sec

to 15 rad/sec (Figure 2h), Also the mid- -frequency amplitude droop apparent

at 60 kts may produce undesirable director response characteristics when

the pilot changes his gain.

The path mode frequency and throttle director response can be improved-
by increasing the beam and beam rate feedbacks to the throttle director,
Accordingly, the beam and beam rate gains were increased by a factor of
1.25 in the throttle director (see Figure 10) resulting in an improved
effective controlled element regponse as shown in Figure 25, This is nearly
identical to the 90 kts case which is the desired result (keep the effective
controlled element constant with speed). Since the beam rate feedback is
increased by nearly a factor of 2, the gain was changed as a linear func-

tion of speed to aveid any transients in the switching.

Because the RCAH SAS maintains fairly constant attitude response through-
out the speed response, the column director gains do not have to be changed
from the 90 kts condition.
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SECTION IV

LATERAL FLIGHT DIRECTOR

Two competing lateral flight director systems evolved from the design
effort. The first part of this section contalns a summary of each of these
along with their advantages and disadventages. The remainder of the section
covers the detalls of the pilot/vehicle analysis procedures and results of

simulator evaluations of the directors.
A. QVERVIEW OF LATERAL FLIGHT DIRECTOR

It is realized that many readers do not have the time, or desire, to
delve into some of the more involved details of lateral flight director
design covered in this section. Therefore, we have decided to present an
overview of the design summarizing'the.final_results and pointing out key

figures and tables in the text.

The fundamental considerations in the design process were centered about
establishing a set of "functional requirements" and then satisfying these
regquirements via a "design analysis procedure.™ A brief discussion of how

this was done follows.
1. PFunetional Requirements

The functional requirements are classified in terms of pilot-centered
and guidance and control requirements, These are summarized in Table 2
on page 0. Some requirements related to the dynamic system response are
set from considerations of a generic systems survey of the lateral flight
director shown in Fig. 29 (page 62). The effect of various feedbacks on the

steady~state path-following and -disturbance regulation characteristics are

summarized in Table 3 {page 64).
2. Deslgn Analysis

A summary of the effect of the various feedbacks on the pilot/vehicle
system reguirements is given in Table h_(page 71}. At the point in the -
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analysis, it was realized that two basic design concepts showed considerable
promise. First, curved path tracking can be achieved by feeding forward
certain trajectory-dependent parameters. This was dubbed Flight Director A
(FD A) and represents a more conventional approach to the problem. Secondly,
the functional requirements may also be satisfied by using a washed-out bank

angle feedback. This concept is called Flight Director B (FD B).

The key design measures for ¥Flight Director A and Flight Director B are

summarized by pointing out the appropriate tables and figures in the text.

Flight Director &

® A system survey showing the effective controlled element
characteristics is given in Fig. 35 (page 79).

® Initis} condition responses and the effect of wind and -
wi?d shear is given in Figs. 36-38 (pages 81, &2, and
81‘.L . H

® Errors in the feedforward bank angle command can lead to
standoff errors while tracking a curved path., The result-
ing sensitivity coefficients are given in Egs. 22 and 25

(page 85).

Flight Director B

® The system survey for the effective controlled element
for FD B is given in Fig. 45 (page 93).

® Disturbance regulafion characteristics are presented in
Figs. L46-L48 (pages 9%, 96, and 97) and may be compared
directly to Figs. 36-38 (compare FD A and FD B).

® TFigures L9 and 50 show the curved path intercept char-
acteristics of FD B (pages 98 and 99).

® Overshoot errors at curved path intercept are inherent
to FD B because of the lack of an advanced btank angle
command prior to curved course intercept. Fig. 52
{page 102) presents the peak crosstrack error as a
function of wind and course radius.

® A simplified feedforward to eliminate curved course
overshoots for low turn radius paths is given in
Fig. 53 (page 103).

The final system block diagrams, gains, switching logic, and limiters

for FD A and FD B are given in Figs. 26 and 27, respectively.
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TABLE 1

SUMMARY OF ADVANTAGES AND DISADVANTAGES OF COMPETING FLIGHT DIRECTOR DESIGNS

%
FLIGHT DIRECTOR A % FLIGHT DIRECTOR B
(Command Feedforward System) i (Washed Out Bank Angle)
Advantages Disadvantages Advantages Disadvantages

Complimentary filtering
to obtain derived beam
rate easily accomplished

Reguires sophisgticated
sensors for measurement
of VGS on curved path

f Will follow any arbitrary
H course shape within sys-
g tem limits without

} trajectory parameters

requirement for input of -

Requires a relatively
high quality beam to

avoid the need for com-

Plimentary filtering

Has a high degree of
tracking accuracy given
high quality input sig-
nals

Requires accurate meas-
urement of groundspeed
to evoid standoff

errors in crosstrack -
deviation

B Is not sensitive to small
§ errors in signal measure~
| ments (100% closed loop

i} operation)

Tracking is not as
"tight' as with FD A.
Transition to curved
course results in overw
shoots for commanded
turn radii less than
Looo £t

Has raplid well damped
response to lateral off-
sets in the presense of
crosswinds

Wind shear inputs
result in a standoff

{ Regulates against wind
§ shear inputs

Response to lateral
offsets in a cross-
wind are not as rapid
as FI A

Sophisticated airborne
measuring equipment and
required computational

“feapablility will keep thei

cost high

ﬂ Economical te build
| compared to FD A




Finally, the advantages and disadvantages of the competing flight
director design‘concepts are summarized in Table 1, This table indicates
that the cheoice of Flight Director A or Flight Director B depends on factors
related to signal quality, required system performance, system complexity,

and cost.
B. FUKCTIONAL REQUIREMENTS
1. -Competibility with STOLAND

The lateral flight director system in its final configuration will
eventually be incorporated into the STOLAND system and flight tested on the
Augmentor Wing Jet STOL Research Aircraft. In its present configuratiomn,
no mode selection logic is available, and the flight director is designed
to track only high-quality localizer or MLS-type beams. A tentative set of
functional requirements associated with incorporation into the STOIAND system
and into the flight test environment at Crow's Landing is given below.

® Make system compatible with all NAVAIDS to be used
during the tests.

® TIncorporate system into current mode selection logic
on STOLARD.

® Insure that required signals are available with the
necessary accuracy and update frequencies.,

These functional requirements have not been satisfied during the phase of work
covered by this report. However, they are given here to indicate the additional

work necessary to mechanize the flight director on the test aireraft.

2. Fundsmental Requirements

The design requirements for the flight director system may be grouped as
follows:
® Guidance agnd Control Requifements — fundamental and

independent of whether the controller is an automatic
or human pilet.

® Human-Centered Requirements — relate to the fact that
the controller ig a man.
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A summary of the requirements central to design of the flight director is
given in Table 2. The satisfaction of these requirements from the basic
considerations which lead to the selection, sensing, shaping, and relative
welghting of appropriate feedbacks (and feedforwards) in a way which is best
for manual control using the flight director. A detziled analysis of how

this was accomplished for the curved path lateral flight director is presented

in the following paragraphs.

TABLE 2. PILOT/VEHICLE SYSTEM REQUIREMENTS

GUIDANCE AND CONTROL

® Command Following
® Disturbance Regulation

® Stability and Damping

PIIOT--CENTERED

® Minimum Pilot Compensation

~  Feedbacks
— Eqgualization

° Response Quality

® TInsensitivity to Pilot Response
~ Varlations

® Remnant Suppression

&. Guidance and Control Requirements

' These requirements are independent of the type of controller, mamual or
automatic. In general, they are to establish the aircraft on a curved or
straight localizer, and to reduce any path errors to zero in a stable, well-
damped manner. They lead to outer loop feedbacks and command feedforwards
which are required to accomplish the mission. Additional inner-loop feedbacks
are needed to permit the first set of feedbacks to function. The basic system
for lateral control is shown in Fig. 28. The block diagram in Fig. 28 is
based on the assumptions that: 1) the beam is range compensated; 2) all

turns are coordinated; and 3) localizer noise is zero.
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Figure 28. General Block Diagram for Lateral Flight Director A.

The closed-loop system response to a course command, ¥, initial condi-
tion offset, or a wind disturbance all depend on the characteristic equation

of the closed-loop system which is given as:

| G
bop, = B+ Ypmgw[% + & (% + Gy) +5 Gy] (9)

A+ Y NED

Closure of the flight director loop via YP (human or automatic pilot) drives
the system poles into the flight director Zeros, Ngg. These, in turn, are
defined by the selection, shaping, and relative weighting of the feedbacks
and feedforwards, Gj. Ngw and & in Eq. 9 represent the roll numerator

and characteristic equation of the augmented airplane which from Appendix E

has the following form: .
A T s(s + 1/TRaugj'
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Generically, the dominant roots of the augmented airplane consist of a roll
subsidence mode and a spiral mode at the origin.. It is convenient to write
Eq. 9 in root locus form to evaluate the effects of closing the flight

director locp on the closed-loop system characteristic equation.

G .
. YPLawaug[ng¢+ gs (ﬁ% + Gj) + gGyl
* | 55(5 + T/TRaug )

0 {(11)

The root locus Bode {freguency) characteristics of a typical closure are
given in Pig. 29. From Bq. 9 and Fig. 29 it can be seen that the char-

acteristic modes of the closed-loop system may be optimized by adjusting the

- rClosed Loop Path Mode
.E

Jw
{0
) Crossover
Attitude Mode ow . ol Clg\:ﬁidtuia?p
\T Closed Loop-S . X Mode
_ Path Mode wp 1
\ Tg
Wp (f
o]

x ] . | : o /—\
0 -5 /‘ '*80/ ——-
TRaug ]Region of Smble[

... Kinematic Poles - Closures

Figure 29. Generic System Survey

mmerator coefficients (feedback transfer functions) in Eq. 11. The

following guldance and comtrol requirements result directly from these
considerations. '

1. The numerator must be at least & second order at
frequencies well below the roll mode (wp << 1/Tg)
for system stability (among other things, this
implies Gg ; 0).
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2. Heading feedback, Gy and/or beam rate feedback, Gy, is
necessary for system damping. HNote that beam rate feed-
back implies differentiation of beam error, Ve

5. The zeros of the Ngg numerator determine the maximum
achievable bandwidth of the closed loop system, As such,
they must be at a large enough frequency to allow good
command following and disturbance regulation,

The underlined words refer to specific guidance and control regquirements listed
in Tab;e 2. DNotg that Requirements t and 3, above, are in conflict and involve
a fundamental tradeoff between command folldwing/disturbance regulation and

system stability.

The above analysis lends certain insights as to the necegsary form of the
feedbacks to obtain desirable system dynamic response. To complete the picture,
we shall now consider the steady state requiremenis, These relate to varicus
levels of command following.(straight and curved courses) and disturbance regu-
lation (wind and wind shear). This is accomplished by writing the differential
equation for the closed loop system from the block diagram in Figure 28 in terms
of the beam error ¥ and solving for the steady state response to Yo and Vg by
use of the final value theorm, The differential equation is given in Laplace

‘transform style as:

. 4G
[k g - ool egE) o

This equation is based on the assumption that the flight director locp is
closed tightly so that ¢/, = 1/G¢ and that the feedforward operator Gy = O.

- BEach of the feedback transfer function blocks (G's) may assume three
possible forms in order to comply with the reguirements stated above. The
first has & free s in the denominator, such as Gy = Ky + (X5)/s = (Kys +K3)/s;
the second has a free s in the numerator (e.g., GCP = sK@); and the last repre- .
sents just a pure gain feedback, It can be assumed that G¢.and GW would not
contain a denominator free s (integral equalization) since this could force
a localizer standoff, Therefore, the practical guidance and control possi-
biliﬁies for all three flight director feedbacks are constant or washed out
roll angle, constant or washed out heading, and beam error or beam error plus’

integrated beam error. Thus,
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G@ = k@ or Skw
GW = kW' or 'skw
Gy = ky or ky/s
Gy = k_-;,

Table 3 shows the magnitude of the steady-state beam error to three

orders of beam command, i.e., step; ramp, and parsbola, and two wind inputs,

i.e., constant crosswind and crosswind shear, as a function.of various com-

binations of feedback equalization.

For example, Iine 3 shows that straight

gain feedbacks of bank angle, heading, and localizer deviation would produce

TABLE 3

STEADY~STATE ERRORS

FEEDBACKS STEADY STATE ERRCR
: TO TO STEP v, TO vg SHEAR
G,:p GW Gi Gy STEP OR DUAL OR CURVED
BEAM ANGLE BEAM PATH
PATH DAMPING
K5 WITH HEADING
.k$ sky 0 ky 0 0 OFFSET
kg ky 0 ky 0 OFF SET %
5
kqJ Ky _”gm“ ky + = 0 0 OFFSET
PATH DAMPING
WITH BEAM RATE
sk¢ 0 k& - 0 0 0
5k¢ 0 ki ky + = O 0 .0
kg ¢ ky kyk— o 0 OFFSET
kg 0 K lky+L | 0 0 0
NOTE: skg, sky represent washout equalization

K& represents beam rate

ky/s represents beam integral

No s represents a finite, non-zero gain at IC
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no error to a step beam command (such as would appear for engagement), a con-
stant error to a steady crosswind or ramp change in beam angle, and an ever-

increasing error to a crosswind shear or curved path command. By washing

out the heading feedback (Line 2) there is no steady-state error to a steady

crosswind or ramp change in beam angle. This equalization is typically found

in CTOL approach control systems.

Since wind shear and curved path approaches are much more pertinent to
STOL aircraft, the more important conclusions to be drawn from Table 3 are
as follows: ‘ -
1. Without beam integral, beam rate (ky), along with

washed out attitude (line 5) is the only set that
has zero path error to curved paths and wind shears,

O, With beam integral it is not necessary to wash out
attitude in order to assure zero error to curved
paths and wind shears.
‘While beam integral appears attractive from a steady state analysis standpoint,
the values of the integral gain, k?’ that can be achieved without degrading
the system stability results in a very long path mode response. Thus the fact_
that the steady-state error is mathematically ééro iéua}niiggiéwiféétiéal
© value, Two practical alternatives exist; one is to use washed-out bank angle
and the other is to consider the addition of feedforward commands. Both ‘
alternatives were considered in the present design exefcise, FD A with a

- feedforward and FD B with washed-out feedback.

The feedforward signals developed in Appendix C are basically guidance
commands which if satisfied ideally will result in.zero erosstrack error.
However, once perturbed from the path, closed-loop control is necessary to -
develop the appropriate error signals relative to the inertially fixed geo-
metrical course. Given the combination of closed-loop control, y., and the
appropriate guidance signal (Appendix C, Eq. C-5), the steady-state errors

will, by definition, be zero.
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b. Pllot-Centered Requirements

The presence of & human pilot in the control loop places additional
requirements on the specification and design of the flight director. A
summary of those pilot-centersd requirements which have direct influence on
the lateral flight director design'is given in Table 2. A detailed dis-
cussion of the implications of the requirements as related to the theory of
manmual control is beyond the scope of this report (the reader is referred
to Refs. 7-9. The following subsections treat each of the requirsments in
Table 2 only to the extent that they directly affect the lateral flight

director design. -

Minimum Pilot Compensation

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 pilet adapts his characteristics to compen-
sate 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 (Ref. 7). This
is reflected in increased effective time delay and remnant. Increases in
both these quantities cause a deterioration in system performence and pilot

ratings.

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

ment is that the effective control element be constructed to:
® PRequire no low-frequency lead equalization,

® Permit pilot lcop closure over a wide range of
galins, : '

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
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of pilot/director/vehicle system crossover. For the pure gﬁin case, the
pilot must adopt a very-low-frequency lag equalization; this corresponds
to a2 slow trim-like operatlion and is not objectionable. However, the pure
gain effective controlled element results in problems assoclated with the
response quality requirements, This is further discussed in Ref. 10 vhere
it is shown that pure-gain effective controlled elements tend to result in

long tails on the response.

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 per-
formance in single-loop tasks. For such dynamics the pildt 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 by 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 a K/s at high

frequencies, e.g., with a small amount of roll rate feedback.

In short, the key reguirement is to adjust the weightings of the various
motion feedbacks in the flight director computer so that the effective con-

trolled element approximates the K]s form over a fairly broad frequency region,

Finally, the display/controlled-element dynamics should be approximately
time invariant. The pilot can adjustlto nonstationary situations, but it
involves adaptation and learning which increases task difficulty and degrades
performance. This implies that the beam error should be range compensated.
The requirement for response quality must alsc be considered in the design of

range compensation and is discussed in the following subsection.

Response Quality

Response quality refers to certain aspecté of the display response and
aircraft path response which directly affect the pilot's subjective opinion
of the system. Those response qualities associated with the display are

sumarized below.

TR-1015-3 &7



¢ Command Bar Congistency— Some correspondence must exist
between the command signal and the vehicle or control
mobions in each of several frequency bands. At low fre-
guency the command should be consistent with localizer
deviation and aircraft heading. The mid-frequency response
should be consistent with vehicle roll motions and at
high frequency with roll rate or control displacement.

® Face Validity-— The command bar motiohs must be consistent
with the status information without discontinuities or
‘step commands that require large sudden control inputs
and/or result in bank angle overshoots.

® Response Compatibility— The command bar response should
not require aggressive contrcl activity nor should it
appear "busy” to the pilot.

Response qualiﬁieé4aésociéﬁé& with the'resﬁlﬁiﬁg aircraft motions when

the flight director is kept centered are given as follows.

® Modal Interactions-— The closed loop system response
should be rapid and well damped akin to that of a lower
order gystem with minimum coupling between the modes of
motion, This implies that the path mode and attitude
mode {see Figure 29} should be well separated, i.e.,
piloted closure of the flight director loop should not
drive the system modes into near proximity to each other,

® Path Mode Consistency— The response of the system to
an initial condition offset (due to an external disturb-
ance, pilot inattention, etec.) should not result in "long
< tails," localizer offsets, overshoots, or abrupt large
heading changes. Large heading changes are indicative
of a very "tight" system which tends to overdrive bank
angle. This is not consistent with normal IFR piloting
technique and results in degraded pilot opinion and pas-
senger confort.

Insensitivity to Pilot Response Variations

) The pilot should be able to close the flight director loop over a wide
range of crossover frequencies (gain) without a noticeable change in the
path mode or flight director response, This implies a broad region of K/s
over which the pilot can close the loop with an acceptable phase margin.
Additionally, there should be no penalty for unattended operation such as
would occur if beam integral were fed back to the flight director. In this

case, if the pilot does not continually respond to the director commands, a
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small localizer deviation will be integrated to appear as a large director
command. If the pilot then centers the bar, the aircraft is driven off the
localizer to a point where the integrator output is cancelled by the localizer
error. The aircraft will then return to the beam with a time constant near

that of the integral term.

Remnant Suppression

Remnant is the pilot's output whlch is uncorrelated W1th hlS perceived
error signal. Three types of remnant are presently recognlzed (see Ref. 8).
These are:

© Residual Remnant— This is the "motor" which keeps the
signals throughout the loop fluctuating in the absence

of any external driving source; it is wideband in charac-
ter and independent of the signal wvariance.

® Scanning Remnant — Induced by the reguirement for the
pilot to scan several displays. Measurements indicate
that this type remnant (using the switched gain model
in Ref. 8) is so predominant compared with the other
sources of remnant that the other sources cannot even
be identified.

¢ Processing Remnant — Scales with the signal variance and
derives from sone signal conditioning within the pilot.
Increases with the reguirement for low frequency lead
generation within the pilot,

B8canning remnant is decreased by reducing the number of displays required
for the pilot to accomplish the desired task. This of course is the basic
reason for having a flight director in the first place, The basic tradeoff
here is to maximize the amount of information on the flight director while

mainfaining a low level of complexity cn the display.

Processing remnant is minimized by eliminating the need for low-frequency
lead generation. This is satisfied by making the controlled element K/s-1ike
over a broad range of frequencies,

The residual remnant is independent of the signal variance and therefore

has no impact on flight direector design.

Specific details of the application of the pilot-centered and guidance
and control requirements to the design of the curved path flight director are

- given in the following subsection,
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€. DESIGN ANALYSIS PROCEDURE

The design of the two final flight difector systems was accomplished using
a combination of analysis procedures and pilot simulation on the FSAA simulator,
Several combinations of feedbacks, feedforwards, complementary filtering and
curved/straight course switching logic were considered. A review of the current
state of the art was undertaken as a preliminary step in the analysis and a

gummary of this work is given in Ref, 11.

1. Feedbacks and Feedforwerds

Table 4 summarizes the primary guidance and control and pilot-centered
requirements for each of the feedbacks discussed in SuEsection IV~-B. Feedback
selection was based on satisfying the system requirements while minimizing the
mamber of tradeoffs between thoge game regquirements. This procedure resulted

in the final systems illustrated in Figures 26 and 27.

It was decided to use y for path damping because of the practical diffi-
culties associated with the measurement of course angle on a curved path,
If was felt that the problems associated with beam noise could be resolved
using complementary filtering techniques and perhaps beam rate directly obtain-

able with scanning beams. This is further discussed in the following subsection,

As can be seen in Table k, the use of p feedback results in a tradeoff
between the pilot centered requirement for a long region of K/s in the effec-
tive controlled element and the guidance and control requirement for good
system stability. This effect is more prominent when using washed out bank

angle and is discussed in Bubsection IV-B-5, .

' The use of bank angle feedback (FD A) results in a required feedforward
guidance command for following curved paths (see Subsection IV-B). Appendix €
shows that for ideal tracking the guidance command consistslﬁf a bank angle '
feedforward. The feedforward command signal is initiated Jjust prior to
curved course intercept and blended via a second-order lag network. This
eliminates bank angle and trajectory overshocts typical"of current systems
when intercepting a curved trajectory'from a straight line course. These

overshoots are strongly related to the radius of curvature of the commanded
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TABLE 4. EFFECT OF FEEDBACKS ON SYSTEM REQUIREMENTS

I TANCE BTD COUTROL REQUIRRVRNTS PILOT CENTERED REQUIREMEITS
FEEDBACKS FRIVARY REJUIREZUT CoMTIiTs PRIMARY REQUIARMENT COMMENTS
Requires feedforward Mid-frequeney flight
Bank Angle, Stabilit for curved paths Cormand bar consis- director notions
@ ¥ {See Appendix C) teney should look like bank
angle )
Washout time constant Mid-frequency flight
rust be high enough director motions
to gatisfy stability ghould loox like bank
Washed Out Stabilit requirement yet low Command bar ¢onsis- angle :
Bank Angle, ¥ enoygh Lo insure good| tency
¢ path Tollowing and Washout =ust be high
engugh o maintain
disturbance regule- face validit
tlon characteristics ¥
- Provides K/s-like re-
sponse at frequencies|
Rell Raete, Tends to reduce path | Minimum pilot com- beyond the roll mode
h] None damping pensaticn Provides good flight
Remnent suppression director response at
curved path intercept
point :
Requires feedforward | Minimum pilot com- Determines localizer
Tor curved path and pensation capbure rate
Hending, for disturbance
v Path Deamping regulation on curved zzzz mode consis-
path— not practical ¥
Remnent suppression
Requires feedforward
Washed (ut “for curved path ang
Heading, Path Damping wind shear on Same as above Bame asg above
Varo straight path :
Requires feedforward
for curved path
Course Path Damping Requires inertial Same as sbove Same ns above
Angle, 2 navigation system or
equivalent for
measurement
boes not reguire
- feedforward o
Crosstrack | Path Demping Beam noise problens Seme as above Same s sbove
Rate, y due to differentia--
tion of erosstrack
deviation
Eheuld be compatable
Path Cormand snd ‘ with localizer errors
Crosstrack | Disturbance Path mode consis- High sensitivity st
Error, yc Regulation “ tency long distances from
touchdown. are not
desirable ’
Stebility proviems
Localizer Path Command and due to constantly
Error, ¢ Digturbaence varying crosstreck Same ag above
Reguletion deviestion sensiti-
vity with range .
‘Long time constant ] Results in inconsis-
required for sta-. . tencies petween com-
Beam Disturbance bility reducea Same as above mand and localizer
Integral Regulation reglation effec- . errors efter perlods
tiveness of unattended operm-
tion
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curved path. The error analysis in Subsection IV-C-L shows that the crosstrack
errors associated with curved path radii less than 4000 ft are unacceptably
large when the bank angle command is not initiated prior to curved path

intercept.

Bank angle feedforward is not requifed when the bank angle feedback is
washed out (see Table 4). The resulting simplification is one of the chief
advantages of this feedback and forms the basis for the FD B design concept.
Tt also represents the key restriction to FD B in that the possibility of
"Meading the turn" is eliminated without some form of feedforward bank angle
command. This implies that FD B will have considerably degraded performance
when compared to FD A for commanded turn radii of less than LOOQ ft. Evalua-
tion of the tradeoffs between the two flight director designs includes the
following considerations,

@® The turn radii currently being considered by the

FAA (NAFEC) are considerably greater than 4000 ft
(on the order of 5000 ft).

® A simplifiedrwashedeout feedforward cah be imple-
mented into the design of FD B if small turn radii
are required.

The decision to use crosstrack deviation (as opposed to localizer angle)
was primarily a matter of design simplicity. Use of localizer angle would
require range compensation of the flight director gains to maintain the
required stability margins and to meet the pilot-centered requirements for

minimum pilot compensation discussed in Subsection IV-B-2-b,

The crosstrack deviation gain was éet so that a full scale flight direc-
tor'signal would occur at 500 ft of lateral deviation. This corresponds to
fuli scale localizer at a range of 1.8 nm from the localizer antenna which
is the point of gllde slope intercept for a ~7.5 deg glide slope at an alti-
| tude of 1500 ft. This sensitivity is somewbat low if the flight dlrector is
followed to touchdown and somewhat high for ranges of 5 miles or greater.
However, the additional complexity of nonlinear range compensation did not
seem warranted based on the current mission profile of the augmentor wing

airceraft,
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2. Derived Beam Rete

The practical difficulties assoclated with using beam rate for path
damping involve corisiderstions of beam noise. A conventional circuit for
obtaining derived beam rate (yp) from the localizer error (ye) is shown in
Fig. 30. The transfer function for the portion of the flight director
command due to the summation of beam error and beam rate (¢b1 in Fig. 30)

is given as:

1 . |
_ (k. -+-—K“)(s +* )
Po y oo Ky1: + Ky
=1 ] (14)
€ (s +7) .
The derived beam rate, yy, is given as:
. _ 8 )
:.VD = Ts 13 -!Ye (]5)
Localizer . '
Error Crosstrack Error + ¢c|
— X > ’ = K -—-—*'159"“‘—"
€ { Ye } y
+
f i n |
X dist. T | Beam | T I -
Filter erived
4+ Beam
| RU?&,YD K.
s+l y

Figure %0. Block Diagram of Circuit for Derived Beam Rate

An indication of the beam noise characteristics which will be seen on the
flight director can be obtained by consideration of rms values of Pe for a
given power spectral density function, ¢{w} of the localizer signal. A plot

of the average power spectral density of nine directiomal localizers was
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obtained in Ref. 12 and is given in Fig. 31. Using the fit shown in Fig. 31,

the rms values of e, may be computed given an rms localizer noise:

2 = 2 J;m @(m).dm ' {(16)

and adjusting the gain, Ky, appropriately. From Ref. 12 the mean-square
values of localizer noise varied from 1.48ua to 6.92ua over 12 localizers.
Converting pa to degress of localizer error and picking Ypa as s represen~

tative value, the rms localizer error is given as 0.066 degrees.* The

g 20 i T 7
L~ 2 2

T 2 ~ KL(S+’.5}

o P
3= 0 TN ‘VJCE 4

: m - "'u. i T "-—.____5-___4__1

37 ~ LTRSS —Ld-pLiE
.9' _[O \-“-"'——_i-_—q-ﬁ""'"-";

0.l 1.O wlrad/sec) 10.0

Figure 31. Average Directional lLocalizer Power Spectral Density

resulting rms {light director noise is given as a function of beam rate

filter time constant, 1, and range from touchdown, Xgig54, in Fig. 32.

As would be expected, increasing the beam rate filter time constant
reduces the flight director noise. However, from Eg. 15 the derived beam
‘rate 1s restricted to frequencies below 1/tv resulting in decreased stability
at tpé path mode frequency, wy, as 1/t approaches ap. While these results
are for a conventional localizer, they are conservative in that the MLS

systems are typically of a lower noise content.

The beam rate noise filter time constant was taken to be 4 sec to minimize

the beam noise input to the flight director, This results in elimination of

*This assumes a standard localizer width of #2.5 deg and *150a full scale.

TR-1015-3 B



5| e
S5
5
S
@
=
5 (Glide
. Slope | ercept)
= - DwT=H500ff
B eCision Height =2000Ft)
é DIST = l500ff
l — I K
05— 2 ’ )
7 (sec) :

Figure ‘32, RMS Flight Director Signals Due to
Conventional Localizer Hoise

derived beam rate near the path mode frequency (1/7 = wp) with a concomitant
reduction in path mode damping to an unacceptable level (gp = ,08), Compii-
mentary Tiltering to obtain "beam rate" al frequencies greater than 1/t is
accomplished by using bank angle and body fixed lateral acceleration to generate
a roll stabilized lateral acceleration term which is passed through a low pass

filter,

The lateral acceleration relative to a nominal curved path may be approxi-

mated by:

Ay = epymagt gcos 8 (90— q) (17

where @, = tan | Vgs/Rg defines a commanded circular path of radius R, (see
Appendix C, Eq. C-5). This expression when‘passed through a first-order
low pass filter with time constant, 7, gives Ay at frequencies greater than

1/t. The final mechanization of the derived beam rate (yp) is given in Fig. z3.
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3.,  Peremeter Adjustment Analysis

The analytical design procedure utilized to set the final system gains
.and feedback transfer functions and limiters was formulated so that the
system requirements in Table 2 could be interpreted directly in terms of
certain guantitative criteria. The system requirements and corresponding
analytical measures are summarized in Table 5, The remainder of this sec-
tion contains a discussion of the application of these procedures to the
design of ¥D A and FD B, As discussed in Appendix E, the lateral gtability

sugmentation reduces the effective airplane to the following form,

LﬁWaug _ : 0 . 6
Bw B s(s + T/TRaug) - s(s +1.6) (18)

which is utilized in the following analyses. In a generic sense, the dominant
modes of the augmented airplane consist of a roll subsidence mode and a spiral

mode at the origin,
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TABLE 5

RELATIONSHIP BETWEEN ANALYTICAL PERFORMANCE
MEASURES AND PILOT/VEHICLE REQUIREMENTS

ANALYTICAL MEASURE PILOT/VEHICLE REQUIREMENTS

Root locus of piloted c¢lo- € Stability and damping
sure of the effective con-

trolled element, FD/Sy @ Response quality (modal interactions)

Frequency response (Bode ] K/s near crossover for
plot) of FDﬁ%@ 1) Minimum pilot compensation

©) Insensitivity to pilot response
veriations

3) Remnant suppression

€ Stability and damping

Time response to initial @ Response quality (path mode consistency)
condition cffset

Time response to initial € Disturbance regulation
condition offset with cross-
winds and response to wind
shear

€ Response quality (face validity)

Time response to path com- ¢ Command following
mand input {eircular path)

The time regponge measures In Table 5 are obtained from a simplified
digital computer program (Appendix B) which includes the system nonlineari-

ties, effects of winds, and curved paths.

8. Flight Director A

A simplified block diagram of FD A which reflects the feedback selections
discussed previously is given in Fig. 34. From Egs. 9 and 11 and Fig. 3%

the flight director tc wheel numerator is given as:

Kwkn L K Ko K :
Ngg: p:gﬁw[53+K_$se+g_3’s+g__yJ 19)

P B K
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Figure 34. Simplified Block Diagram of Flight Director A (¥D A)

The zerog of this numerator represent the limiting characterigtics of the

’ system closed-loop modes as the pilot increases his gain on the ¥y /8y closure.
Comparison of Egq., 19 with Eg. 11 reveals that the addition of roll rate
feedback, i.e., Gp = Kp + Kps increases the order of Ngg from two to three
making the effective controlled element, (Nggﬁﬁ} K/s-like out to infinite
frequency. The coefficients of Eq. 19 were adjusted in accordance with

the pilot/vehicle requirements discussed in Subsection IV-B resulting in
Mréﬂémsysteﬁ survey shown in Fig. 35. _The root locus in Fig._ﬁB indicates

that the dominant system response is third order with the second-order
closed-loop flight director mode, u%ﬁ, occurring at slightly higher fre-
quency than the first-order subsidence, 1/TﬁD, in the region of crossover.

The gain crossover region was estimated from the results of several simu-
latof programs and verified on the current FSAA program resulting in the
closed-loop modes shown. One of the primary goals in the design was to

make the effective controlled element, FD/&y, K/s-like over a broad range

of frequencies, and this is reflected in the Bode amplitude plot. The postu-
lated crossover is in the K/s region and very near the frequency for meximum
phase margin, Notice that deviations in pilot gain from the (assumed) nominal

by, say, *6 dB do not greatly affect the resulting closed-loop modes {see Bode).

As discussed in Appendix E, the lateral dynamics are nearly invariant

with speed so that the above discussion applies for all flight conditions.
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Some concern was expressed initially over the unstable nature of the
flight director at low frequency and the effect this might have during
periods of unattended operation. However, this was not a problem, and
the pilots were totally unaware of any conditional stability aspects of
the flight director.

The third-order nature of theé response (two modes at nearly the same
frequency) required close consideration of the reéponse qualities discussed
in Subsection IV-B-2-b. Increasing the rate gain, Ky, tends to drive 1/T§D
towards the origin, resulting in a higher-order-type response as shown by
comparison of the crosstrack deviation time histories in Figs. 36a and b."*
The response with Ky = 0.0165 meets the requirement for "path mode consis-
tency” (Subsection IV-B-2-b), i.e., it is rapid and well damped, akin to a
lower-order éystem. Increasing Ky to 0.02 results in a bimodal response,
with the system initially responding like a second order at app and finally
like a first-order decsy with time constant, TﬁD. This i1s undesirable %o
the pilot in that the localizer bug initially moves toward the center and

then seems to stand off.

Finally, the system was checked for disturbance regulation by locking
at the effect of crosswind and crosswind shear on the simplified digital
simulation, The results for positive and negative crosswinds of 25 kt for
an initial condition offset of LOO ft are shown in Fig. 37a and b. In
both cases the disturbance regulation characteristics are seen to be quite
good in that the eircraft is on course with an established crab angle within
20 sec. In the case of the left crosswind, the bank angle limiter is saturated
until course convergence is established, resulting in a discontinuity in the
flight director signal at about 5 seconds as the signal comes off the lim;ter.
What this amounts to is a sudden change in the effective flight director law
from FDy = (proq — @) to FDy = £(ye, ¥p, ©, p). While this violates the pilot-

''it is extremely difficult to avoid

centered reguirements for "face velidity,'
since the bank angle limiter 1s necessary to satisfy other pilot-centered

requirements. Results obtained during the piloted simulation indicated that -

*These and subsequent time histories were obtained from the simplified
digital simulation described in Appendix B.
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this problem only occurred after a large abuse and was not objectionable
enough to downrate the system. (Note that flying a heading parallel to the
localizer with a 40O ft offset in a 25 kt crosswind is a significant abuse

of the system.)

From Table 3 (Line 7) we would expect to find steady-state offset
to a wind shear input; wmore specifically, applying the final-value theorem

to Eq. 12 for a gust ramp given by %g/sg,

v K .
Yegs < Eﬁg? = DV _ (20}

Wind shear is usually given as a gradient with respect to altitude. Assuning
& speed of €0 kt on a —=7.5 deg glide slope, 10 kt/100 ft (a Strong shear) is
equivalent to 2.23 ft/secg. The time response to this wind shear is shown in
Fig. 38.

L. Eyror Analysis for FD A

The feedforward bank angle command and the feedback bank angle sighal
are subject to measurement errors which arise from errors in the measured
groundspeed and vertical gyro precession in a turn. An important figure of
merit of the lateral flight director system is the sensitivity of cross-
track standoffs due to these measurement errors. Ignoring the crosstrack
rate and roll rate feedbacks which have no effect on trajectory standoffs,

the flight director equation may be derived from Fig. 26 as follows:

Kyye + K$(¢c - QM) = FDy (21)

- where:

&

= Kp + gtky

= VéEM/RCg, comnanded bank angle based on

o =
measured groundspeed, Vy
M = P+ Porpgs measured bank angle
y¢ = R =Ry, crosstrack error or difference

between the actual radius, R,
and the commanded radius, Rq.
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Noting that o = Vgg/Rg, Eq. 21 can be rewritten in terms of the measured
and actual groundspeeds and the bank angle bias as follows:

, V(%SM Vgs
e "Xy | B T Re v el Tmuas| T v

c 2
the sensitivity coefficients of crosstrack error to bank angle and ground-

Assuming the flight director is kept centered (FDy = O) and that y. << R *

speed measurenment errors are given as follows:

ray_e_._ = = ....__l....g_ : - (22)
CPBIAS EL’ + ..‘{..G..S_ '
K$ Reg
.ézi = - 2Vas (23)
oY Ky Vés
Reg o TR
P Fef

where éN‘represents the groundspeed measurement error (Vgsy — Vgs). These
sengitivities are plotted in Fig., 39 as a function of groundspeed and turn
radius. The crosstrack errors for practical values of AV and Pgrag Bre

seen to be quite small,

As a check on the analysis, a Qpyppag ©f 5 deg was input on the FSAA
simulator witﬁ the result shown in Fig. 40. The resulting lateral offset
is shown in Channel L for straight (@, = 0) and curved (R, = 2000 ft) seg-
ments at a speed between 80 and 90 kt. The computed crosstréck standoffs
of 120 £t (curved path) and 162 ft (straight path) are in excellent agree-

ment wilth the simulation.

*If Y¢ << Re, 1/(Rc'PYé) = (1/Re)[1=(Ye/Re)]
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Figure 39. Crosstrack Error Sensitivities, FD A

5. Flight Director B

Flight Diréctor B represents a somewhat more novel approach to the problem
in that it does not require feedforward signals and will track any arbitrary
path without external inputs. As such, the design ig less straightforward
than FD A, requiring additional tradeoffs and in some cases compromises in per-
formance. As will be shown, the system limitations are of practical interest
only when a small turn radius is required (R, <4000 ft). For cases where
R, < 4000 ft, a washed out step bank angle command must be added to allow the
aircraft to "blend in" to the curved path prior to reaching the point of
tangency. A simplified block diagram of FD B which reflects the basic feed-

back structure is given in Fig. 41.
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Figure 41. Simplified Block Diagram for Flight Director B

From Eqs. 9 and 11 and Fig. 41 the flight director to wheel numerator is

given as:
FD KDLy, 5 1 1) y (Ko, ¥\ 3
N = K + | Kpg|lm=— + —} + K L O S
bw s (s + -T—]——)(s + J.J { pe P\Tyo 7t 2k \ 7 TWDT)S
Wo t (24)

K3 Ky K
+ g(—z + Ky)sg + gl + Ky SN I | i 4

The increase from a third order numerator (FD A) £o.a fifth order numerator

is due to the bank angle washout circuit, and the lag in Gy required to filter
beam noise, Tﬁis lag is effectively eliminated in Flight Director A by comple-
mentary filtering (see Subsection IV-C-2). The design of Flight Director B is
predicated on being able to follow any beam shape (within system limits) without
- prior knowledge of the beam geometry. Complementary filtering schemes require
knowledge of the beam geometry and aré therefore "not allowed" in the design

of FD B. A key design tradeoff is to maximize the beam rate filter time con-
stant, 1, to reduce system ncise while maintaining the required stability

characteristics,

Prelimirary adjustments of the system parameters were accomplished using
root locus factoring techniques to determine the effects of the system para-

meters on the zerog of Ngg. The first step in this process was to set KP =0
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':and'to factor Eq. 24 in terms of K¢. Noting that for all practical cases

1/Tyo << 1/1 and Ky << Ky/7, the resulting equation takes on a relatively
simple form as follows! '

T
T ch 55(3-!-:%:-) .

' D
A generic sketch of the locus of the roots of N, as a function of the roll
gain, K,, is given in Fig. L2, The “desirable locus" (solid lines) reflects

the need for a low-frequency, well~damped, second order (wup) to maximize

the K/s region in the effective controlled element. Consideration of the

factors required to obtain the desirable locus give rise to the observations
and system tradeoffs shown in Table &.

\ Undesirable .
\ f @

\
\

>'(-==P.=:._..............

— -
T

Figure 42. Qeneric Root Locus for Factoring Ngw(Kp =0) |

The upshot of a1l this is that the price we must pay to eliminate the
need for feedforward commands is an increased number of tradeoffs and system
compromises between the pilot/vehicle requirements (Table 2). From Table 6

it is clear that the parameters Ky/Ky, 1/Tyo, and T must be minimized only
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TABLE 6. PARAMETER ADJUSTMENT TRADECFFS

REQUIRED FOR OTHER SYSTEM®
“DESIRABLE LOCUS" CONSIDERATIONS

Very low values of Ky/Ky result in poor
response gquality due to "long tails”
during capture. (The dominant mode in
low freguency occurs at s = ~K&/Kﬁ.)

Minimize Ky/Kj

Bank angie must wash out faster than the
dominant path mode (app) to minimize
residual feedback which will result .in
standoffs with Yeo

Maximize Tyo

The break freguency of the beam rate
filter is 1/7, and as such, requires 1
be kept large enough for adequate noise
rejection,

Minimize <«

to the extent that a "desirable locus" is attained and in such a way that the
system conflicls are resolved in an acceptable way. To thls extent several
combinations of these parameters were picked and tested via the quantitative

measures in Table 5.

The final parameter adjustment involved setting the roll rate feedback,
Kp, to maximize the region of K/s in the effective controlled element. Again
root locus factoring was used to gain an appreciation of the effect of vary-
ing Kp on the FDy,/%, numerator. A generic sketch of the root locus factoring
of Eq. 24 with "optimum values" of Ky/XKy, Tyo, and T 1s given in Fig. L3.

This sketech indicates that increasing p feedback has a deleterious
effect on the dominant path mode zero, i.e., tends to increase wpp and
decrease gFD’ This was somewhat surprising since rell rate is not normally
associated with the path mode response. The following explanation is offered

to give the reader a physical appreciation for the problem.

‘Assuming the crosscoupling between r and p to be small (§ >> r tan 0,),
the relationship between bank angle, g, and the actual feedback quantity,
0o (see Fig. 41) is given by the epproximate Bode asymptotes of Gp (for,
1/Tyo << Kg/Kp) in Fig. 44. These asymptoteé indicate that pure bank angle
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Pigure 43. Generic Root Locus for Roots of Ngg = f(Kp)

E—l
o
'xlx
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Figure 4%, Approximate Bode Asymptotes of G

feedback (Kgop) exists over a frequency region bounded by 1/Tyo and Kg/Kp and
that the feedback is essentially roll rate at all other frequencies., Thus,

as Kp is increased, the effective feedback becomes the derivative of cross-

track acceleration, ¥(¥ & go) with the corresponding effect on the path mode

shown in Fig. 43. While this effect exists on more conventional systems

(FD A), it is more pronounced when the bank angle is washed out. As a résult,
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it is necessary to strike a compromise between the pilot-centered require-

ment for K/s at high frequencies and path mode stability.

With the above considerations in mind, the system parameters were
adjusted to give the controlled element characteristics shown in Fig. 45,
The crossover frequency shown was estimated from the FSAA simulator time
responses, (Notice, again, that it corresponds to near-maximum phase margin, )
The compromise involved in setting the p feedback gain is evident from the
region of XK/s2 between 1/t and 1/TrDy in the Bode asymptotes, and the result-
ing slight increase in the slope of the magnitude curve (greater than K/s)

at frequencies beyond 1/Tg (1.6 rad/sec).

Comparison of the Bode amplitudes between FD A and ¥D B indicates that
FD B is down by a factor of 1.5 in the region of crossover. Pilloted simula-
tor experiments indicated that this was too low and the display gain was

therefore set to 1.5.

Ag in FD A, the low-freguency instability was found to have no effect

on pilot opinion,

The initial condition response characteristics are given in terms of the
time and frequency characteristics in Fig. 46. Focusing first on the closed-
loop freguency response (Fig. 46b), the midfrequency response is seen to be
primarily second order at w%D. The effect of the bank angle washout shows up
at a low-frequency droocp in the frequency response. We would therefore expect
that all but & small part of any lateral oiffset will be eliminated at frequency
wpp (0.41 rad/sec), and the remainder as & first-order decay with time constant
1/T (closed-loop spiral mode}. This is borne out in Fig. 46b where it is
seen that all but 5% of the lateral offset is removed in 12 seconds and that
the last 5% (20 ft) seems to stand off but, in fact, goes to zero in 3T4 of
h% sec. This effect is inherent to the washed-out system and is attributable
to the residual output of the washout circuit which causes an effective stand-
off with y¢ (compare ¢ and Qo 10 Fig. LEb). The low-frequency droop is
minimized by driving the spiral mode directly into the washout zero as in
Fig. 42. Note that this implies KY/K§ should be set equal to or greater than
1/Tyg, Which in effect sets an upper limit on 1/Two- The residual lateral off-
set in Fig. 46b was found to be hegligible during the simulator evaluations of
¥D B.
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The disturbance regulation characteristics to crosswind and croéswind
shear are shown in Figs. L7 and 48. Comparisons with FD A (Figs. 37 and 28)
indicate that regulation against crosswind shear is considerably improved.
However, this is compromised by a somewhat degraded response when correcting
for a lateral offset in the presence of a negative crosswind ({wind which
tends to blow the aircraft towards the course as in Fig. L7b). TFrom a prac~
tical standpoint, it is more likely that the aircraft will encounter a cross-
wind shear while tracking the localizer than correcting for large offsets in
the pressnce of a steady wind. This is especially true wheh the aircraft is
near touchdown (or decision height) and time to reintercept the localizer is
a critical factor in the approach. It is therefore felt that the slower
response time in a right crosswind (Fig. W7b) is not a significant drawback
when compared to the improved response to wind shear shown in Fig. %8 {compare
with Fig. 38).

The fundamental advantage of the washed-but'bank angle director lies
’in its abllity to track an arbitrary course (within design limits) without
the benefit of external guidance inputs in the form of feedforward commands.
The time response characteristics of a curved course intercept from a straight
course are shown in Fig.'hQ in calm air and with & 25 kt tailwind. These
results are for a 4000 £t turn radius and a true airspeed of 90 kt. Course
transients at the intercept point are inherent due to the lack of an advanced
bank angle command and are sensitive to the commanded turn radius, true air-
speed, and wind, Decreasing the turn radius to 2000 ft results in the response
shown in Fig. 50. Note that in this case the aircraft goes to the bank angle
| limit of 30 deg and. that the peak lateral deviation occurs shortly thereafter.
This_is a fundamental limitétion of the pilot/vehicle system in that the bank
angle limit defines the minimum radius achievable for s given true airspeed
and wind. An analysis of the sensitivity of path overshoot as a funétion of

course radius and wind is given in the following subsection.
6. Sensitivity Analysis for FD B

The dominant tracking errors are seen to occur at curved path intercept.
These errors are induced by the fact that the required bank angle is not
achieved until several seconds after the intercept point. This "effective

time delay" is a function of the maximum roll rate and pilot reaction time.
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If we simplify the bank angle response to & constant step of magnitude &,
occurring AT sec after the curved course intercept, the path geometry may be

represented as shown in Fig, 51,

- = Y; (Inertial Coordinates)
/e
8p Desired Curved Trojectory
p Actual Path
R\ yw p
g, - Viast
PP
>V AT
Y
X

Figure 51. Geometry of Curved Path Intercept

The following definitions apply to Fig. 51:

P1 = Center of the desired circular trajectory, fixed
inertially
Pn =" Center of the osculating circle” which defines the
actual path; moves with xyyy frame
R = Radius of the commanded path
p = Inverse radius of curvature defined by the aircraft

hank angle and speed as follows:

Lyl
p = Vpag/tg
r = Vector defining the aircraft position in the iner-
.tial frame ‘
Xy, Yw = Coordinates fixed in the air mass

*an osculating circle is simply a circle defined by the radius of curvature
at any point in an arbitrary curve {in this case the aircraft trajectory).
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The maximum course overshoots occur with a tailwind at course intercept.
In this case the Xyyw coordinate frame translates to the right at the wind
speed, V,;, along the inertial x axis. The position of the aircraft in each

of the coordinate systems is given as follows:

Xy = R—p(1—cos8,)
Yy = p 8in 85
. (26)
LI = Xy
Yr = Vyt +p sin 8y + Vggal
The crosstrack error is given as:
¥y = r—=2R
(27)
o L2y 1/2 _ -
= (XI -+ YI) R

Since R is constant, the problem becomes one of finding the maximum value
of r. Taking the derxivative of r® and setting the resulting expression to

zero results in an equation for typy, the time when peak r occurs.

' . Vpagtuax
[VTAS(R—F’)_DVW] sin ———F-)-——- = (thMAX"'VGSAT)(vW"'VTAS cos

VTAifMAX) (28)
Values of tMAX are solved from Eq..EB using Newton Raphson iteration. The
resulting tyay 1s used to compute ympy, the peak crosstrack erfor. Solutions
for the peak crosstrack error were obtained by solving Eq. 28 for tyax
(graphically) and using the resulting values in Eq. 27. These results are
shown in Fig. 527for effective time ﬁelays of 3 and 6 sec, a true airspeed

of 90 kt, and steady tallwinds of 0, 10, and 25 kt. Additionally, the alr-
craft was assumed to roll to the bank angle limit, i.e., ¢ = 30 deg. The

major conclusions to be drawn are:

TR-1015-3 ‘ © 0%



a) Commanded radii of less than 4000 ft are not practical
without an advanced bank angle command .

b) The sensitivity to tail wind magnitude increases rapidly
as the cormanded redius iz decreased.

¢) DPeak crosstrack errors are guite sengitive to the time
required to reach the required bank angle, i.e., to AT,
(AT = 3 sec is consistent with measurements from piloted
simulation,) .

=
2

=400 |-
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| =
| .
Led
0
Q
o

£ 200 |-
1)
(o]
—
O
-
o
Q4
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0
0

Figure 52. - Peak Crosstrack Deviation

Note that when the peak crosstrack errors are small, the bank angle limit
may not be reached (i.e., & # 30 deg) resulting in a slightly larger error

than predicted in Fig. 2.
7. System Modification for R, < LOOO £t

As shown in the above analysis, the crosstrack errors become unaccept-
ably large at curved course intercept when the commanded radius, R., is less

than 4000 ft. This problem is alleviated by adding a constant washed-out
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step bank angle command to be initiated at the appropriate time {approximately

3 sec) prior to course transition. As in FD A, the command signal magnitude

1

— o)
is tan = V5g/Rg and is passed through a second-order lag for smocthing (see

Fig. 53). The simplification arises from the fact that the input is a

constant and, because of the washout, is not sensitive to errors in computed

Feedforward - Feedforward
$, =0 Washout " Smoothing Filter
————————_) -
2 | R I~
¢ _ =1 VGS =C S L I <o P
e = tan Rg onst. | st/T {rpst!)rgs+l)

Figure 5%. Simplified Feedforward for FD B

ground gpeed. The feedforward in Fig. 53 1s required only for turn radii

less than L4000 ft. Since the overall objective of FD B is to maintain design
simplicity, and since turn radii of less than LOOO £t are.unlikely in practice,
the feedforward is not considered a basic part of the FD B design. It is

 given here as a possible "fix" in the event that low turn radii are required.
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SECTION V
RESULTS

A four-week simulation was conducted on the NASA Ames Flight Simulator
for Advanced Aircraft (FSAA). The objectives of the simulation were to:

® Validate the analytical results dlscuSSed in
: Sections II through IV,

® Optimize syétem rarameters and make necessary -
design changes based on initial pilot commentary
and performance.

® Obtain pilet commentary on Final Systems,

® IEvaluate system performance in terms of gust
regulation and sensitivity to pilot abuses.

® Determine limits of performance and safety margins:

The simulation results are presented in terms of system performance and
piloted evaluations and are categorized with respect to the longitudinal and
lateral systems. The pilot commentary and performance results were very
favorable in that the system allows a significant reduction in pilot workload
" while minimizing tracking errors in the presence of wind and wind shear.
Certain limitstions were noted during the simulation, and these are detailed
in the following paragraphs. In addition, design changes that resulted from

" initial pilot commentary and performance characteristics are discussed.

Finally, the composite system was evaluated from an operational stand-
point., This occurred when the system was used as part of a joint FAA/STI
program to formulate preliminary STOL certification criteria. The subject
for this experiment was an FAA pilot who had never seen the system before and
had been Flying the basic Augmentor Wing simulation without flight directors
or cénfiguration management. Thus, he was in an excellent position to evaluate

the benefits of the flight-director/configuration-management system.

A, TAsX

The task was to fly a downwind leg (while decelerating from 140 to 90 kt),
intercept the glide slope, turn on a constant radius circle onto final (while

decelerating from 90 to 60 kt) and breakout at 200 ft for a visual landing.
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A typical flight profile for this task is shown in Fig. 54. The initial
conditions at Step O are 140 kt airspeed, 2000 £t altitude, and 90 deg heading.
The pilot then commands 90 kt with the V select knob on the center console.
The vehiele sutomatically slows to 90 kb et a rate of about 2 kt/ssc. When

- the glide slope is about 1 dot high, the throttle director commands a power
reduction and the column director commands & pitchover to intercept the

—7.5 deg glide slope. During theldescent the lateral director comﬁands an
initial 20 deg bank in order to stay on the 2000 £t radius approach circle.
When the heading pasées 180 deg, the.pilot selects €0 kt from the speed con-
trol system. As the vehicle decelerates onto the backside, the glide slope
tracking switches from an attitude modulation task to a throttle modulation
task. When the turn is completed, the lateral director commands wings level,
"and a normal straight-in ILS approach at 60 kt is made. Total time for the
approach 1s about 2-1/2 minutes from the time the pilot initiates the

transition.
B, CONFIGURATION MANAGEMENT
1. Design Agpects of Simulstion

Several competing trim schedules were tried on fhe simulator to determine
the optimum tradeoff between maximizing the safety margins and minimizing the
required thrust based on noise and fuel consumption considerations. In cases
vhere a basic conflict existed, the design philesophy was to weight the safety
margin aspects as having the highest priority.

It is felt that little additional insight is to be gained from present-
ing a1l of the competing trim schedules, sinee the basic factors that went
into the final system selection are covered in Section 2 and in the follow1ng

discussion on system performance.
2, Performence

The configuration management scheme finally selected for the moving-base
experiments was the result of considerable analysis along with a limited amount
of fixed-base simulation. The performance was qﬁite good in that desirable
configurations were obtained at all speeds; and, in general, the commanded

speed changes were accomplished at an acceptable rate, and then maintained.
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very accurately (even in the presence of 20 kt head and tail winds, shears,
random gusts, and “sbuse" situations). Further, no "ballooning” nor speed

overshoots occur.

Within the context of a very successful system design theré are two
particular performance aépects that, althdugh acceptable, are less than ideal
due to certain basic alrplane characteristics and the resulting necessary
system tradeoffs that were made. These characteristics involve the decelera-
tion cazpability while descending at —7.5 deg in the presence of a tailwind, and
the larger than desirable angle of attack obtained during two specific flight
situations (one again being descending in a tailwind). They are mentioned
* here to point out areas where specific improvements would result in rela-
tively high payoffs. Other areas of improvement are also indicated and
discussed in the following summary list. (A few of the items in this list
are merely pertinent performance items, and are not areas to be improved.
They are presented here because this seems like the logical'place to include
them. )

®_ Descent ifi ‘the presence of a tailwind produces an
© "aerodynamic" flight path angle that is steeper than
the inertial flight path angle (as seen in Fig.. 55).

To fly at the steeper aerodynamic flight path angle
requires g different trim condition which may be
beyond the physical limitations of the aireraft., The
result is that tailwinds restrict airplane perform-
ance quite severely. Simulation has shown that a
~T.5 deg glide slope is near the maximum capability
of the vehicle (for steady flight). '

Va For Small Angles:
. - VTW
| Yo © (l+'jzr) 71
Vriw \\‘\\\\'
Ya _
~ /

Figure 55, Relation Between Inertial and Aerodynamic Flight Path
Angles in the Presence of a Tailwind
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® Because ay +gy is constant at any given flight condi-
tion, &y = (1/g)ax can be used to determine the tradeoff
between {light path angle capability and acceleration
(daceleration) capzbility. Thus, a 1 kt per sec decel-
eration carability is equivelent to 3 deg of flizht path
angle change capability (dowvn). The significance of this
is that the maximum deceleration is less than 1 kt/sec
for flight conditions that are within 3 deg of the maxi-
mun (descending) flight path angle capsbility. Such a
situation is typical of the AWJSRA on a ~T7.5 deg flight
path. Therefore, very low decelerations will have %o be
tolerated — especially-in the presence of tailwinds!

® For speeds above about 94 kt, a 20 kt tailwind on a
~7.5 deg glide slope results in no deceleration capa-
bility (with the configuration management schedule used).
That is, a stable situation exists at 9% kt with the noz-
zle at its forward limit (with a 20 kt tailwind on a
~7.5 deg glide slope). Based on this information it
would seem reascnable to require decelerating to below
85 kt prior to descending on a ~7.5 deg glide slope when
tailwinds are present,

® Iow acceleration capabilities occur at those flight con-
ditions where the throttle setting is small. The result-
ing nozzle effectiveness is also small and the —20 deg
limit on nozzle travel (from trim) further degrades the
total acceleration capability. To alleviate this situa-
tion a limited pitch command 1s fed to the column director
below. about 85 kt. (A8e/Ve = ~0.3 deg/(ft/sec) up to a
maximum of 3 deg).

@ A speed standoff error of 6 kt exists at a speed of 126 kt
" when 120 kt is commanded., This is due to the large trim

nozzle required (70 deg), which can only be obtained by a
speed error. {(No nozzle trim can be obtained from the flap
function prior to lowering any flap; and the flap placard
prohibits flap extension at a speed greater than 125 xt.)
In order to slow down below 126 kt it is necessary to com-
mand about 117 kt (or less) so that an additional 30 deg
{or so) of nozzle can be obtained. This is not a serious
drawback, but it is an imperfection in the system.

® Below about 85 kt a speed error {fast) will result in a
pitch command (up), which, in turn, will result in an
increased angle of attack. When this increment (3 deg)
is added to the nominal angle of attack in turning
flight (about L deg), the result could be a larger than
desired angle of attack ia the presence of furbulence
or pilot abuses.
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® In a tailwind situation below 85 kt (and on the
glide slope) the power must be reduced to track
the beam. This decrease in power causes an
increase in angle of attack (to compensate for
the loss of the thrust contritution to the lift).
Further, the decrease in thrust causes a decrease
in the effectiveness of the nozzles.

® To alleviate these larger than desired angles of
attack, it is recommended that a slightly modified
trim schedule be used (to lower the trim angle of
attack). Thus, a pitch attitude of about —6 deg
might be more appropriate than the current -4.5 deg.

® Off-nominal conditions, such as a hot day, will
merely result in a small shift in the trim nozzle
required. This will lead to an even smaller speed
shift [due to the 10 deg/(ft/sec) gain]. The main
point here is that all off-nominal conditions end
up as small shifts in trim nozzle required.

® Descent in a headwind situation results in higher
than desired throttle and nozzle settings (due to
the trim schedule that maintains constant piteh
attitude for all wind conditions). A more desir- .
able situation would probably be to accept a
slightly higher pitch attitude (and angle of
attack) to gain slightly smaller throttle end
nozzle settings,

® Fuel 'consumption, noise, and engine wear arguments
which restrict the vehicle configurations to those
with low power settings result in reduced operating
margins. The STOL capability of the vehicle is not
being fully utilized at relatively low power settings.

%, Pilot Evaluation

It was not possible to completely separate pilot commentary related to
configuration management from those related to the flight director. This,
of course, is due to the fact that the systems were designed to work together.
(For example, the trim thrust states are achieved via the throttle flight
director.) The following pilot comeentary reflects the decreased workload
which, in part, results from the trim schedules selected.
® With the full system turned on, "workload goes way

down., Worth a couple points of POR on & stralght
path, and more on a curved path."
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® "looks pretty good to me. A1l I had to do was
center the needles and it came right back."
(Reference to recovery from ah intentional abuse
situation, The large margins designsd into the
trim management schedule result in simple recover-
ies from off-nominal condltlons )

® T like this director because it keeps me out of
trouble." (Reference to successful use of trim
management schedule to constrain vehicle states
in a way that allows only "good" conflguratlons
to be achieved.)

Additional commentary is presented in the following subsections on the
longitudinal and lateral flight directors. As noted, the majority of com-
ments were quite favorable. Criticisms of the system centered about occasional
angle-of-attack exenrsions about 10 deg, the inability to decelerate on the
glide slope above 9% kt, and somewhat higher than desired power settings when

tracking the glide slope in a strong headwind.
C. LONGITUDINAL FLIGHET DIRECTOR
1. Deslgn Aspects of S8imulation

Several of the longitudinal flight director parameters were adjusted
based on initial simulation results. A brief discussion of the considerations

involved is summarized in the following paragraphs.

a. Glide Slope Capture — Glide slope capture mechaniza-
tions using exponential intercept logics did not pro-
duce repeatable results. Different initial conditions
arising from turbulence or steady winds made each cap-
ture different, comsequently a timed fade~in was used.

b. Column-to-Throttle Director Conversion for Glide Slope
Tracking on the Backside — Both pilots felt that flight
path control with attitude was unacceptable when the
vehicle was flown below 80-85 kt. This occurred because
the speed SAS did not have sufficient authority to keep
the vehicle on the frontside of the power curve. Conse-
quently, the flight director utilizing conventional con-

_trol technique produced an unstable situation, The blended
director system operated as anticipated and, regardless

of wind conditions and intentional pilot abuses, kept

the vehicle in a stable tracking condition (see Section III).
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c¢. Addition of Speed Error to the Column Director During
Backside Glide Slope Tracking — A speed error signal
was fed to the column director to protect against
speed excursions while tracking the glide slope. The
use of atiitide for speed control produced a desirable
relaticnship between glide slope error and speed error.
This was noted particularly if the vehicle was low and
slow (beyond the speed SAS capability). In this case
the column director commands & pitchover to pick up the
speed and the throttle director commands more power 1o
get back to the glide slope. This was deemed a desir-
able sequence by the one pilot who experienced this
condition. o

d. Attitude Raste Feedback to Column Director — The use of
some attitude rate feedback in the column director was
preferred by both pilots. The final attitude rate feed-
back selected was 1.5 in./(deg/sec) plus a 0.2 sec lag.
The difference between too little and too much attitude
rate feedback is shown in ¥Fig. 56. ‘Although this appears
as only a slight amplification of the high-frequency por-
tion of the response, the pllots were quite sensitive to
this difference. '

e. Pitch Attitude Limiter — An attitude limiter should be
provided when tracking glide slope with attitude. With
washed-out attitude feedback it was pessible to develop
large pitch attitudes in an attempt to recover the glide
slope from an off-nominal condition when flying above the
backside transition speed (see page 34 for an example).

f. Angle-of-Attack Protection — The angle-of-attack pro-
tection used in the throttle director resulted in some -
unfavorgble pilot commentary. One pilot felt it was too
easy to exceed the angle-of-attack threshold. This altered
the controlled element response and sometimes produced
oscillatory throttle motions. While undesirable from a
pilot-centered standpoint, the angle-of-attack protection
ecircuit was deemed necessary to maintain adequate safety
margins in the event of a large angle-of-attack excur-
sion. An exsmple of the response with high o is shown
later in Fig. S0. o

g. Glide Slope Sensitivity —— The conventional glide slope
sensitivity displayed on the ADI and HSI of #0.7 deg was
not sufficient for the —7.5 deg glide path approaches.
Although an optimum was not determined, a display sensi-
tivity of #1.5 deg was acceptable to both pilots. It was
felt that the sensitivity should be reduced as the vehicle
gets in close in order to maintaln a compatible low-
frequency response with the director.
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h. Elevator SAS — In the attitude system, an elevator
trim follow-up was reguired to center the SAS author-
ity. Although the #7 deg authority of the SAS actua-
tor is sdeguate for the nominal curved path approach,
zny significasnt pilot abuses of off-nominal glids
slope conditions resulted in saturation of the RCAH
system and subsequent pitch.attitude control problems.

2, Longitudinel Flight Director Performance

Longitudinal flight director performsnce was evaluated based on glide
slope capture characteristics and subsequent glide slope tracking errors in
wind and wind shear. Limits of performance and safety margins were checked
by consideraticns of speed excursions below 60 kt and angle-of-attack

excursions.

An example of a no-turbulence, no-wind, curved path approach is shown
in Fig, 57. Starting from the top of this figure the glide slope error trace
shows a well-damped glide slope capture. Subsequent glide slope tracking
cccurs with essentially zero error. Altitude is shown decreasing linearly
from 2000 ft to O during the yun.

Ajirspeed and angle of attack are displayed on channel three. The Speed
control system is seen to decelerate the aircraft without overshoots or stand-
- offs and subsequently holds the commanded speed within 2 or 3 kt., After
conversion to backside, the asirspeed error signal is passed through a #10 kt
limiter to the column director. While the basic purpose of the feedback is
to minimize speed excursions below &0 kt due to disturbance inmputs, it is also
used for comménded speed changes (below 81 kt). This results in a 3-degree
step pitch-up (Channel k) during-the tranéition to 60 kt and is responsible
for an increase in angle of atbtack from 5 to 8 deg (Channel 3). Pilot com-
menbary indicated that angles of attack near 8 deg leave too little margin
for off-nominal conditions. This problem may be resolved by lagging the
speed command input to the column director so that if occurs at a lower rate
than the aircraft deceleration. An alternate solution is to set the speed -
feedback limiter so that only negative speed errors (pitch down command) are

passed to the column flight director.

The pitch attitude (Channel 4) exhibits an initial pitch over (as per
the trim schedule in Fig. 4b) as the aircraft slows to 90 kt and glide slope
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intercept occurs. As the speed passes through 81 kt, glide path control is
transferred to the throttle director. The column director becomes a constant

attitude-hold plus speed-error command.

The throttle director (Channel 6) activity is limited to two discrete
commands -(at 130 kt during transition and at glide slope capture) above the
backside transition speed of 81 kt. Below 81 ki, the throttle is seen to
become the primary (high-frequency) controller and attitude the secondary
{low-frequency) control. |

Nozzle (Channel 7) is full forward during deceleration maneuvers,

indicating an inherent performance 1imit of the alrplane.

Figure 58 illustrates the effect of & 20 kts east wind (headwind on
final). Comparison with the no-wind case reveals that:
® The initial rate of descent (Channel 2) is increased

and final rate of descent is decreased as the aircraft
is turned into the wind.

® The pitch attitude is lower during the downwind seg-
ment (decreased from -4 deg for zero wind to —7.5 deg)-
as a consequence of the required inerease in sink rate
to maintain glide slope.

® The angle of attack is lower than the no-wind case during
final approach into the wind (0 deg compared to 2 deg).

® Increased power (O4 percent) is required while tracking
the glide slope with a headwind.
Reversing the wind direction so that the aircraft is in a tailwind on
final is shown in Fig. 59.and was found to be the most critical case from
the standpoint of angle-of-attack margin. While a tailwind on final is not
a common event, it does occur in practice, usually right after the surface
winds have shifted enough %0 change the landing direction tut the Winds aloft

(above a few hundred feet) are still unchanged.
Several salient conclusions from Fig. 59 are summarized as follows:

® The pitch attitude (Channel 4) is initially higher than
the no-wind case (~2.5 deg compared to ~% deg) as a result
of the decreased rate of descent while tracking the glide .
slope in a headwind. (Recall that the control technique
is frontside or h = & above 81 kt.) This has little
effect on angle of attack because of a lower trim nozzle
in the headwind case.
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® The angle of attack {Channel %) is greater than the
no~wind case during the downwind final approach segment
(5-6 deg compared to 2 deg).

® A pesk angle of attack of 11 deg occurs during the
deceleration to 60 kt as a consequence of the previously
discussed pitch-up signal that accompanles a8 reduced
speed command input.

® A significant increase in commanded power oceurs on the

throttle flight director (Channel 6} as the angle of

attack increases beyond 8 deg. As previously discussed,

this is due to the angle-of-attack protection circuit in

the throttle flight director.
This wind condition points out the need for eliminating the pitch-up command
that occurs when s lower speed is selected at speeds below 81 kt. Addition~
ally, the oscillatory throttle flight director response at high angles of
attack points out the requirement for an improved design on the angle-of-

attack protection circuit.

3, Piloted Evaluation of Longitudinal
Flight Director

A sumary of piiot commentary relative to the longitudinagl flight

director is given below,

® "The pitch bar is well behaved and easy to keep centered
with the elevator.”

® "It is necessary to keep the throttle director centered
or T can get off in speed."

® "The response to abuses in throttle looked good. All I
had to do was center the needles and it came right back.”

® 'Angle of attack went above 10 deg but the throttle
director commanded the proper action.,™
While no specific ratings were given for the flight director per se, the
overall opinions expressed during the debriefing were quite favorable. FPrimary
eriticisms were centered about the angle-of-attack excursions above 10 deg in

g8 tailwind.
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D. TATERAL FLIGHT DIRECTOR

As discussed in Section IV, two competing lateral flight directors evolved
from the design effort (FD A and FD B). Simulation results for each director

are discussed in this section.

The trajectory used in the evaluations is given in Fig. 60 and consists
of a downwind leg, a 180 deg curved localizer segment, and a variable final
approach course length. The outer marker and middle marker were located just
befofe WP 2 and WP 3 to warn the pilot of the impending transition between

straight and curved course segments of the approaches.

A block diagram of the computer mechanization is given in Fig. 6
Switches 1 through 7 were implemented to sllow a rapid changeover from FD A
to FD B and to evaluate the effect of removing or adding certain feedbacks
and feedforwards. The feedforward bank angle command, ®.. in Fig. 61 is

governed by the following logic:

1 Vas '
boe = { — tan B (Tp —~Atp) >0 3 (Ty —AOt) <0
o . To=~NOtp <O
X ~X '
Ty = ‘___%?-___ H between WP 1 and WP 2
_ GS
08
L
T = R i © 3 between WP 2 and WP 3
G5 '

where Aty and At, define the lead time, prior to reaching WP 2 and WP 3, at
which the bank angle command is initiated and removed. Ty and To represent
simple time-to-go calculations. The above logic is especlally taillored to

the flight path in Fig. 60 and will require generalization for implementa-

tion into the STOLAND computer,

TR-1015-3 '119



v Winds
O
o - |
o N v, W
VW
. oM GS .
Localizer Course WP2 § - INT 270° WP 140 Kts
Width = £2.5° _\‘ —a K &71_ - Level at 2000 Ft
Xniet = |15 f1 : ranst{tion - o
5 xD‘s*= 3020000ﬁ to 90OKts (Use 1200 ft for
| CG \GS INT at y =180°
Start
Transition
to 60 Kts .
' 6790 ft Localizer
N ' 1520 ft Antenna
SN & .
;((Q\\\W \5 \\\\\\\\\\\\\\\\\\\\\\ LEULVAY SRV W W e v 4
MM | M o |
~ ; 6000 ft ~
( Variable ) 'y

Figure 60, Course Geometry for FSAA Simulator Study



e~GLoL-91

it

t
. Vras o Py
ton™! =
1 - 3 : | —F swa ‘
w3?
] va *r TAUA
v = TAUD l YKPHI Kp 1YPEK
]
Dec PN . O Ks o SW6
PHICG + <" PHIC {ry s +Mrgs+N ‘ 1 SWl " yeal
. o
PHICE t
Do PHIKE® . eey) T, TPB
TPEO FLIGHT
. DIRECTOR
Yuimrr YRY Yoimr Fimr GAIN
Ye L [vers! o [2apHic + L~ lestin o X7 ¢, l_*/- pricz _ X Focur _7}/__ FOw
_/l 4 +* ¢=| . ./1 Foc h'd
YKPHI
) 1 LIMITERS
S " .
T : LiMiT
TAGLL i nave | M Jaweur
GCTPHC . 2.8Ves
9cos 8 Do * ESUMT | Yom (YDKIL®VG} YOKIL
T — K 5 d
Sws =1 - rT] PHIKG  obes R 525K Lo
wa LM IPHIL sYKPHI
K" THPHIWE 1000 Ipst
dw LIM
Tyo * TAUW Vi _
r FFSUM2
- GSUM YKPHL
GCT + : 3 ¢ PHIKI i PHIK1O
¥ +P5H Cmran ] K
lgcos 8¢ - CSw4 ¢ Tps+l
- )
*lEf

Figure 61. Lateral Flight Director Computer Mechanization



The curved approach gegment was intercepted at an indicated airspeed
of 90 kt on the —7.5 deg glide slope end a transition to 60 kt was initiated
as the aircraft heading passed through 180 deg. This results in a curved,
decelerating, descending flight path during the final 30 deg of the curved
approach. While the capability bf_varying the turn radius existed, all
evaluations were accomplished with a 2000 ft turn radius to check the system

near the limiﬁs of performance.

The cockpit instrumentation consisted of the conventional complement of
instruﬁents found in current transport-type aircraft. This resulted in a -
noticeable lack of status informestion during curved course tracking. Addi-
tional display requirements to upgrade the status information to an acceptable
level involve a modified horizontal situation indicator (HSI) and/for a moving
map display. The conventional -EST has a fixed course datum resulting in
incorrect orientation between the course bar and reference alrcraft during

~curved path tracking. A comparison between the conventional HSI and the
required modification ig given in Fig. 62, .
The STOLAND system has both the modified HSI and a moving map display

and therefore should result in improved pilot opinion regarding status

information,
1. Deslgn Aspects of Simulation

Several of the flight director pafameters wefe optimized on the simulator.
A brief discussion of the factors involved in the optimization process is
given below for FD A and FD B, Each of the parameters discussed are shown
in Fig. 61.

a. Feedforward Shaping Filters (Effect of Ty and TB)

The purpose of the feedforward shaping filter is to eliminate-Step-like
command bar motions in response to the step &, that occurs At sec before course
intercept. It was originally thought that the command bar motions should occur
at a rate below the pilot's tracking frequency. This would allow the pilot to
keep the command bar centered at all times. As it turned out, the shaping

required to achieve this result gives an erroneous &,, at path mode frequencies
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resulting in & standoff in crosstrack deviation. In addition, the pilots
did not object to a discrete flight director command as it tended to serve
as status information with regards to a change in course geometry. The
central factor in pilot opinion was his ability to recenter the bar with-
out overshoots or unduly large control inmputs. Setting Tp = Tpg = 0 was
found to be undesirable because it was difficult to tell how much &, was
reqﬁired to get the command bar off the 1limit, and because of the very
abrupt nature of the command. As s final coﬁpromise, the lag time constants
Were‘set to unity (TA =Tg.= 1.0). This resulted in relatively smooth com-
mand bar motions and did not affect the course tracking accuracy, i.e., the

requirements for face validity and path mode consistency were both satisfied.r

b. Feedforward Initiation Time Increment
(Effect of Aty and Ats)

As discussed at some length in Seection IV,.the feedforward command must
be initiated prior to curved/straight course transition. Variations of At
and At, showed that the tfansition characteristics are quite sensitive to
these parameters. The curved to straight transition (éie) exhibited the
greatest sensitivity because the aircraft would be turned on to the straight
localizer at the wrong heading as Atp was varied away from its "optimum '

' The ensuing bank angle reversals resulted in considerably degraded

value.'
pilot opinion. Once Atp was set at the "proper value" (3 sec), the straight
localizer intercept was very smooth. The optimum value for &t1’2 is very
insensitive to variations in aircraft speed, course radius, and winds, This
results in a desirable system simplification in that At1,2 can be set to a
constant without compromise in system performance throughout the flight

envelope.

¢. Bank Angle Limits

Pilot commentary was unanimous in that a bank angle limit of 30 deg was
quite acceptable at speeds near 90 kt. There were some reservations about
using this large a bank angle at speeds near 0 kt. Some consideration was
given to varying the bank angle limlt with speed. However, operational con-
siderations indicate that large bank angle commands are very unlikely at low

speeds because:
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® The required bank angle'varies directly with speed.
® The aircraft is not normally slowed to 60 kt until
it is turning toward the final approach course and
is in a headwind condition.
Finally, if a strong wind existed, the crew would not use low approach

speeds because of the associated turbulence and wind shears.

d. Crosstrack Limiter

The primary purpose of this limiter is to preclude the possibility of
large rapid bank angle commands which would occur if the aircraft were signi-
ficantly offset from course due to a large disturbance or pilot inattention.
The limiter is set as a function of ground speed so as to achieve a 20 deg

reintercept angle as follows:

,yliml = Kﬁ;j = % VGS sin '200

Note that initial course intercepts are made in the Heading Mode or tracking
on a previous NAVAID and that the localizer tracking doeg not begin until:

Ks

v ,
ye+@ye < 100 T

Tt follows that the y limiter will have no effect on the initial course

intercept characteristics,

2. Lateral Flight Director Performance

System performance checks were accomplished using the flight path described
in Fig., 60. Disturbance regulation was checked using 25 kts winds from all
four quadrants, wind shear, and intentional pilot abuses., As expected, the

most critical disturbance was an east wind (tailwind at curved path intercept).

A summary of performance data and pilot commentary is given in the

following paragraphs for FD A and FD B,
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a. Flight Director A Performance

Time histories for a curved approach in no wind snd with a 25 kt tailwind
at curved path intercept are shown in Fig. 63 and &b, respectively. The
following observations apply.

® Crosstrack errors are less than 1/10 full-scale
localizer or 70 ft in both cages.

® The aircraft is driven to the bank angle limit in
the 25 kt tailwind case,

® Deceleration on the path has no effect on curved
path tracking errors with or without wind.

® Trangition from curved to straight course is smooth
and without significant heading overshoots. (This
also holds true for north and south winds.)
Crosstrack errors were found to be sensitive to the accuracy of the
. feedforward bhank angle command signal. An error of 0.015 rad was found to

result in a standoff of about 100 ft. This is discussed in Section IV-C-k.

The maximum bank angle limit acceptable to the pilots was 30 deg. This
sets a fundamental performance limit on the minimuna achievable turn radius
- for a given ground speed as shown in Fig. 65. This result holds true
for FD A and ¥D B.

b. Flight Director B Performance

As discussed in Section IV, the washed-out bank angle director, in its
simplest form, will exhibit considerable course overshoots at curved course -
intercept for turn radii less than 4000 ft., This is caused by the lack of
a baﬁk angle command just prior to the tangent point which would allow blend-
ing into the curved course. In order to evaluate the worst case, a 25 kt
tailwind was imposed at the intercept point of the 2000 ft radius turn with

the results in Fig. 55, which shows that:
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@ As predicted in Section IV, the initial course over-
shoot is about LOO f£t. Repeat runs indicated that
this varied from 400 £t to 600 ft.

® The aircraft goes to and remains on the bank angle
limit until the derived crosstrack rate error signal,
¥ps becomes positive.

® Return to course is smooth and without overshoots.

Addition of a simplified feedforward coﬁsisting of a washed-out step bank angle
command allows the aircraft to start rolling into the turn jJust before curved
path intercept with the results shown in Fig. 67, {The simplified feedfor;
ward is shown in Fig. 53.) As expected, this eliminates the overshoot prab-
lems and the tracking characteristics are very similar to D A, For turn
radii greater than 4000 ft, good performance is obtainable without the need

for the feedforward command.
3. Pilot Commentery on Lateral System

Due to time limitations and pilot availability, pilot commentary was not
obtained for Flight DPirector B, Pilot comments on Flight Director A are

summarized below.
Pilot A

® "No problem Wlth lateral dlrector, easy to fly, keeps
me on course.

® "Looks pretty close to somethlng we can put on the
airplane.'

] "Workload is not unreasonable, I have time to scan
the status information.™

® "I don't want to give a rating because I don't think
that is the intent of this evaluation. The purpose
is to design a director that will work con the airplane
and I think we are pretty close."

® "I overshot WP 2 (curved course 1ntercept) on purpose,
The recovery was good," .
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Pilot B

"Keeping the flight director centered requires my full
attention. I have very little time to scan the status
information [during curved course tracking].”

"For conventional use the flight dirsctor is a POR of
1-1/2. While turning it is a 3. This degradation in
rating is due to the constantly changing bank angle
required to stay on course {due to winds and decelera-
tion from 90 kt to 60 kt." '

"I feel we need additional status information such as
a moving map display [during curved course tracking]."

COMPOSITE EVALUATION

This evaluation was one part of a simulation program designed to formulate

preliminary
operational
‘pilot delay

glven in una

In most

STOL certification criteria., Every effort was made to simulate an
environment including an FAA air traffic controller who gave the
vectors, clearances, etc. The pilot commentary and ratings are

bridged form on the following three pages.

cases, the flight-director/configuration-management system resulted

in significant improvements in performance as shown by Table 7 of rms locali-

zer and glide slope deviations at the 200 f%£ decision height point below.

TABLE 7

RMS ERRORS AT DECISTON HEIGHT WITH AND WITHOUT THE

FLIGHT-DIRECTOR/CONFIGURATION-MANAGEMENT SYSTEM

WITH FLIGHT DIRECTOR AND
BASIC AWISRA | o TGURATTON MANAGEMENT
PIIOT -
910C 9es 910¢ 9GS
¢ 0.76° | 0.08° 0,27° 0,28°
D 0.46° | 0.29° | 0.08° - 0.13°
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GENERAL PILOT EVALUATION

Pilot FAA | Date £-15.73 - Runs

Task ATC exercise with flisht director (45 dee glide slope) 5000 ft radius turn

Comments: Programmed flight path was flyable with turbulence and winds;
however, pilot's workload increased very much with vectoring, decelerating
and communications. On several occasions the workload reached unacceptable.
level, i.e., two succéssive vectors combined with deceleration. Resetting
of a speed bug necessitated breaking the instrument scan in the middle of

a turn, ' ' : '

The configuration of this A/C appears laterally unstable and without
the use of the flight director heading command bar; and in turbulence, I
wag unable to come smartly to the desired heading. :

Once on localizer and glide slope it was relétively easy task to fly
the command bars. The 5,000 't turn was gentle and flyable under all wind
- conditions, and was almost as if flying a straight path,

It is foreseeable that a holding pattern would be equally difficult
~with single pilot/no-FD guidance in the holding pattern.

' . b o}
Pilot Ratings (where applicable): - - %Ax//ﬁ\\\//, |
a8, Otraight ;nd level — 3 .
b. Vectors and slowdown —— 6-6.5
. Turﬁ/glide.slope — 3 C
d., Final (straight) — 2.5
e. D.H, toT, D, — 3
o e wirot Shersiion 1]
Radar vectors d e

Excessive communications
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GENERAL PILOT EVALUATION

Pilot FAA Date - Runs

Task Curved ATC Flizht Paths 7.5 deg glide Qlope'(5030 £t radius turn)

Comments: Pilot performance was improved on this set of runs and workload

was decreagsed considerably. The ATC vectors were not as large as on the

6 deg glide slope runs and this resulted- in a better initial aligmment and
eased the pilot's task. The 7.5 deg glide slope did not seem to make much
difference and was not noticeable, except on the initial glide slope intercept,
where the command bar initially regquired 10 deg plus piteh over followed |

by a level-off command. The F/D is considered a must to achieve satisfac-
tory performance to fly the curved approach. One approach was flown on

"raw data" and power command was disregarded. This approach was flown

IFR and a successful landing was achieved., However, flight path/glide slope/.
airspeed and power applications must be rated 8+, More practice and better
presentation would improve this figure. -

Pilot Ratings (where1applicéble):
8. Straight énd,level — 3.

b. Vectors — 5 |

c¢. .Turn and glide slope — 3+
d., BStraight and glide slope — 2.5

e. Final — 3
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GENERAL PILOT EVALUATION

Pilot FAA Date _ _ Runs

Task Curvilinear ATC Flight Path 2500 ft 7.5 deg glide sloDe

Commentg: Thisg flight path was acceptable and 4id not present any difficulty.
The initial LOC intercept commanded a considerable bank angle initially.
This bank together with the initial glide slope intercept pitch over might
have been unacceptable from the passenger standpoint., Some anticipation or
lead on both the LOC and glide slope is necessary to decrease the initial’
steer attitude, However, once established in the turn and on the glide
‘slope, the task was relatively easy. The turn on's to the final were accu-
rate and no further maneuvering was required for final alignment. One run
was done with the most adverse wind condition {tail wind in the turn,
effectively steepening the turn) and this presented no difficulty and the
F/D was able to compensate fully for this, _

Pilot Ratings (where applicable):

a. Initial tracking was in turbulence and was slightly compounded by the
necessity for ilmmediate slowdown — 3

b, Initial ILS and glide slope intercept requiring considerable amount of
roll and pitch application — b

Cs LOC and glide slope maintenance throughout the turn —- 2+

d, Final sﬁraighﬁaway —2

e. Final étraightaway after D.H, — good alignment, no maneuvering necessary — 2
Recommendationé: Provide anticipation warning lights: blue 5 sec before LOC

intercept, amber 5 sec before glide slope intercept. {This
was done on ithe evaluatlons tut not on the FAA program)
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SECTION VI

SUMMARY

The basic objectives of the program were to develop flight director displays
and a stability augmentation system for the Augmentor Wing Jet STICL Research
‘Aircraft (AWJSRA). A fundamental mission requirement was td allow manual track-
ing of a curved ILS beam including the capability for deceleration on the giide
slope, A summary of the system which evolved from the resulting design-analysis

effort consists of:
® Development of a configuration management system involving:
a flap-nozzle interconnect with voth of these controls
automatically driven by the airspeed sensor ocutpub..

® A longitudinal flight director consisting of a pitch
command bar, and a throttle command bug.

® Two competing lateral flight director system which allow
tracking of curved paths. '

® A rate command attitude hold pitch SAS.

The resulting system was deemed very desirable by the pilots in that work-
load was reduced to an acceptable level and minimal compensation was required

to obtain the desired performance,
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 APPENDIX A -

IONGITUDINAL STABILITY AUGMENTATION SYSTEMS

RATE-COMMAND /ATTTTUDE-HOLD SAS

The purpose of & rate-command/attitude-hold system is to provide attitude
regulation and improved attitude command response. The attitude hold feéture
provides improvéd attitude stability and hénce improved attitude regulation
in the presence of turbulence and/or deterministic winds. The rate command
Teature provides an attitude response to commands that has desirable K/s'-like
dynamics, 1.e., provides a steady pitch rate proportional to column position.
This reduces the need for any pilot compensation, reduces the pilot's effective

time delay and remnant (unwanted control action), and permits a wide range of

pilot gain that produces good dynamic characteristics. Both of these features

reduce the pilot's workload and lead to superior control.

In this appendix we present an extension of* the Sperry rate-command/
attitude-hold {RCAH) system that essentially replaces the aireraft's attitude
rgésﬁéﬁéém;iéh a selecf&ﬂle tféﬁsfer function. Evaluation of this éystem was
accomplished by NASA and is therefore not included in this report, This RCAH,
shown in Fig. A-1a, uses an efficient combination of feedbacks and feedforwards
to produce lead equalization for attitude regulation as well as the rate
command itself. A further benefit is washout of the pitech rate feedback that
is present when making steady-state ﬁurning maneuvers, We ghall first develop
the equivalent equalization for level flight and then consider the effects of

steady-state turning maneuvers.

The RCAH (Fig. A-la) can be reinterpreted as an equivalent single-loop
feedback system (Fig. A-1b) by considering the equation for 8e, Which from
Fig. A-1a is:

B = tec - 9)— (ql ‘V qc)[g'q_;é%z—jl (A-1)
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Factoring out (8, — 6) yields:

| 2
6e = (0 - e)li 5 %?3%%%%%~] (a-2)

or the equivalent equalization becomes:

2
(Bc _ e) {Kq/Kg)s™ + (s + 1/11)} (a-3)

8+ 1/7q

Figure A-1b shows the resulting equivalent single-loop system. The “"equivalent
equalization” capabilities for the RCAE consists of a second-order lead and
first-order lag. Consequently, at high frequencies, i.e., above the short
'period, it is a lead which can be used to compensate for the second-order roll-
off of the short-period mode in the 6/8¢ response. The lag can be used to
cancel the zero at 1/T92, while the second order is put at the short period,
thus creating, above the phugold, a K/s slope. In addition, the phase char-
acteristics of the "equivalent equalization" are such that it has leading
phase at all frequencies for any combination of 1/T1 and Kq/Ka as can be seen

from the expression for the phase:

' - T | —

A4 = tan 1[ 5 ! — tan"| Ty (A-h)
1 = (11K, /Kg)

The first term has the same numerator but a smaller denominator compared

to the second term. An example phase value is for T =1, Kq/Ks = 0.25 at
a frequency of 2 rad/sec which yields:

]

F:4 0° = 63.5° = 26.5°

In steady-state turns the sensed pitch rate, g, no longer equals the

derivative of pitch angle. This can be seen from the following equation:

TR-1015-3 A-3



1
cos @

(6 = r sin 9) ' (4-5)

where

1+

r = CONST in a steady turn

Since the bodyraxis yaw rate, r, is nearly constant in a steady-state turn,
it will not be passed through the washout circuit. Thus, the rate washout
in the RCAH SAS yields the desired lead compensation independent of turn

rate.
Attitude Loop Trensfer Function

For 1/Ty =1 and K3/Kg = 0.25, the equivalent equalization is:

(1 + g/2)%
T+ s

which produces a slight attenuation at 1.0 rad/sec and behaves as a lead

above 2 rad/sec. This equivalent equélization,-along with:

a; = 0.2
Kg = 6.
Te, = Tg = 0.05 sec

produces the open-loop transfer functions for the 0 kt glide slope and
the 140 kt crumise case in Fig. A-2a. These cases have the following cross-

over frequencies and phase margins.

6 kt | 140 kt

we (rad/sec) 2.6 2.5

qp (deg) 50 - 80
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The closed-locp pitch-rate~to-rate~command (q/qc) freguency response character-
istics are shown in Fig. A-2, The A0 kt giide slope case has a 3 dB peak at
the closed-locp short psried, indicative of slightly lower damping at lower

Speeds.
SAS-0On Trensient Response

Figure A-3 shows the response to a b deg/sec.step_stick command for
2.5 sec to produce a desired 10 deg attitude pitch up. For the 60 ki glide
slope case the SAS actuator stays within the 30 deg/sec rate limit but
briefly exceeds the ~7 deg position limit. As time approaches 20 sec, the
BAS elevator position will approach ~7 deg (elevator trim for 10 deg pitch
is 7°%). This suggests that a follow-up trim system is necessary so that
the SAS is not required to hold largé steady-state pitch angle changes.

As would be expected, the elevator requirements are less at higher speéds.

30 Segpg Limit
20 -
8
Sesas
-20
| 1 1 I | 1

0 | 2 3. 4 5 3]
T{sec) '

Figure A-3. Transient Response to Step g, for 2.5 sec
with RCAH SAS On (60 kt, Glide Slope)
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EMS Response to Gusts

Table A-1 shows the rms gust responses of the vehicle at &0 and 140 kt
when using the RCAH SAS. A 0.5 rad/sec gust break frequency was assumed.
The results are presented both normalized (owg = 1 ft/sec) and at 30 values
(for Gwg = 5 ft/sec). The latter was selected as an indication of values
that would be exceeded less than 0.27% of the time (if the gusts are assumed
to have a Gaussian distribution). The 30 results in Table A-1 can be used to
find the rms gust strength that would just limit the SAS. These rms values
are 9.4 ft/sec (at 60 kt) and 41.6 ft/sec (at 140 kt). To hit the rate 1imit
for %0 = 30 deg/sec the rms Wy would have to be 13.3 ft/sec (at €0 kt} and
W7 ft/sec (at 140 kt). Attitude excursions are very small, while the climb
rate excursions (6D0-800 fpm) are controlled. The peak accelerations are
about 1/5 g for the cruise case. Thus, this RCAH should not be troubled by

random vertical gusts.

TABIE A-1

SAS-ON BMS RESPONSE TO VERTICAL GUSTS

A |2
QWg - 8 <+ .5 S=jﬂ_‘)
* NORMALIZED . 3 g VALUE
(Uwg = 1 £t/sec)  (owg = 5 ft/sec)
RESPONSF Glide Slope Cruise Glide Slope Cruise
(60 kt) - {140 kt) (60 kt) (140 k%)
g (deg) 0.042 0.04g 0.63 0.735
Bgpg (deg) 0.248 0.056 3.72 0.8k
Boag (deg/sec) | 0.752 0.22 11.3 3,2
h (ft/sec) 0.78 0.87 1.7 13.2
ay (ft/sec?) 0.39 0.66 5.85 9.9
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Mechanization

Figure A-4 shows the mechanization to achieve this rate-command/attitude-

hold system. Table A-2 summarizes the design parameter values.

The dotted line represents the elevator follow-up required for changes
in the trim pitch attitude to avoid SAS limiting. This integrator repre~
gents a trim moﬁqr and it is suggested to set Kg'= 0.2 and then set KTHmTI to
zero. Thus, the trim motor would provide the steady-state attitude holding.
| Note that Epg ='0 in this diagram, thus making the system fly-by-wire. In.
the subsequent simulation program Kpg was set at 3.33 deg/in.

TABLE A-2, DESIGN RCAH PARAMETER VALUES

arrron D | DESTGN DIAGRAM
(Fig. A1) VALUES LABELS
K, /%e 025 Y A—
1/74 1. Wiy,
& 0.2 KrperT
Ty 0.05 TEans
Te 0.05 TR
Ty 0.2 'TCOL
1 1 KrHETA
0. Kpe
T, Kge
7. Keor
1. KI
Kg -6, K,
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APPENDIX B |
SIMPLIFIED DIGITAL SIMULATION

As shown in Table 5 an essential part of the lateral flight director
design procedure involved consideration of time response properties. Because
of the important effect of system nonlinearities (bank angle limit), and the
need to check curved path tracking, simple transfer function time responses
were not adequate. DNumerical integration of a simplified set of equations of
motion was therefore required. This was accomplished with the STI generalized
equations of motion routine which includes standard subfoutines for input-
output, numerical integration, and plotting. The program accepts the desired
equations of motion in the form X = AX in addition to the usual logic and
equations of constraint. A block diagram of the flight director system, as

programmed, is given in Fig. B 1.

The vehicle equations of motion are given below along with a sketch

illustrating the coordinate system and wind convention,.

a. Vehicle Equations

. VWX

$ = p X

. V 14
P o= Ieydw =g P wY
‘I-I L éin

Vras - ' | Vias:
Y v

;. = GS
X = Vppas cos ¥ + Wy + Vgxt
Y = Vpag sin ¥ + Vyy + Vgyt

b. Washout Circuit
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Figure B-1. Block Diagram of Simulated Lateral System '




¢. Derived Beam Rate

Doy = KyVe * Ky¥p

where

¥Ye = Yo —V¥ ; straight path

Ye = VX2'+Y2—RQ 3 cirewlar path
8y = KprrorFDy
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APPENDIX €

FEEDFORVARD GUIDANCT COMMANDS FOR
IATERAL FLIGHT DIRECTOR A

In essence, the'guidance and control reguirements for command following
and disturbance regulation in the lateral flight director are satisfied via
the outer loop (crosstrack deviation). Other requirements, such as stability
and damping, necessitate the use of immer loops which tend to complicate
matters when following curved paths or regulating against wind and wind
shear. In these situations the steady-state inner-loop feedbacks are not
nominally zero, resulting in standoffs with the crosstrack error signal, y..

Consider the generalized lateral flight director block diagram in Fig. C-1.

Pe
Gf¢
-Bg

¢ [a | ¥ Up 1Y

HUgss Y ry o
G¢,_
Gy |-

Figure C-1. Generalized Block Diagram for

Lateral Flight Director

If the pilot keeps the flight director centered (FD = 0), the control law

which is automatically satisfied becomes:
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D = Gog® — Gyl + Gyye + Grgle + Gry¥e (¢-1)

where &, and ¥, are the feedforward guidance command variables to be later |
defined. In the absence of feedforward guidance commands, the crosstrack
deviation may be written as: .

1 .
Ye = 'G':; (G@(P + GW) . (C-2}

Note that the.desired result 1s always to make Ye = 0 and that this will
only occur if the bank angle, ¢, and heading, ¥, are nominally equal to

zero when tracking the desired course. This, of course, is only true for
straight paths in the absence of crosswind and crosswind shear. Several
ways of getting around this problem exist. One possibility is to wash out

¢ and ¥ via the feedback transfer fUHcfions, Gp and Gy. This technlque is
discussed in Section IV-C-5. A second possibility is to add a parallel inte-
grator to Gy. This is lmpractical for reasons discussed in Section IV—B—éa.
Finally, we can develop feedforward guidance commands for each of the feed-

back variables resulting in the following control law (see Eq. C-1):

where G_.-c_-(p = Gg and wa = Gy. The complexity of the command signals will
depend on the shape of the desired course and the nature of the wind dis-

turbance.

~ Clearly, it is desirable to.seiect inner-loop feedbacks which minimize
the complexity of the corresponding feedforward commands. Because of the
rapidly changing heading during a turn and the sensitivity of the required
heading to crosswinds, it 1s not practical to use this variable for path
damping on & curved path. The same argument holds true for the lateral
course angle, A, discussed in Ref. 10. For this reason, crosstrack rate,
&, has been selected to provide the pfimary path damping. Note that y is
nominally zero for all paths and wind conditions and therefore does not

require a feedforward command signal.
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The bank angle feedforward guidance command is based on mulling the
cerosstrack acceleration, ﬁ, for a given turn radius, R.. These are related
as follows: -

vG3

c

It follows that the command bank angle should be:

-1 V(QAS - .
o] = tan = — C-
[ad a ch | _ ( 5)

The flight director Eq. C~3 now becomes:

2
v
-1 'GS
D = ch(ta.n Te —_cp)+gyy€ = 0 (C-6)

Elimination of standoffs in y. depend upon the following considerations:

1. Rc must be the exact turn radius consistent with the
error signal, y..

2. Accurate measurement of ground speed is necessary.
3. Accurate measurement of bank angle is required.

The first of these should not present a problem. The sensitivity of standoff
errors to errors in measured ground speed and bank angle is discussed in

Section IV-C-L,

The bank angle conmand defined by Eq. C-5 only accounts for wind in the
sense that ground speed changes in a turn. The bank angle command -for zero
steady-state error in the presence of wind and wind shear has been derived

in Ref. 13 and is given as:

o, = tan Rog - E; Tt (C-7)
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where Ve is the component of wind pérpendicular to the airspeed vector.

Expanding this into inertially fixed ¥ and Y coordinates yields:

¢o = tan ! ﬁgg - ég{ﬁWY cos ¥ ~ ﬁWX sin ¥ ~ Vyy sin - Vi cos ] (C-8)
c T

A sketch of the geometry defining the wind coordinates is given below.

{—-Trujectory

e

—

This form of bank angle command is somewhat impractical due to the require-
ment for continuous measurement of wind and wind shear. Furthermore, simulator:
results for curved path tracking in the presence of wind and wind shear indi-

cated that crosstrack errors were negligible using the simplified Ba in_Eq. c-5.
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APPENDIX D

LONGITUDINAL CEARACTERISTICS OF AUGMENTOR WING JET
STOL RESEARCH AIRCRAFT

Table D-1 pregents the longitudinal uwnprimed dimensional.stability derivatives
for 4 flight conditions. These derivatives were obtained on the simulator by
perturbing each of the independent variables about the trim points. They are

therefore representative of the aero model in Ref. 1%,

The transfer functions corresponding to the derivatives in Table D-1 are

presented in Table D-2.

The transfer functions in Table D-3 represent the vehicle characteristics

with the rate command attitude hold SAS described in Appendix A.

Finally, the transfer functions for the vehicle with rate command attitude
‘hold and speed SAS (see Fig. 1) are given in Table D-4, It should be noted
that these transfer functions do not reflect the effect of the flap-nozzle

interconnect discussed in Section IX.
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TABLE D-t. 8AS QFF LONGITUDINAL DIMENSIONAL DERIVATIVES
(BODY FIXED BODY AXES)
DERIVATIVE WITS FCt FC2 FC3 FCh
Voag kt 60 90 90 140
y deg -7 1/2 -1/2. 0 0
GTRTM deg <151 k.1 1.34 k.5
SVERTM deg 82.5 8.1 55,3 6.0 .
By deg 21,0 15.0 20.6 11.8
s deg 6 34.0 3%4.0 5.6
Xy 1/sec —. 0236 —-.0572 ~ . 060k —.0227
7 1/sec —. 260 -, 232 —~.229 —.28
My 1/(ft/sec) 00081 ~.00049 - ~.00135 —. 000775
Z ~.0126 —.0111 -.0108 —.010%
My 1/£¢ ~, 00346 . -, 00314 - —.00298 —.00296
po 1/sec 27 . 164 Lk .12
Zy 1/sec —.567 ~. 707 —T57 —1.0%
My 1/(ft/sec} ~, 0051k —.0108 —.0129 —-.0159
My - 1/sec -.925 - ~1.46 ~1.k2 ~2.25
%, (£t/sec®)/rad 126 772 251 2.07
Zg o (£t/sec?) rad -4.8 ~10.75 -10.8 -25.8
M5 e 1/sec? ~1.3 -3.,0h -2.98 ~1.35
X (ft/sec?)/deg —.0ho2 “a908 | L2070 .52
Z8p (ft/seca)/ieg ~.58k —1.136 —.b7h6 00902
Mg (rad/sec?)/deg 00070 L0030 .004g8 00786
%, (ft/sec”)/deg ~. 1094 ~.0675 -.0889 ~.0038
Zg,, (£t/sec?) fdeg -,01%2 —.0081g 0617 ~.031
Mg, (Pt/sec®)/deq -, 0017k ~.00108 ~.,00098 000202
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TABLE D-2., SAS OFF TRANSFER FUNCTIONS

MOTION UNIT SYMBOL 60 kt 90 kb 90 kt 140 kt
71 = —T.0 deg r1 = —T.> deg yy =0 y1 = 0

Denominator - a | 1.01[.90,1.01][.04,.23] 1.01[.808,1.62][.233, . 164] 1.01[.756,1.7&]4[.193,.1&1] 1.010,122,.139)[.808,2.44 ]
Speed to elevator!| (ft/sec)/rad Nge - 130,89} [~.0k%, 13.91] S8, L66,1.81] L25L(3.00)3(2,66)(33.8) 2,09(66.5)[ .34k, 1.29)
Vertleal veloel®| (fufsec)/rad | N5 | ~+.8(28,33)[.1,.28] —10.75(4k,32)[ . 194,.22] | =10.8(43.3)[.1k,.213] ~25.8(69.4)(.989,.191]
Nevatoe rad/rad ", ~1.30(,097) (.7} ~3.04{,60)(.126) -2.96(.677)(.101) =7.35(.931)(.065).
Bate Of SUID | (re/sec)/rad | N, |M.THH35)(3.30)(-.03) | 10.69(6.05)(.56)(.02) 10.8(6.26) (TN 025h) | 25.9(9.23)(=6.95)(.013)
Speed to throttle| (ft/sec)/in. | Ny | =.025(1.71)[.70,1.11] ~.193(.78}(.907, 17.6] .209(—48)[.76,1.79] .525(~.088)[ .77, 2.46]
Zirﬁiiﬂit’{:“"“’ {£t/sec)/in, N‘é’T —.29(,83)[.08, . 4] =1.136( 18T )= 179)(1.0T) } =~ B75(=.35T)[.295, ,581] .009{ 191,6}{~.514, ,203]
igﬁiﬁﬁ e rad/in. NgT -001k(-.013)(1.25) .0066(2,19)( .043) L0064 1,45)( . 128) .008[.935, :55]
to tmrottle (2t/sec)/tn. | wgy | .29(.038)[.8%, .T4] 1.15(.037) 1,708, 1.38] | b79(.0T)([.543,1.82] -032( . 192)[.524,8.75)
Speed to nozzle | (ft/sec)deg u‘gv —i11(~,20)[ . 9%, 1,08] ~.068(~.107)[ .78, 1.65] —.09( ,0018) [.768,1.74] ~.0038( .67}( .99,2.96]
Xgr;i::ieveloc“y (tt/sec)/deg | NG ~.014({11,5)[-.069, .31] -.0082(19,7){=. 188, .22] - 062{3,71) [=.53,. 11} - 1-,031(,698)(.348)(~.343)
Attitude to - N, ~.0017[.83,.40] —.00106[ . 763, .459] —.00081(~.073, 48] .0003(2.37)(,019)
23“:,,:_?.,‘1:11’“‘“ (£t/sec)/deg 'N‘B" L0280 . 1%)(=1.81)(2:17) | .0122(3.40)(~2.84)(.23) | .0596(.b0N .71} (=57} .051(—,0071)[ .64,2.29]
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TABLE D-3

TRANSFER FUNCTIONS WITH RATE COMMAND ATTITUDE HOLD SAS ON

6 kt kt kt
HOTIN b SYMBCL ¥ = T3 deg ¥r ™ =T deg: ?c; =0 ;;D, “3
Tenoulnator - 4 -203(0)(.1T)(.h39(1.52) 202001 L 149 H h9) 1.41) .202(0)( . 118){ ,545) ,202(0)(,085)( 674 )( 1,07)
x (5-)[0589;2-30] X (5-){-'7'“2'56} x (1-32)(5&{-69:2-66]' s (5-)[-82}:3-‘5]
:::.i:.:de to deg/1n, ,,gc +B66(..097)( k74 )(12.2) 2.02(.126){,6)(7.93) 1,98{. 1013 (,679}7.95) b.89{.065}(,532)(6.45)
% [.925,1.76] x [J871,1,52) * [.87,1.52] x 1.841,1,26]
:;;:n:f clizb to (.ﬂ:[uec)/.m. _Nl,'l = 126( 025 }{=4 . 72)}{£.33) ~301{,013}( 6,45 }(-6,69)
Se ¥ {7.92)(,87,1.52) x (9.51)[.8%,1,26)
c"::.,lz:l:;:pe rats (£t/sec)/1n, ﬂ!d;. =5.58(~,076)(~3.23)(k,27)} e 125(,025) {4 Uk }{ 6,08}
o S * (12.2){.925,1.76} * (7,92)[.B71,1.52]
Speed to column {tt/sec)/in. Ngc —-0015(.855)(12.2) =.0091(7,92)(41.4) =002%{2,66}(3.04)(7.92) —.024{ .645)(66.5)
x [.?25,1.75]{*.Oh,13.9] x [.h_ﬁ?, LE][L.871,1.52] x (33.8)[.871,1.52) x [.&1.-1.261[.}1&1&,1.29]
Rate of elisb (refaec)/in. | why ' ©+096(0){.135)(1.343(5. ) -2064(0}(5)[.95%, .B0T]
x [.622,2.92) x [.623,9.69)
Glide slope rate | (o 00vrin "ér AT7(0)(.0019)(1.51)(5.) 2240} .003)(1.47)(5.)

to climb

x [577,2,36]

x {.57,2.62]
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TABLE D-4., TRANSFER FUNCTICNS WITH RATE COMMAND

ALTITUDE HOLD AND SPEED SAS ON

x [.57Th,2.36]

60 kt 90 kt
MOTION SYMBOL y = ~7.5 deg ¥ = —T7.5 deg
Denomingbor A .203(0)(.566)(1.53)(5.) -202(0){.631)(1.39)(5.)
% [.61,.818][.585,2.3] x [.736,.69][.712,2.57]
Atbitude to column g .865(.594)(12.2)[.589, .829] .202(.733)(7.93)[ .72, .69]
¢ x [.92k,1,76] x [.87,1.52]
‘Rate of climbh %o Nﬂ
8
column c
(Glide slope rate Ng -, 056(-3.23)(4.26)(12,2) s 125(=1 .11 )(6.08)(7.92)
to column c ' % [.618,.7611[.925,1.76] x [«772,.664]1[.871,1.52]
' Speed to colum W .0015(.895)(1.)(12,2) .0091(1.)(7.92)(41.4)
x [.925,1.76]{=.0k,13.9] x [462,1.41][.871,1.52]
Rate of climb to o o
throttle B
Glide slope rate il 117(0)(1.52)(5.) [, 632, .79] 224(0)(1.45)(5.) [ 77, . 64k]
to throttle O x [.673,2.62]




APPENDIX E

* LATERAL CHARACTERISTICS OF THE AUMMENTCR WING
JET STOL RESEARCH AIRCRAFT

The lateral flight director design was based on the exigting NASA stability
augmentation given in Ref, 14, A block diagram of the lateral SAS is given
in Fig. E-1. Perturbation derivatives were obtained for four flight con-
ditions on the FSAA simulation and are'presented in Table E-31. These deri-
vatives were cbtained with the la%eral SAS turned on and therefore represent

the avgmented asirplane.

"The transfer functions for a lateral wheel input to the augmented air-

plane are given in Table E-2.

The dutch roll freguency and the spiral mode were checked with simulator-

time response characteristics at 60 kts and 140 kts, These are compared in

Table E-3.

In all cases the dutch roll mode and complex roll numerator zero are
nearly equal indiéating negligible dutch roll response to wheel inputs.

The augmenﬁed lateral airplane is therefore well represented as:

2 o, (B-1)
— — E-’1
By (s +§g)(s +.-§§) :

Variations in each of the parameters in Eg. E-1 with airspeed is quite small

as-shown in Fig, E-2.

‘The spiral mode is stabilized as the SAS switches are turned on below
100 kts (Fig, E-1) and in all cases is at frequencies well below the flight

director/pilot crossover frequencies (near 1 rad/sec).

For the purpose of lateral flight director design the aircraft lateral

characteristics were considered constant with speed as follows:

@ _ 6 , (E-2)
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Figure E-1. Lateral-Directional SAS for Augmentor Wing Jet SIOL
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TABLE E-1.

SAS ON LATERAL DERIVATIVES BCDY AXES

FC1 FC2 FO3 o
Vrag kts 50 90 90 140
¥ deg ~T«5 ~T.5 0 0
Uppip B8 <151 4,1 1.34 k.5
Svipimies 82.5 - 83,1 55.3 6.0
BT deg 21,0 13,0 20.6 11.8
bF deg €5 34 3 5.6
Y, 1/sec ~.096 LY —~.132 —-.310
Yp, (ft/sec?)/rad ~2.165 4,011 4.5 ~3.675
YE-,P (ft/sec®)/rad —.603 —-1.357 =1.357 -3,28
L 1/sece .000018 ~.096 —.0309 —.207
Lp 1/sec -1.58 ~1.822 -1,908 —1.49
Ly 1/sec -.026 - 307 —.392 5
Ly, 1/sec? 711 937 979 59k
s, (rad/sec?)/in, ~.03 ~.067 —.067 -, 163
Ng 1/sec? L5 802 . 796 1.570
Ny  1/sec 240 .219 279 2he
Ny  1/see —.238 -.333 —.338 —.Lo5
Ng,, 1/sec? - —-.013 026 L0167 .030
Ny T /sec® 072 162 .162 .392
ATRCRAFT CONSTANTS

A = 1116.,9 £t Ixx = 287200 slug-ft°

8 = B865.0 £t Izz = L16700 slug-ft2

b = 78.7 ft Ixz = 27910 slug-ft2

W = 400,000 lbs
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TABLE E-2,

SAS ON LATERAL TRANSFER

FUNCTIONS

MOTION SYNEOL S FC FC2 FG3 FCls
Dencminator A (.O46)(1.56)[.23,.65] (.052)(1.79)[.26,.91] (.om)(1.85)[.27,.91] (~.c86¥{1.53}[.27,1.28}
e Bt 71233, .665) 94[.24,.93] 99(.25,.92] 611.30,1.29)

Yaw rate to wheel Ngw 0354313 [~.087,.79] .089(2,77) [~, 014, .80] 083(35,66) [~.064, . T4] ..07(2.1;0}[.15,.87]

Sideslip to wheel ‘Ing =.021(,499)(=1.12)(3,97) -.026(-.58)[.89,2.00} —.028(-,02}[.98,2,45] -.016(-.35){.68,2.67]
pioral accelemas | Ng¥ | ~217(.263)(1.72)[~. 116,.736] | —4.01(.39)(1.74)[.025,.77] b, 25( . 45)( 1,82[~.008, .70] -3.68[~.15, .611[.82,1.22]
Lateral course Ny | ~.022(-2.58)(k.12)[L211,.601] | =.027(~2.09)(3.77) .25, .88) —~.028(-2,05)(3.8)[.28,.87] | -.016(~2,0)(2.99)(.36,1.17]

angle to wheel




TABLE E-3

COMPARISON OF SIMULATOR TIHME RESPONSE
WITH TRANSFER FUNCTIONS

10 kt TRANSFER 60 kt TRANSFER
SIMULATOR | FUNCTION SIMULATCOR FUNCTICH
Ty(sec) -, 068 . —-.086 0 046
wy{rad/sec) 1.25 < 1,28 : .6 .65

The value of L used in Eq. E-2 was based on earlier estimates and is
slightly below the averége value in Fig. E-2. Since this will only affect
the estimeted pilot gain for a given crossover frequency, it has no effect

on the analyses in Section IV,

o |
o b —_—
§ 2 | 4a——————-"'-—--_---"“131-.__-n-n-
>
s
©w
- , ‘ ‘
5 I~ L3,
o
& Il
~o TS

50 . 100 150
' Airspeed (kt)

Figure E~2. Variation of Lateral Modes and Control
Effectiveness with Speed
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