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PREFACE

This 13th Annual Air Force Science and Engineering Symposium
continues the purpose of illustrating and further stimulating Air
Force in-house accomplishment and capability in research, develop-
ment, test and evaluation vital to the Air Force mission and to
national security.

Contributing to this purpose the symposium provides:

a. For our audience a view of a representative cross section
of the many significant scientific and engineering pro-
grams being carried out by Air Force persomnel in Air

£ Force facilities. %

L

b. For our own military and civilian scientists and engineers
a forum for the presentation and critique of original work,
a stimulation to continued effort and a recognition of
achievement.

c. For all participants a close look at one of our major
. facilities, a broader understanding of the scope and
importance of Air Force technical programs, and an
occasion to become better acquainted and to exchange ideas
in areas of mutual interest.

It is particularly intended to emphasize the overall in-house capa- .
3 bilities of the Air Force Systems Command (AFSC) and the Office of 1
Aerospace Research (OAR) and to demonstrate the effectiveness of ]
the Air Force laboratories.

The Symposium program presents the spectrum of science and
engineering activity as carried out by AFSC and OAR. This activity
includes research, exploratory development, engineering development,
advanced development, test, and evaluation. Toward this end, the
program consists of a selection of the best "contributed" papers H
submitted In competition for the Air Force Association Aerospace K
Education Foundation Awards, the Patricia Kayes Glass Award, the AFSC
Awards for Scientific Achievement, and the APSC Technical Management
Council Award. The scientific and technical papers to be presented
will provide a representative sample of the scope and depth of the
Air Force research, development, technology and engineering program, i
and of the program's value to the national defense.
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Abstract

Adaptive Bang-Bang Control of an Unstable Mechanical System

Containing an Unknown Parameter (U}

An adaptive control scheme is formulated for a slowly time-varying
unstable mechanical system driven by a bounded controller. The control
law is constrained to be of the "bang-bang" type. The adaptive control
law is shown to result in stable operation for all system initial
conditions lying within the region of controllability (the region of
controilability is a fuaction only of the plant and the maximum
available control effort).

The mechanical system analyzed consists of 2 rigid rod binged at its
base to a motorized cart. A movable mass is positioned arbitrarily on
the rod, and it is assumed that the mass location cannot be directiy
measured. This constitutes a fourth-order unstable plant with a single
unknown parameter. The problem is thus to design a controller which
swvitches the cart motor so as to drive the cart back and forth in the
proper fashion to both balance the rod and maintain the cart near ..ts
zero position, regardless of the position on the rod of the movable
mass.

The evolved controller operates in two modes, only the first of
wnich is discussed in the paper. In the first, or "adapt”, mode of
operation, the bang-bang controller is forced to chatter, The resulting
average contrcl effort is mweasured and implemented to cause certain
controller parameters t¢ vary. 1In the second mode, the entire cart-rod

assembly is returned to the equilibrium,
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A. Introduction

Techniques for designing feedback controllers for linear dynamical
systems whose parameters are known are well established and widely under-
stood. When the system's parameters are unknown, however, the above
statement must be modified considerably. Most frequently special technlques
must be developed during the course of the control synthesis procedure for
systems whose elements are unknown or are time-varying in some randoem
fashion.

The use of special techniques was required in the investigation
reported in this paper. The dynamical system, a mechanical device, was
chosen to be investigated more for its illustrative character than its
utility. The relatively simple mechanical model is unstable when unforced
(uncontrolled), and it imposes stringent requirements on control sophis-
tication. The constraint that the maximum available control effort (force)
is limited was also imposed. For this reason, only "bang-bang" control laws
were considered ("bang-bang" implies the controller is always full on, in
either the positive or negative direction, and that it reverses between
these states instantaneously).

The desired outcome of this study was simple: design a controller
(éontrol logic) which will stabilize the device, in spite of an uncertainty

in certain system parameters.

B. System Description

The mechanical system for which the contrecller is to be designed is
shown in Figure 1. The device consists of a motor-driven cart, free to
translate horizontally (in the plane of the paper). A rigid rod, of
length ¢ and maas m, is pinned to the cart bed and is free to rotate
about the pin. A point mass q 1s positioned somewhere along tpe rod
a distance r from the pin. It is assumed that r is unknown, but
that t = dr/dt 1s so small that it does not influence system dynamics.

Additional system narameters are m 1 the cart mass, and U', the

1 The parameter m_ includes terms due to mctor and gear train
rocational inertia,
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Tigure 1 Unstedle mechanical w3dil, The dimension
T Ls sssumed to be unknown,

O

horizontal floor reaction due to cart motor torquz. Thz constraint on U’
is [u'ls U'max. Coordinates describing the system are 5 , the displacement
of the cart from some inertial reference, and g , the angle the rod forms
with the vertical (these coordinates, and their velocities, are assumed
measurable), Assumptions to be employed are that g and g are small, and
that negligible damping exists.

The assembly shown in Figure 1 constitutes (when unforced) a fourth-
order, unstadle dynanical system. When the control U' is properly chosen
within its bounds |U'| s U'max , it is apparent that the device can be
stabilized (i.e., forced to a resting position =0, 5 = arbitrary), but
only for some range of values of ¢ and § near zero. When U' is improperly
chogsen, the actual range of initial values of g and & which will be driven
to the equilibrium can only decrease in size, even though U'max is held
rixed. It can easily be anticipated that when r, the lumped-mass position,
is unknown, it is more likely than not that the control logic governing U’

will result in such a smaller region of controllability,Z

2 Region of controllability is defined to be that volume of e,é and n

; space from the interior of which a control of maximup possible amplitude
g' can drive the systcm to the equilibrium ¢ = § = v = 0, = arbitrary.
Itnig thus determined by available control effort, and not by control logic.
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As analysis of the equations of motion verified this anticipation, the
following approach was followed: It was decided to synthesize a dual-mode

controller, In the first mode of operation, the control logic attempts only

to maintain the rod in some controllable configuration, paying no regard
to cart position and velocity. Simultaneously, a secondary loop takes
certain measurements in order to update the control computer's estimate of
r. Once ; (the estimate of r) is determined this phase is terminated
and the entire assembly is taken to the equilibrium under second mode
control,

In the following only Mode One, or Adaptive Mode, logic will be
discussed. The logic chosen to control the entire assembly, in Mode Two,
has essentfally been discussed elsewhere [Reference 1]. Before proceeding

t should be noted that extensive use is made of the phenomenon of chatter
motion of the prescribed bang-bang controller. A description of such
motion, which consists essentially of high frequency reversals of the relay
element switching the control (motor), can be found in Reference 2. Also,
inasmuch as a complete treatment would tend to detract from the following
development, the approach will be to outline the steps taken and, when
approprfate, explain the reasons for them, and to present the results,

In addition, results of an extensive digital simulation will be presented.

C. TFRquations cof Motion and the Control Law
The equations of motion governiug the unstable system are straight-
forward to obtain, and their derivation is ommitted., Due to the assumption

of small g and 8 they are linear:
2

= 2 g-2uy (1a)
g
5 2
Fe=-c o+ [1+E] v (1B)

g

2 .
The parameters ¢ and X\ are functious of r and are thus themselves
unknown; ¢ increases linearly with r while XZ is a non-monotonic, rather

complicated function. The new control U 1is just U'/mT » m_ being

T
total system mass, and g 1s gravitational acceleration.
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The first step is to define two new variables, Y1 and Yo They will
be used directly by the control computer during the adapt mode, and are
given by

y, = 0.5 (6 + o x) (24)

Yo = 0.5 (6~ 8/ 1) (28)
The variable A 1is the computer's estimate of ); since physical
constraints place bounds on ), A will always lie in the range

Mnin expected = hE Apax expected”
If A and )\ are identical, it is found that ¥, and Y, obey the equations

L ] X
yl = ,yl - — U (3A)
2g
, : (38)
Yo = =AY, +— U 3B
2 2" o

Note that the yi's are uncoupled. A further feature is that a
determination of the extent of the region of controllability can be made
from anaiysis of equation (3A) alone, for it describes the time behavior
of the single unstable mode of the system. From (3A) it can be seen that
Umax
28
regardless of the choice of U, If the above inequality is reversed,

if 'yll > then Y4 and Yy will always be of identical sign

however, proper chkoice of U can force Y1 arbitrarily within the

range [yll < —2X | Thus the region of controllability of this

2g
U .
mechanical system is given by lyll < 2% ,» or, in terms of g aad g,
2g
by
. u
le + e/a] < “;"‘"‘ ()

\\&‘
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Note that cart position and velocity do not influence this region of
potentially controllable initial conditions.

The situation just discussed is shown in Figure 2, the g, é phase
plane. The region of controllability is the infinite-extent strip
enclosed by the lines g = ¢ /A = + Umax/g’ In addition, the y,, y, axes

&

%

\\\ /Lint o ’./X = "L"i_"
J l °

~

S

£

Lirg @+ D./x t-!_._._x
q

Yyro axis G
a
A>A

Figure 2 Region of controllability in thes phase plane, ahowing typical
trajectories for the control law U = Uu‘ sgn Y.

are shown for the case ; >  {when ; = , the Y, = 0 axis forms the .
centerline of the region of controllability). The heavy lines are g, 9§
trajectories and will be discussed later.

The control law to be employed during the adapt mode is simple:

U= Umax sgn y1

the Yo Yo space). The sample trajectories in Figure 2 show this. Note

5

"W%’”' LA . I
e %

PR Reay

(5)

Under the influence of such a contrcl the state point will always be forced
toward the line ¥y = ¢ (which is the equaticn for the switching surface in

—— ——r—_ = 1oo— o
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especially the one trajectory which departs the region of controllability
before it strikes the surface (the rod configuration associated with it is
no longer controllable). Had A more nearly matched ) , this eventuality

would not have occurred.

D. The Adaptive Scheme

To prevent such an occurrence as that just discussed, the adapt mode
has itself two phases of operation. In the first phase, the computer
chooses i (t = 0) such that @ + ‘6/; =0 (y1 = 0). 1If this results in a
value of A such that

~

nin expected > A > Moax expected ’

then ; (t = 0) is taken to equal Mmin expected’ It will be stated without
proof that such a choice will insure that a potentially controllable
initial condition remains controllable vnder the acticn of the control
law (5).

Regardless of the value of ; resulting from the above logic, at
some point near the ¥1» Yo origin the controller will enter the chatter
mode.3 At this time the second phase of the adaptive process is initiated
(tch designates the time of inception of chatter motion). A chatter

datector activates a secondary process which varies ) according to the law

% %U
A= -, (6)
&%

It is difficult to explain the wherewithal of (6), but its use is easily
justified. In short, (6), which governs the dynamics of ; . is employed
because it results in attaimment of the condition ; = ) during the chatter
phase of Mode One. In addition, the stability of th2 overall process can
be proven. Finally, all variables in (6) are readily obtainable

3 The only case in which chatter will not exist is when ) (t = 0) is

taken to be‘kmin expec ted and the state trajectory passes through the origin.
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k is a positive constant, an "adapt gain constant"; U is the time-

average-value of the control effort during chatter motiow

_ 1 t . ]
(U(t) = o [ u(t) dt) J.
ch tch

Two steps are involved in the proof of overall adaptive-process
stability. First, it must be shown that chatter motion, once it
commences, must be continuous. The results of this step establish a
necessary upper bound on k, the gain constant, which is

2

k s kmin expected ’

The second step is to skow that the only possible equilibrium of the

variables y2 and \ is the point (0,A). The particular technique

employed to establish this fortunately imposed the same constraint (7) on
k for stability. Thus a k chosen to satisfy (7) is both necessary and

sufficient for stability of the overall adaptive procese.

A significant amount ol algebra plus use of many of the techniques of

Reference 2 enables one to eliminate U and Yo from (6), permitting a
solution in closed form. It shows that, if k satisfies (7), then

2kgh
P T

i(o) - A+ [;(O) + x]ex -
2k§l <
~ 7’ 2
1- A0) + 1+ Aigl]e A -k
A A

(here 7 =t - tch)° Also, it can be shown that the mode y2 decays

T =

>’ D
—~

according to .
- » (q) dx
0
yo(1) =y,(0) e

Since Y1 0 at the inception of chatter motion, the rod assembly

approaches the vertical at the rate 6(t) = ya(r)/2 X ().

During the entire Mode One operation the cart is forced at will, since

n and ﬁ are not involved in the adapt mode feedback path. Thus some

7

A

TR OUNE PE v Ty

L

i,




R

l—-A.i‘

e

33 3 AR TSR DM

Lr PR LG D RS R

e e v AL L BT TR

criterion must be estabiished for terminating Mode One and initiating

Mode Two, in which the entire system is contrnlled. This is discussed
below,

E. Simulation Results
During the course of this study, both analog and digital simulations

were conducted., The generally-substantiating results presented here are

those of a digital simulation of a system with parameters

m = 1.0 slugs g = 30.0 ft/sec2

b
m, = 1.0 slugs Umax = 15.0 ft/sec
q = 10.0 slugs r = 5.0 feet

The length r was assumed to lie between the limits 4.13 <r < 10.0 feet,

-1 -1
giving Aain expected 5.23 s8¢ 5 Mpay expected 7.39 sec .

The relay imperfection allowing chatter motion was assumed to be
hysteresis; the width of the hysteresis zone simulated was taken as
1/500 the amplitude of the maximum (normalized) input signal.

One important difficulty in mechanization was encountered: It was
decided to extract J, the average control effort during chatter motion,
by passing the control output through a single-time-constant low-pass
filcer. This, of course, introduced additional dynamics not cornsidered in

the analysis. The equation governing 0 was of the form

U= ou-1). (10)
The time-constant ¢ was initially taken to be o = S\ , but with k = 25
(near its theoretical limit of 27.k45) overshoots in ; and discontinuities
in chatter motion resulted. Also as |y2| approached zuro additionmal
instabilities developed. Both phenomena are shoyn in Figures 3. The
overshoot in o was cured by increasing ¢ to o = 101 , but post-adaption
instability persisted. [Figure 4B shows this. Note ; ~ ) after only 0.6
secs has elapsed, but diverges as 'Yg'* 0 (at t » 1.05 sec).] This
instability near |y2[ = 0 was anticipated, for even though [see equation
(6)) division by a time variable (y2) approaching zero gives desirable

8
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theoretical results, embarrassment can be expected (indeed, deserved) in
application. The analog work, not discussed, added a small constant in

the denominator of (6) to preclude division by zero, with successful
results. A termination criterion at ly2[ £ g ¢ small, eliminated thu
difficulty in the digital work.

The series of Figures 5 show time histories of the various variables
during the adapt mode. These are for parameter values o = 5x, k = 15,

and 1.nitial conditions

6(0) = 0.3 rad

6(0) = -0.8 rad/sec
'q(O) =0

7(0) =0 .

For such an initial configuration A({0), Figure 6B, is chosen by the Mode

One controller to be = 5.23 sec-l. Note the near-perfect

Amin expected
adaption to the correct value ) = 7.266.

F. Conclusion

Although the majority of the derivations and proofs involved in this
investigation have been omitted, it is clear that a solution to .he
"unknown' portion of the problem goal has been obtained. In short, a
controller has been synthesized wnich will maintain the system in a
controllable state while simultaneously preparing other controller
parameters for proper operation in Mode Two, It is felt that the closed-
loop adaptive mechanism, which utilizes the average control effort during
chatter motion as its stimulus, is itself adaptable to other applications.
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ABSTRACT

This paper presents the accomplishments of the Systems Engineering Group i1
developing an instrument system for improved rotation, climb-out,approach and
go-around guidance uader all weight variations, all aerodynamic configurations and
all thrust levels for the C/KC-135 aircraft. The system includes a rotation/go-
around (R/GA) computer, a flight director system, and a majority logic monitoring
computer.

The first phase of the program called for a study of the guidance required for
takeoff, approach and go-around flight regimes and the development of a guidance
system for the C/KC-135. During rotation, climb-out and go-around, it was de-
termined that the primary longitudinal-axis parameter to be controlled is angle of
attack. A command angle-of-attack term for optimum angle of attack throughout
the takeoff and go-around regimes can be generated from altitude rate without the
need for switching or mechaiical gain changing. Effective phugoid damping is
provided by use of altitude rate and longitudinal acceleration. An angle-oi-attack
command system was determined to yield optimum guidance during a condition of
reduced thrust or engines out.

The system integration and hardware development phase included the design of
the total system for flight test, A flight director computer and display system are
used to compute and display the signals from the R/GA computer .nd flight con-
trol guidance during approach. The critical flight regimes in which the R/GA com-
mand system is used demands proper monitoring and back-up to provide continua-
tion of the flight control maneuver. A microelectronic monitoring computer was
fabricated to provide fail safe operation of the system.
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SYMBOLS

longitudinal acceleration from accelerometer
normal acceleration from accelerometer
attitude directoxr indicator

coefficient of lift

coefficient of drag

drag

angular deviation from lccalizer path
flight director computer

gravity constant = 3,2 ft/ sec?

ground controlled approach

horizontal situation indicator

altitude

altitude rate

instrument landing system

1ft

path distance to transmitter

dynamic pressure

wing area

thrust

aircraft velocity component along x axis
longitudinal acceleration along x axis
total aircraft velocity

stall velocity

takeoff velocity

complemented vertical speed

aircraft gross weight

J4

s,




angle of attack
augmented angle of attack
programmed angle of attack
flight path angle

elevator position

flap position

error ()

pitch attitude

pitch trim

roll attitude

heading

heading rate

DEFINITION OF ANGLES
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SECTION I
INTRODUCTION

Guidance of an aircraft during takeoff, climb-out and landing portions of the
flight profile must be accurate to achieve flight safety. This is especially true fo1
the C-135 and KC-135 (C/KC-135) aircraft. For example, an error in lift-of it~
titude of only two degrees can extend the required runway length for the C/KC' 435

by 3200 ft,

It is believed that several C/KC-135 accidents which have occurred during take-
off were due in part toinadequate instrument guidance offered the pilot. Recognizing
the deficiency with the present flight instrument system in the C/KC-135, both the
Military Airlift Command (MAC) and the Strategic Air Command (SAC) have re-
quested that an inproved instrument system be provided for their aircraft, Specif-
ically, they requested that improved guidance be provided for the takeoff and
apprcach phases of flight and that improvements be made to the attitude indicating

system.

This report presents the system being provided by the Systems Engineering
Group (SEQG) to meet the requirements of MAC and SAC for the C~136 and KC=-135,
respectively. This instrument guidance system is comprised of several newly de-
veloped subsystems which were developed beth on contractandin house, 3ad flight

tested during their development.

' . To aid in understanding present takeoff and approach guidance problems of the
C/KC-135, Section II presents an analysis of the KC-135 takcoff. Section III is
an overview of the total instrument guidance system being developed. Sections
IV, V, and VI discuss the theoretical basis and implementation of the rotation/
go-around computer (R/GA), the flight director system, and the monitoring system,

respeciively,

The data presented in this report applies specifically to the KC-135 aircraft,
However, the overall analysis holds true for both the C-~135 and KC~135 aircraft,
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SECTION I
ANALYSIS OF THE KC-135 TAKEOFF

A, TAKEOFF PROCEDURES

The takeoff maneuver of an aircraft may be divided into three distinct phases:
(1) ground roil, (2) rotation, and (3) climb-out.

1. Ground-Roll Phase

Ground roll begins when an aircraft starts the takecff and ends when the air-
craft has sufficient speed to rotate. During ground roll, it is necessary to ac-
celerate the aircraft to required lift-off velocity as soon as possible to reduce the
ground-roll distarce. Table I illustrates the ground roll required for a KC-135A
to become airborne. No lengitudinal guidance is necessary during the ground-roll
phase since the aircraft must only be maintained on the runway.

TABLE1
KC-135 TAKEOFF CONDITIONS

Four Engines 30° Flap Setting Zero Altitude
Weight Unstick Speed Ground-Roll Unstick Time
in 1000 Ib kt  sec

100 102.25 958 10.98
120 111.99 1404 14.66
140 120.96 1046 18.76
160 129.32 2590 23.28
180 137.16 3340 28.23
200 144.58 4204 33.61
220 151.64 5189 39.42
240 158.38 6301 45.69
260 164.85 7548 52.42
280 171.07 8940 59.63
300 177.07 10485 67.34




2. Rotation Phase

The rotation phase of takeoff occurs when an aircraft reaches takeoff velocity,
VTo. The aircraft is rotated by raising the nose to a pitch attitude required for
lift-off, The attitude to which an aircraft is rotated depends upon takeoff condi-
tions but is usually an attitude which will result in a lift-off velocity of approxi-
mately 1.2 Vg, This value of velocity is a’compromise between operating too close
to the stall speed and using excessive runway distance prior to lift-off. Ry rotating
the aircraft, lift is increased sufficiently to overcome the force of gravity and the
aircraft becomes airborne,

3. Climb-Out Phase

The climb-out phase begins when an aircraft leaves the ground. In this phase of
the takeoff maneuver it is of prime importance to properly utilize excess thrust
(thrust not being used to overcome drag forces,) The optimum climb-out perform-
ance recommended for the KC-135 is flight ata constant pitch attitude until a speed
of Voo + 10 knots is reached. At this point a constant speed climb ig initiated
to gain altitude prior to flap retraction anc acceleration.

During a typical KC-135 takeoff maneuver, the aircraft is accelerated on the
runway to required rotation speed. As the aircraft apprciches required takeoff
speed during ground rell, the pilot begins rotating his aircraft to a pitch attitude
of 8°, As pitch increases to 8°, so does the angle of attack ( a ) increase, since
a equals pitch during ground-roll and rotation phases. As angle of attack and
speed of the aircraft increase, lift increases (L =~ a U?), causing the KC~135
to leave the runway (Figure 1), Using standarc cperating procedures the KC-135
is maintained at a constant pitch attitude fr .m lift-off until completion ¢ the
initial climb~out.

., At the moment of initial lift-off, excess thrust produces a positive acceleration
(U) and an increase in the flight-path angle ( y ). The basic aircraft equation
describing how extra thrust may be used is shown below, This simplified equation
is derived from the longitudinal-axis equations of motion by disregarding short
term pitch changes and assuming small angles,

I0

~ U

The equation states that thrust minus drag (thrust available), divided by aircraft
weight, equals flight-path angle plus acceleration divided by the gravity constant.
Therefore, energy (thrust) available at takeoff can be used either t/« increase the
rate of climb ( y ) or to increase airspeed (U) or both, Since pitch is held con~
stant in the KC-135 and y is increasing, e must decrease. Although o de-
creases, lift continues to increase because velocity (U) has increased,

B. DISADVANTAGES OF CONSTANT PITCH TAKEOFF PROCEDURES

Two major problems exist with the use of a consiant pitch takeoff procedure
on the KC-135: (1) inaccuracy of the attitude system during takeoff; and (2)
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Figure 1. KC-135 Takeoff Speed ve Gross Weight

less than optimum instrument guidance given the pilot, particularly during high
gross weight and reduced thrust takeoff concitions,

1, Attitude System

The vertical gyroscope installed in the KC~135 gives accurate pitch information
to the a:iitude indicator under the .najority of flight vonditions. During the takeoff
maneuver, high longitudinal accelerations are experienced which can precess the
gyro indication off the actual pitch of the aircraft by as much as seven degrees. The
precession is due to longitudinal acceleration acting on the electrolytic switch
which controls verticality of the gyro. Figure 2 shows the configuration of the
vertical gyro electrolytic erection switch. The purpcse of the switch is to sense
the free drift of the gyro, erecting the gimbal by switching on the torque motor
when the gyro drifts off vertical. When the glass tube which is tied to the gimbal
tilts off due to gyro drift, the mercury level rolis to one end of the tube com-
pleting an electrical path for the torgue motor current, When the electrolytic
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Figure 2. Vertical Gyro Electrolytic Erection Switch

switch senses a false vertical, g, due to the longitudinal acceleration vector, the
pitch gimbal is torqued to the angle of the resultant of acceleration and gravitation
forces. The error is in the safe direction, that is, pitch displayed on the attitude
indicator is greater than the actual pitch of the aircraft., However, it is impossible
to obtain accurate aircraft pitch by mentally adding pitch error due to gyro pre-
cession to the indicated pitch because the amount of precession varies with the
length and magnitude of ground-roll acceleration.

A second difficulty in using -he attitude indicating system to guide rotation during
takeoff is that if the aircraft attitude is increased beyond a limit of 10 to 12 de-
grees, drag on the aircraft becomes sogreat that the aircraft cannot lift off. Figure
3 illustrates the rapid increase in drag at rotation with an increase in pitch, If
the pilot rotates the aircraft to an excessive pitch attitude due to his inability to
accurately read small increments of pitch or to interpolate the gyro precession,
the ircreased drag must be overcome by increased velocity, which requires more
thrust and results in a larger runway ground roll, This increased drag is an im-
portant consideration during an engine-out condition on the XC~135, since excess
thrust at takeoff during this condition is marginal compared with other aircraft.

2. Constant Pitch Performance

For jet aircraft, tne angle of attack whichmaximizes flight-path angle {(maximum
climb) is approximately equal to the angle of attack corresponding to the maximum
lift-to-drag ratio. (This is discussed in detail in Section IV.) This angle of attack
will not support il:e aircraft in the air at lift-off speed since lift-off speed must be
kept low tc minimize ground roll., Therefore, rotation at takeoff must be made to
a higher initial angle of attack to give the aircraft some climb or vertical speed.
Maintaining this pitch attitude does not resultin the best performance during climb-
out because climb is not optimized. When additional vertical speed is ubtained, the
aircraft flight path can be modified to result in a maximum rate of climb. Since the
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constant pitch attitude is optimized to provide best lift-off angle of attack, once
vertical speed is obtained, this attitude no longer provides the best aircraft flight
path., When thrust is reduced due to an engine-out and the weight of the aircraft
is high, the thrust available i marginal and optimum use of the available energy
becomes important.
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SECTION II
ROTATION/GO-AROUND FLIGHT DIRECTOR SYSTEM

As indicated in Section II the constant pitch procedure for controlling a KC-135
takeoff and go-around has serious limitations. Recognizing these limitations the
SEG developed an instrument guidance system to improve the takeoff and approach
capabilities ' the C~135 and the KC-135 (C/KC~135) based on requests from both
the MAC and the SAC. The follow.ag capabilities were development requirements:

(1) Optimum control guidance for rotation, climb-out and go-around;
(2) Improved approach guidance;

(3) Instrument display of the control guidance;

(4) Improvement in the existing attitude system;

(5) Monitoring essential parameters for fail-safe operation of the improved
guidance.

To provide these capabilities an insirument system was devcloped employing
advanced component design and utilizing subsystems which had been shawn to be
airworthy for production installation,

The relationship of the various elements in the system is shown in Figure 4.
The system installation will be dual providing separate, independent systems for
both pilot and copilot,

A. ROTATION/GO-AROUND COMPUTER

As a part of the program to provide a rotation, climb~out and go-around in-
strumen