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ABSTRACT

The TIFS research airplane has been developed by the Cornell Aerconautical
Laboratory under the sponsorship of the Air Force Flight Dynamics Labora-
tory. As the most advanced in-flight simulation vehicle yet developed,

it has been designed to provide Total In-Flight Simulation. This capability
depends on two basic features of the aircraft. First is the addition of an
evaluation cockpit which is entirely separate from the normal airplane's
safety pilots' cockpit. Second is the control by a variable stability
system of not only the moments about all three axes, but also the forces
acting along the three axes. This report describes the TIFS airplane
development during the period from November 1966 to June 1967.
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NOMENCLATURE AND SYMBOLS

This list presents the standardized nomenclature and symbols used on

the TIFS Program.

The following standard units are used:

Distance - feet

Time - seconds

Angle - radians or degrees
Force - pounds

Moments - foot-pounds

Mass - slugs

Axis Systems (See Figures A and 2.1)

The origin for these axis systems is located at the c.g. of the

aircraft except when noted otherwise, These axis systems are orthogoenal and

positive according to the right hand rule.

X, 43

XS’.KS" 35

2}:5@:;}

%}'ﬁ}’j}

body axes,x-3 plane is in the plane of symmetry of the air-
plane with x directed forward parallel to the fuselage refer-
ence line, 3 directed downward, andJy directed out the right
wing. See Figure A,

stability axes, x; -3, plane is in the plane of symmetry of
the airplane withg -4, and 4. =4 . The stability axes
become fixed in perturbation analysis, their positions given
by the reference value of o.

wind axes, #, is along the velocity vector (of airplane with
respect to air) withg,. =3, . The wind axes become fixed

in perturbation analysis, their positions given by reference
values of o« and &4 .

earth surface axes, origin is fixed at the center of gravity
of the alrplane, Zg is located along the gravity vector of
the airplane, %, is pointed north, and gg is pointed east.
It is assumed to be an inertial coordinate system, and in
perturbation analysis remain fixed relative to the earth.
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Vectors

AT

Aircraft

XN ﬁ:f

Geometry

7

Ly

%

force vector, 1b

moment vector, ft-1b

unit vectors inx, ¢, 3,direction respectively
inertial velocity vector, ft/sec

angular velocity vector, rad/sec or deg/sec

mass of aircraft, slugs
aircraft weight, 1b

gravitational constant, 32.17 ft/sec2

moment of inertia about X -body axis, slug—ft2
moment of inertia about ¢ -body axis, slug«ft2
moment of inertia about ;_-body axis, slug~ft2
product of inertia, body axes, slug-ft2
reference chord, ft

reference span of wing, ft

reference area of wing, ft2

thrust moment arm (positive along + % -body
axis measured at x = @), ft

thrust incidence angle defined relative to the X -body axis
in the x-z plane (positive for thrust vector pointed
upwards), rad or deg

horizontal tail incidence, positive for T.E. down, rad or deg

wing incidence, positive for T.E. down, rad or deg

Aircraft Motion Variables

Y
v

¢

true airspeed of c.g. of airplane, ft/sec

indicated airspeed, reading of a differential pressure
airspecd indicator, knots or ft/sec

XV



N E

6 ¢

LN N

N N

inertial speed of airplane in earth surface axes, ft/sec

true airspeed components along the body axes, ft/sec

inertial velocity components in the earth surface axes, ft/sec
gust velocities in the body axes, ft/sec

total angle of attack of airplane with respect to true
airspeed, rad or deg

inertial angle of attack, referenced to inertial velocity
vector, rad or deg

gust angle of attack,a?sa-sé and %= oL -, for small angles,
rad or deg

downwash angle, rad or deg
o vane displacement, rad or deg

total angle of sideslip with respect to true airspeed,
rad or deg

inertial angle of sideslip, referenced to inertial
velocity vector

gust sideslip, 4 = 7;5 and 4 =4-.4 for small angles,
rad or deg J 7 d

A vane displacement, rad or deg

Euler angles for pitch, roll, and yaw respectively (sece
Figure A), rad or deg

Flight path angle, positive f0r$==o, rad or deg
absolute altitude, ft
pressure altitude, ft
Mach number in terms of true airspeed

. - 2, 2
dynamic pressure,f;=é;oﬁ’, in. Hg or 1b/ft

roll rate, component of angular velocity about x -body axis,
rad/sec or deg/sec



Forces

4 pitch rate, component of angular velocity about‘y -body axis,

rad/sec or deg/sec

> yaw rate, component of angular velocity about 3,-body axis,
rad/sec or deg/sec
2, longitudinal acceleration, pesitive along + x -body axis,
ft/sec?
?? lateral acceleration, positive along +jf-b0dy axis, ft/sec2
a normal acceleration, positive along-tz-body axis,ft/sec2
;; longitudinal accelerometer signal, positive along
+ % -body axis, he= ‘:’g;- + sin 6, g units
7} lateral gfcelerometer signal, positive along + Y -body axis,
}: -—5—9-- sin @ cos & , g units
73 normal %Ecelerometer signal, positive along + 3 -body axis,
ﬁ} = _%} - cos @ cos &, g units
P mags density of air, slug/ft3
{; distance fr?m c.g. to a point on the KX body axis, positive
along positive « axis, ft
and Moments
A total thrust, 1b
L lift, 1b, positive along negative 3 -wind axis
D drag, lb, positive along negative X -wind axis
A normal force, lb, positive along negative % -body axis
X component of aerodynamic forces along the X -body axis, 1b
Yy component of aerodynamic forces along the # -body axis, 1b
Zz component of aerodynamic forces along the 2 -body axis, 1b
L rolling moment about X -body axis, ft-1b
M pitching moment about;y—body axis,ft-1b
A yawing moment aboutj—body axis, ft-1b
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Control Deflections (See Figure 2.1)

o

[

LV

LURY

throttle displacement in cockpit, positive forward, deg

elevator deflection, positive T.E. down, rad or deg

total aileron deflection, positive right T.E. down, rad or deg
& L

L4 4

left aileron deflection, positive trailing edge down, rad or deg

right aileron deflection, positive trailing edge down, rad or deg

rudder deflection, positive T.E. left, rad or deg

inboard Fowler flap deflection, positive T.E. down, rad or deg

average engine thrust control displacement, positive for

PR Py
positive thrust, 4 = —'ALZt—L
average side force s%rfacie deflection, positive T.E. left,
d, )
rad or deg, §= ———?7*—54—
average direct lift glap deflection positive right T.E. down,
rad or deg, d'; = "_‘.’.;‘_21‘_{1_

Nondimensional Coefficients

0

2 (o e 0)

0

. P Z
lift coefficient C; = —?:T—
drag coefficient C = ?fs-)—
N
normal force coefficient C”-:?m
. _ Y
lateral force coefficient Cy =33
longitudinal force coefficient € = %
Xz
z
-force coefficient C,6 = 3
J 27 73
. . 4
rolling moment coefficient CIH —55&
A
pitching moment coefficient (= 75
. .. o
yawing moment coefficient Cn— g“__Sb

1ift coefficient at zero angle of attack, zero elevator
deflection, etc.

1ift coefficient at the trim condition
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C moment coefficient at zero angle of attack, zero elevator

e = 0) deflection, etc.
C drag coefficient at zero angle of attack, zero elevator deflection,
e = 0) etc.
CD drag coefficient at the trim condition
o
<, hinge moment coefficient
Tc’ thrust coefficient based on thrust of one engine,
- = 5T  for symmetric thrust
c - Z‘- ]
Stability Derivatives, Nondimensional
ac, -1
C Fe rad
Lar.
o ae, d—l
2, 74, Ta
[
3C,_ _1
C“ 35:} rad
P
7C, -1
C.D“' <  Tad
2Cm  yad’l
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Subscripts
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sub

sub

sub

sub

<7

g

command

center of gravity
thrust

along +j/axis
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sub + trim

sub ™ model

sub 1 inertial

sub g gust

sub X along + x axis

sub  p pilot’s location

sub mT model variable transformed to TIFS body axes
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super R right
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SECTION 1

INTRODUCTION

The Total In-Flight Simulator (TIFS) is a highly advanced flight
simulator that makes use of variable stability flight control concepts to
achieve high-fidelity in-flight simulation, However, in addition to the simu-
lation of the angular attitudes and motions, that is, simulation of airplane
behavior, the TIFS is designed to provide a correct environment for the pilot.
This report describes the status of the TIFS development to about 15 June 1967.
Nearly all of the aeronautical, electronic and mechanical work done on the

TIFS project to that date is described in detail herein.

1.1 PROJECT DESCRIPTION

The purpose of the TIFS program is the development of a Total In-Flight
Simulator to be used in the investigation of handling qualities, cockpit dis-
plays and instrumentation, and control system research related to handling
qualities criteria., TIFS will support design of large aircraft under current
and future development. The simulator will have the capability, in flight, of
duplicating the flight path, motions, attitudes, and the control system charac-
teristics associated with the stability and control characteristics that are to
be simulated, as well as the cockpit environment and outside visual references

that are representative of those of large aircraft.

TIFS will utilize a C-131 aircraft as the basic airframe and will have
a complete three axis, six-degree-of-freedom variable stability system with
variable control feel and breakout force. That is, in addition to the usual
three-axis control of pitch, roll and yaw, TIFS will have variable thrust (or
drag), variable side force, and variable lift force capability. It will also
have a cockpit with controllers, displays, and outside visual references
representative of the aircraft being simulated and will have recording equip-
ment that is compatible with existing data reduction facilities and which is
capable of recording data for handling qualities, human transfer-function, and

displays-research analysis.



After the ground checkout of the variable stability system, the air-
craft will be modified to incorporate turbopropeller power plants, and other
modifications will be made that are normally associated with the turbopropeller
power plant installation. After modification of the C-131B to the TIFS super-
sonic transport (SST) configuration and immediately following the initial
shakedown flights, data flights will be conducted. These flights will include
an evaluation of the adequacy of SST visibility from the cockpit with the

visor in its cruise position.

1.2 DESCRIPTION OF TIFS

The Total In-Flight Simulator airplane is a modified Convair C-131B
with turbopropeller power. Two of the TIFS modificatjons are visually appar-
ent, namely, the added nose section and the side-force surfaces. Figure 1.1
shows an SST nose, with visor up and down, and an alternate Advanced Manned
Strategic Aircraft {AMSA) nose. Another major external change in the airplane
which may not be apparent is the outboard plain (aileron-type) flap that

replaces the original airplane Fowler flap.

CAL received from the USAF a C-131B airplane which will later be
converted to the C-131H version. The conversion consists primarily of the
installation of the Allison Propjet Engine, Model 501-D13D with an Aeroproducts
A6441FN-606 propeller. The conversion will be done by the Allison Division of
the General Motors Corporation. Fabrication of the TIFS nose sections, the

‘side-force surfaces, and the plain flaps is being done for CAL under various
subcontracts. More detailed descriptions of the various modifications to the

C-131 are found elsewhere in this report.

Table 1-1 lists a few important data for the TIFS that are not included

elsewhere in this report.

Figure 1.2 shows the TIFS airspeed placards the same as the C-131H
(USAF designation of the Convair 580). TIFS modifications are being designed

so that these placards need not be changed.
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Table 1=|
SOME TIFS GEOMETRIC DATA

WING SPAN b = 105.3 FT

WING REFERENCE CHORD ¢ = 9,525 FT
WING AREA § = 920 FTZ

WING ASPECT RATIO 4R = 12
WING ROOT CHORD INCIDENCE +4.0 DEG
HORIZONTAL TAIL INCIDENCE ~0.5 DEG

MAXIMUM DESIGN GROSS WEIGHT 53,200 LB

1.3 ORGANIZATION OF THE REPORT

There are six major technical sections in this report which describe
the TIFS development to date. Section II presents equations of motion, aero-
dynamic and physical data for TIFS, engine thrust, and propeller power effects.
This section also describes the results of the first wind tunnel test of TIFS.
The TIFS aerodynamic control surface requirements for simulation of a supersonic
transport are described in Section 1I1I. The model-following variable stability
loop design is described in Section IV. This section deals with designs
accomplished using conventional techniques, while Section V deals with model-
following design using linear optimal control techniques. The two methods are
meant to be complementary. Section VI concerns mechanical and structural
design of TIFS. It deals with such major aspects of TIFS development as the
nose section, the side-force surfaces, the plain flaps, the hydraulic system,
the fuselage structural modifications, and so on. Finally, Section VII deals
with the design of the TIFS electronics, namely, sensors, feel systems, servos,
patch panels, the model computer, pilots' instruments, control consoles, and
the data recording system. Each section is as self-contained and independent

of the others as is possible.



SECTION 11

TIFS EQUATIONS OF MOTION AND DATA

This section presents equations of motion and data for the TIFS airplane
as well as a discussion of the first wind tunnel test of TIFS. Section 2.1
gives the equations of motion in several forms. The equations of motion are
derived first in an exact and general nonlinear form. Then, for use with the
six-degree-of-freedom analog simulation, the equations are simplified through
the use of several reasonable approximations. Axis transformations, necessary
for variable stability simulations, are described, and finally, linearized

longitudinal and lateral-directional equations are given.
TIFS data are given in several areas:

1. aerodynamics, static and dynamic derivatives, and also control

derivatives,
2. mass and inertia, and other physical data,
3. engine static and dynamic thrust, and
4, propeller effects on aerodynamics.

Static aerodynamic data were both estimated theoretically and measured in the
wind tunnel., Dynamic derivatives were estimated theoretically. The control
derivatives for conventional control surfaces were determined from wind tunnel
tests of the Convair Model T-29E. Side-force surface and direct lift

flap control derivatives were estimated and later determined from wind tumnel
tests of TIFS. Mass and inertia data have been determined on the basis of
Convair 340 data and CAL estimates of the weights and locations of TIFS modifi-
cations. The mathematical model of the Allison propjet engines to be used for
TIFS was derived from data supplied by Allison. Finally, propeller power
effects, both direct and indirect, were estimated using theoretical methods

together with T-29E wind tunnel powered model data.



2.1 EQUATIONS OF MOTION

This section consists of four subsections dealing in turn with exact
nonlinear equations, approximate nonlinear equations, axis transformations,
and linearized equations that are separated into uncoupled longitudinal and

lateral-directional sets,

2.1.1 Exact Nonlinear Equations of Motion

This section presents the full, exact, nonlinear equations of motion
for TIFS and also for the model airplane, written in both vector and matrix
form for convenience. The particular form of the final matrix equations was
originally developed for use during the General Purpose Airborne Simulator
(GPAS) preliminary design study (Reference 2.1). Several auxiliary equations
known to be necessary for TIFS are also given. Figure 2.1 shows the pertinent
axis systems and the positive sense of the primary motion variables and aero-

dynamic coefficients.

In vector form, the force equations are independent of the choice of

coordinate system:

——

W<t

- - - -
-+ /-; 7= oml *omwX (2-1)

eryg

~ .
grevity

where 1& is the velocity relative to an inertial coordinate frame. For our
purposes, the earth's surface may be considered an inertial reference. 1In
body axes, here defined directly from the water line - fuselage station -
buttock line reference system, the vector equation may be written in the

following matrix form:

¢ 7; w o -7 g “y
- §tn & 7 x "x “z
g | Sin @ cos & |+ ——,OVZS Cyl*lo |77 [ tom | O pl iy (2-—2)*
cosd cose| 2 C 5 r} ar ¢ P Y/ wy

* -
The thrust components can also be written in terms of the magnitude (7 ) and
incidence (¢, ) of the thrust: 7, =7¢eos ¢, 7, = -7 87 4,
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. 2z 2 2 . . .
where V=¥ only in still air and V. = oy rwr This matrix equation

implies that the thrust vector 7 lies in the plane of symmetry of the airplane

but is not otherwise constrained.

In some circumstances, it may be convenient to express the airplane
aerodynamics in terms of lift, drag and the associated wind axis side-force

coefficients; thus, we may write

C, -C, Cos o, COSA,  ~Cosa, Sinf, - Sine, -C,
% C, Simee, €038 - Simec, Stn4, cos e, -C,

wind axes to body axes

The transformation matrix FWV ]in Equation 2-3 is the product of two separate
-5

orthogonal transformations which take the components of a vector from wind axes

to body axes. These transformations are a sideslip (4, ) transformation first,

then an angle of attack (e, ) transformation second.

In past studies, notably GPAS (Reference 2.1), it was concluded that
there is a distinct advantage in using a special nonorthogonal set of force
equations. Specifically, our nonorthogonal coordinate system is defined so
that its ¥ axis is directed into the relative wind and its ¥ and g axes
are coincident with the b4 and 2 body axes, respectively. In other words,
the x axis is a wind axis and theﬁfand 3 axes are body axes. The non-

orthogonal (NO) axis system has the advantages for analog computation that:

1. The drag (x wind axis) equation appears in its simplest and most

meaningful form.

2. The y and 3 force equations occur in their conventional body

axis form.
3. The total velocity, ¥, , is obtained directly by integration.

The one seeming disadvantage of the system, its nonorthogonality, is of no

consequence in our applications.

The nonorthogonal force equations may be obtained by transforming the

body axis equations (Equation 2-2) using the transformation matrix



cos e, COS8 4, $inf, Since, €038,

2-4
[Lah_“] - o 7 o (2-4)
o Y, 7

body axes to nonorthogonal axes

Figure 2.2 shows both the body axes and nonorthogonal axes and the
relation between them. Because of the nonorthogonality of the transformation,
the inverse transformation must be accomplished by using the inverse matrix

[LB_’M_,]-' rather than the transpose of [L as is usually done.

d-—v#ﬂ]

The nonorthogonal force equations are as follows:

-s.m d , e 7, Cos e, COSf ; St e cas,g
g S B oog & +;—;PV5 Cj * o
Cos B cos & 7
ﬁ (-X C" ;_
vV o
R I B IR (2-5)
“I 24 TrPY
where
$in 7 = cose, Cogh $iné - Sinp sin @ Cos 6 - Sinee, €034 cos g cos & (2-6)
Uy= Vy Cos x, cos A, (2-7)
Cy= = Cp 5inpy+Cycosfir (2-8)
Cg."‘ —~(pStno cos - €, Stn e, sin 8 —C, cos oy (2-93

Note that there are no angular velocity terms in the drag equation as in the
other two. If there is no g component of thrust or if it is negligible, then

a thrust term occurs only in the drag equation.

The moment equations are written in the conventional body axis matrix

form:

10
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a ¢ b LC; 2]
'Ixx & J,} P o -r g I, @ —]z} £
Z b > - o 7 &
-zo 7, WAL it e 2 ; (2-10) "
3 g 23|17 [f ad xg

By the form of the moment of inertia matrix, it may be seen that we are
assuming that the airplane has a plane of symmetry. In vector form these

equations would be written as

i

X 7 =

+
~1

(2-11)

aero

where the tensor , the moment of inertia tensor, changes the magnitude and

direction of a vector on which it operates. In particular, the product 75
is known as the angular momentum vector, often designatedﬁy. The position
vector ?i is normal to the thrust vector and has a magnitude equal to the
distance between the airplane c.g. and the line of action of the total thrust

vector,

The equations for the Euler angles are also written in the conventional

form:

g Sing + rcosd

*
This equation,
situation,

v - cos & (2-12)

é = geos g —r sin g (2-13)
Sing $ind cos g §in &

$opr ( cos & )f " cose )7' (2-14)

in its present form, will not accommodate an engine-out
A straightforward modification is required.

12



Several auxiliary equations, giving rate of climb and angles of attack

and sideslip needed for TIFS design and analog computations are listed below:

h o=V sin? (2-15)
= i S v % 2-16
a, Taww , ¢ 2 14553/% ( )
3 -
A, = sin” (2-17)

Accelerometer and vane signals depend on sensor location relative to the
airplane center of gravity. In particular, at some location denoted by the

- *
vector {;é relative to the c.g., the accelerometer signals (in g's) are given

by the following vector and matrix equations:

- - - >

—
771;.—.7?’;(? +T)+~g’—wxfxé+?’~wx(wxfxi)
. (2-18)
— ;- - — —_ - — —
=.;_y+ wav—,-’f“} Fgnavits +~gf—wxix¢+§’—wx(wxjx.4)
7x, Cx x o ~(r?+g%)Ly
S R z T £
”ax Cg 73 - 94y Py
. . (2-19)
73 o -7 g u -8in @
=_§/_ i +_yf_ r o -pllv|-| sin g coso
w - p 0 aw cos ¢ cos &
0 -(r2ir o)l
rAi Pl |+ r j;‘) i
M L Sad 4
? x prfy

These are all body axis components.

*
For simplicity, we are ignoring displacements in the b4 and g direction.

13



7y s and 'f}
is obtained by transforming the components of the vector ;z; into the earth

The equation for the vertical acceleration in terms of 7

surface reference frame. Therefore, we obtain

h o= -9 g (n S$tn8 -7y, Sén & cos 2 - 7, cos g cos 8) (2-20)

where g is the acceleration of gravity.

The matrix which transforms components of a vector in the earth surface

system to components in the body axis system is

7 o o cose O -8ind

["‘;-»a} = [¢] [&] = |0 cosg Sing o 7 0

0 -sing CoSd sin O cos 8

(2-21)
cos & & -8tn &
_| gingd s5in ; 8
[j';-»a = smpfsz.rza cos ¢ St cos
cosg 8tn 8 -Sing cos ¢ cos @

The transformation [’g{f] which accounts for the heading angle (measured from true
North) has been ignored since we are generally dealing with heading angles
relative to some reference flight path. The inverse and transpose of [LE—'-S]
are identical, i.e.,

owd = L)

where the 7 means .transpose.

2.1.2 The Axis Transformation Needed for Attitude Matching

The TIFS airplane is intended to simulate the environment and motions
of the model airplane as experienced by the pilot of the model. Therefore, the
cockpits of the respective airplanes must have the same trim attitude, and, for
simulation purposes, the cockpit motions about this trim attitude,must,also be
matched in the same axis system. When the attitude of the TIFS nose section

matches that of the nose of the model, there will, in general,be some angle

14



between the two fuselage reference lines. We assume that this is simply a pitch
attitude angle Qﬂ. Figure 2.3 illustrates this angle which is measured positively
from the TIFS X body axis to the model X body axis.

x R

e

TIFS FRL

e
HOR 1 ZONTAL _ ! Fser

MOpg[ FRL

<4
W

Fm

Figure 2.3 RELATION BETWEEN TIFS AND MODEL BODY AXES

This transformation could be accomplished implicitly because the model
airplane equations could be written directly in the rotated body axes con-
forming to TIFS axes. However, it is useful to be able to observe the responses
of the model in its conventional body axes rather than some rotated axes. For
this reason, body axis motion variables of the model are transformed into the
TIFS coordinate system as a separate operation during the design study

simulations.

For all vector quantities, such as 2 . w0 , and >, the vector components
may be transformed from model body axes to TIFS body axes straightforwardly

using the transpose of the transformation matrix

cos ¢, o -87% ¢, (2-22)
[Lr ] = o 7 o
§en 2 o cos ¢,,

TIFS body axes to model body axes

15



For example, we have

fm 7077\‘
fm:: = I:LT*-’H]T gm
Tomr »y

where the »»7 subscript denotes model airplane quantities expressed in the TIFS

body axes.

Model variables that are related to vector components, such as « ,

may be transformed into TIFS coordinates by using the defining equations for

those variables. For example, using Equation 2-16 for ® s WE cbtain
‘ W, - gy, SN loy » W, €OS &,

8¢ o ;= - =
> e Vaur €05 5,

-7
where ] cos 8, is invariant under the Lr_,”] transformation. Now, for small

x ., A4,8nd 4 and for« =), we cbtain

o R Al -2
mry 7 >
Obviously, certain quantities are invariant, such as V,4 , and 7and their time
derivatives, because they do not depend for their definition on the particular
airplane coordinate system used. Other variables, such as 4, are invariant
only because EQM_F7J is a pitch attitude transformation which does not affect

4 axis components of vectors.

There is no simple, general way to transform the Euler angles ¥, &,
and¢ since these are not components of a vector., However, as with the vector
components, these angles are different in different coordinate systems and, for

simulation, must be expressed in the proper coordinate system.

The model Euler angles are computed directly in transformed axes for
the nonlinear, six-degree-of-freedom simulation. However, for the linear design
simulations, the following small angle approximations, derived in Reference 2.2,

are used to relate the angles of pitch and bank,

8, _ =&, i, (2-23)
)dmr = ;6,” ’

A complete discussion of the axis transformation is given in Reference
2.2,

16



2.1,3 Approximate Nonlinear Equations

For purposes of the nonlinear six-degree-of-freedom simulation of TIFS,
approximate nonlinear equations are employed in order to conserve analog
computing equipment. The particular approximations used have negligible effect
on the computed results for the kinds of maneuvers considered in system

design. Specifically, the approximations are as follows:

1. The inertia coupling terms (i.e., products of angular velocities

£ 9, and » )} in the moment equations were neglected,
2.  Whenever «, appeared, it was replaced by V; .

3. Cos o, ~ /7 and sin «, =~ o, ; cos /31:-! and sinlgj=,5: .

I z
4. In the z force equation, -€,sin o, oS & -, €OS oty
-—Cysin al.sin/sr was approximated by-<, , and in the v

force equation,.(, sing,+(, cos &, was replaced by its

body axis equivalent,*Cy

. . (23}
5. The approximations &, = —£ and &, = 22 yere introduced
z Ny z A

which when differentiated yielded
L4 .

X = ok o g oL = Zz
&y K % v 7 ”i 4 ‘xg

However, the further approximation,/éz= was used for

ﬁ‘h? Qiki-

the simulation.

6. The thrust vector, 7 , acts along the X Dbody axis.
The Euler angle computations made use of the exact equations, without approxi-

mation of any kind.

The nonlinear force and moment equations based on the above approximations
together with several pertinent auxiliary equations are given in Section 4.4

of this report which discusses the six-degree-of-freedom simulation.

2.1.4 Linear Equations of Motion

The linear equations of motion were derived using conventional techniques

and are based on the approximate nonlinear equations discussed in the preceding

17



subsection, 2.1.3., However, certain additional features are found in the
linear equations that increase their versatility, The equations are linearized

about the reference flight condition defined as follows:
1. all linear and angular accelerations are zero

2. all angular velocities are zero

3. #,=0and b, =0

-

4. 4 J nd 4 re Zero.
e, » %, a J; a [

Sines and cosines of angles are linearized according to the formulas
$in (e, *de) = Sep o, ¥ A CoSex
Cog (at*-dac)

Similar formulas hold for other angles as well. Small angle approximations are

r
Cog &, = 4 e SdJ?(xt

further used so that cos %, = 1 and sin x, =, and similarly for é, and if
Variables appearing in the denominators of terms are linearized using the

binomial theorem, e.g.,

AY
F3
Y

—’-- '-,—x_/_._.
y =y rav) = Y

For convenience, the I subscript used in previous sections will be omitted
here. Finally, incremental variables will be denoted with the symbol A

except when the trim condition is assumed zero as indicated above.

2.1.4.1 Linear Longitudinal Equations
The equations are written in terms of « , & and V where
is the local inertial angle of attack anywhere on the X body axis
j.x - -
% D 6 +g488 ~V *0D AY * D Adec =-0,4d -0, Ad’} (2-24)
X 7
ﬁ’é’—(ﬂ—”zz 6-Z A8+ =2 V-2 AVra (2-25
ya: y; ac) 8 11_ Y x -25)
-2 Ac,= ,za,e Ad, zf} ad
£, ‘e Y .
- =X - =& - - 3
( ; Md)e (Mg 3 MYG = M8y =M &

18



~JV; Actw =
where
Ly -
A & = Ao - ]7- &
t
_ % Y _ . :
A”X—}“ [% o cx_+cct€]+~zﬁt_9
Ve . Xe ]
= -+ — +
A);}z 2 [mx v, vV -¢ 6;49
ah = ¥ (A6-Ax)+ 7, AV
where
7 4 e,

The dimensional

7 g7
;;(/0*?"%‘ )

ﬂ =
v
i —
H = ;;(fé’cadv*cat?'thW)
;7 ér
o, =~
9, » a4,
_ 38
g -%e,
J 2
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M, 4d, » M. Ad +M A
e = % x4

derivatives are defined as follows:

(2-26)

(2-27)
(2-28)
(2-29)

(2-30)

(2-31)
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2.1.4,2 Linear Lateral-Directional Equations

The lateral-directional equations are written in two forms

depending on whether,él gf, # or o s 0 # are used. Using the former set,
we have the following equations written in terms of/4; for a location off the

airplane c.g.

. ) Y,
_(qff}/)ﬁ—-%;d-—%r+(1+d 8 +9)/-);+7:5-’)é)r

»r ¥ 7 r 'po
4 -V =Y. d - ¥ 4~V d 2-32
Ay~ Bl g, ‘e 4. {} 'y (2-32)
< £
- ~f Zx3 - k- &
RS +%)r+(qu 4 5 Lﬁ)r Ly 4,
= L. £ r L, d rl. & 2-
g2 T T Y (2-33)
e - 2y ) Yy,
._}H..;¢ ﬂpﬁf(!*%}“;)r+(%/%—,{/;_+—f—/%)f
J3 A7 z
Hghy = Ky Gt K, G A S, (2-34)
- ¥
where
£
Ay =p7 —,f ” (2-35)
n, =t b+ (1, 8)r-a, g8 (2-36)
yz 3 X ro a’:‘ :
Now since
¢.~:20¢6t7‘ {2-37)

the equations may be rewritten in terms of p and o instead of ¢ and ;ﬁ

respectively.
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+/3;—}3/7=);,a;+§ ¢ VY d (2-38)

=L, 0 +L, & *L. O (2-39)
d‘;. -3 d"r > d-}( y
S R N YV &) AT/
7oz 7 P T ( "y ,d‘) = Ny A
=N, &L r AN L N I (2-40)
4 %2 "%, (4
and
w, = 2|4 osr - (2-41)
Yo 7 SR

The dimensional derivatives are defined as follows:

7§
Y, = 42— (
] my, 9s
_ .25
AT
S
v, = 2= ¢
% m}; 5@"‘
S
Y. = — C
J'y m¥ yfjf
y = 235 ..,i_c
P my, 21 4e
. 25 b
S AR
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2.2 TIFS AERODYNAMIC AND PHYSICAL DATA

This section first presents a discussion of the results of the wind
tunnel test of TIFS. The particular TIFS studied was the SST simulation
configuration since it is longer than the AMSA configuration., Subsection
2.2.1 discusses the test results and compares them with estimates made before
the tests. The static aerodynamics of TIFS can be obtained from the data given
in the subsection. Additienal aerodynamic data, primarily control and dynamic
derivatives, are given in Subsection 2.2.2. Finally, physical data on weights
and inertias, seat reference point, control surface deflection limits, and

Fowler flap limits are in the last subsection.

2.2.1 TIFS Wind Tunnel Test

The TIFS wind tunnel tests, designated CVAL 471, were run with an
unpowered (propellers off) 0.092 scale meodel of the C—lSlH* airplane with
TIFS modifications incorporated. One hundred hours of testing were done at
the Low Speed Wind Tunnel of General Dynamics, Convair Division, at San Diego

between April 7 and 14, 1967,

The TIFS modifications included the addition of a forward SST cockpit
and viscer and side-force surfaces as well as substitutions of several flap
configurations for the original Fowler flaps of the C-131H. The influence
of the fuselage extension on the airplane stability and performance was
determined. Also, these tests included measurements of the side-force surface

and flap effectivenesses and their mutual interference effects.

Based on data in CVAL 104 [Refefence 2.3), the equivalent full-scale
reference center for all wind tunnel moment data is located at WL 36.00 in. and
FS 381.30 in. This corresponds horizentally with 0.266c since the full-scale
mean aerodynamic chord (MAC) is 114.3 in. and the leading edge of the mean

aerodynanic chord is at FS 350.80 in. full-scale.

*

The C-131H is understood to have the same airframe as the Allison Propjet
conversion of the Convair 340, The wind tunnel model is referred to as a
C-131H although it is not exactly so:

1. Table 2-1, which compares the empennages, shows a small difference in
horizontal tail area.

2. The tail incidence used in CVAL 471 was iH = 0° rather than the
i, = -0.5% of the C-131H airplane.

3. He turboprop engine nacelles used in CVAL 471 werc approximations
to the nacelles of the full-scale C-131H airplane.
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The Reynolds number for the TIFS wind tunnel tests is approximately
1.2 x 106 based on the model MAC which is 10.516 in. Correspondingly, the
dynamic pressure was 61.5 lb/ft2 and the velocity was about 230 ft/sec. No

attempt was made to apply Reynolds number corrections to the wind tunnel data.

Table 2-1
COMPARISON OF T-29E AND C-13|H EMPENNAGES

EQUIVALENT FULL—SCALE

MEASUREMERT T-29E (REF. 2.3) CONVAIR C-1314
OVERALL FUSELAGE LENGTH 79.1 ft 79.2 ft
RORIZONTAL TAIL AREA 250  ft? 263  ft2
HORIZONTAL TAIL LENGTH (FROM 46.0 ft 6.0 fi

L.E. OF WING-FUSELAGE INTER-
SECTION TO HORIZONTAL TAIL HINGE)

VERTICAL TAIL AREA (ABOVE W.L. 9.8) 126.3 ft2 126.3 ft2

VERTICAL TAIL LENGTH {FROM L.E. OF 46.7 ft 46.7 ft
WING-FUSELAGE INTERSECTION TO
RUDDER HINGE)

2.2.1.1 Summary of Results

The wind tunnel tests show that TIFS essentially meets all
aerodynamic predictions except those regarding the side-force surfaces. In
particular, the side-force surface effectiveness is considerably smaller than
required, and a substantial and unexpected flow separation on the wing due to
the surfaces causes a large decrease in airplane lift coefficient and a large
increase in induced drag. These results have necessitated a redesign of the

side-force surfaces which will be evaluated in a forthcoming second wind tunnel
test of TIFS,

The side-force surface (SFS) effectiveness was shown to
depend on angle of attack, the effectiveness being greatest, and slightly ex-
ceeding the estimated value, at o= -4°, At reasonable positive values of
angle of attack, the SFS effectiveness is about 70% of the estimate. Analytical
studies sugpest that this is not adequate. Interference measurements designed
to show the changes in side-force surface effectiveness due to direct lift
flap (DLF) deflection showed that SFS effectiveness increases with DLF deflec-

tion either trailing edge up or down.
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Tests showed that the direct 1ift, plain, outboard flaps
are about as effective as estimated. For what are considered to be typical
operating conditions, the effectiveness exceeds the estimate. The 1lift incre-
ment due to DLF deflection is highly nonlinear in character; the best linear
range is centered about 5° trailing-edge up. Side-force surface deflections
have negligible effect on flap effectiveness for representative angles of
attack.

The TIFS {Nose) fuselage extension and the visor, the
movable part of the fuselage extension, have a destabilizing effect in compari-
son with the basic C-13IH as expected, but the amount of destabilization is

slightly greater than estimated.

Although corrections for Reynolds number were not made,
the drag increment due to TIFS modifications agrees approximately with esti-
mates. The nose extension does not increase drag as much as expected while

the increase due to side-force surfaces is higher than expected. The drag at
zero lift with propellers off is increased about 30%.

Lift coefficient data with propellers off shows that with
full down flap, Fowler flap inboard and plain flap outboard, the value of
¢ is decreased by no more than 20% compared with T-29E data previously
L max

measured for full Fowler flaps at zero thrust, propellers running.

Tests were made to show the effects of removing the nose
vgear door from the TIFS modification of the underside of the fuselage. The
changes in 1lift coefficient and pitching moment coefficient are very small

and certainly negligible. There was no measurable drag increase.

2.2.1.2 Stability with SST Forward Fuselage

Slopes measured at & = 0 from Figure 2.4 show that the
TIFS G, , visor up, is -1.38 rad"!", whereas for the C-131H, it is 1.66
rad” !l Therefore, the increment in(,  due to the addition of the SST
nose, visor up, is +0.28 radhl. This is somewhat worse than the estimated

incremental value of +0.23 rad_l. The T-29E Cm‘ values from CVAL 104 are

%

Comparison of data from runs 87 (SrKS on) and 17 (SFS off), CVAL 471, shows
that the presence of the side-force surfaces affects both Cmg and C,,,c .
The data in this subsection is for side-force surfaces off. t
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-1.26 and rad ! for zero thrust (Reference 2.3, Fig. 10, Run 13), and -1.46
rad-1 for propellers off (Reference 2.3, Fig. 11, Run 163). The reason for
the large discrepancy between the C-131H value,(, = -1.66 rad_l, and the
T-29E propellers-off value, {, = -1.46 rad-l, has not been ascertained; these
values should have been very nearly identical. The equivalent values of‘lﬁL
are -0.271 for the C-131H, -0.224 for TIFS with visor up, -0.205 for the T-29E
at zero thrust, and -0.238 for the T-29E with propellers off.

When the visor is deflected downward 20°, the measured
Cn, is -1.15 rad”! which is equivalent to‘MEL = -0.187. From this, the
increment in (,, ~ due to the 20° visor deflection is +0.23 rad”}

With the value of G, for the T-29E at zero thrust taken

as a basis, the €y, ~ for TIFS with visor up is -0.98; with the additional
increment due to visor droop added, p, is -0.75 radﬂl. These values, although
considerably smaller than the::nﬂxof the basic airplane, indicate that
TIFS will have acceptable static stability. Moreover, the static stability
loss due to the SST nose extension is offset by the c.g. positions to be used

for TIES, which are estimated to vary from about 10 to 20% of the MAC.

Figure 2.5, a plot of ¢, vs # , was used to obtain incre-
mental slopes between TIFS configurations with side-force surfaces off and the
C-131H for static dlrectlonal stability. Chs is +0.117 rad_1 with the SST nose
installed and +0.153 rad” ' without it. Therefore, the increment thCné due to
the addition of the SST nose is -0.036 radul. As for the longitudinal results,
1 When

the visor is deflected downward 20°, the measuredfh is +0.093 radtl. From

this value is larger than the estimated increment which was -0.019 rad

this, the increment due to the 20° visor deflection is -0.024 rad Figure

2.6 confirms this visor deflection increment for £ = +4°.

With the increment
due to the S5T nose added to the value of qhs for the T-29E at zero thrust

(Reference 2. 3), ng for TIFS is +0.096 rad_l; with both increments added,cqg
is +0.072 rad . Again, as for the longitudinal case, the directional static

stability of TIFS, although much smaller than that of the T-289E, is acceptable,

Some of the difference in the no-propeller data of this
test and the no-thruast but propellers running data of Reference 2.3 may be

explained as propeller-fin effect. Qualitatively, such fin effects are
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destabilizing for both the longitudinal and lateral results, as were the

measurements in both cases.

2.2.1.3 Loads on the TIFS SST Nose with Visor Down

The incremental 1ift coefficient between TIFS with visor
down 20° and the C-131H at &£ = 0° is about -0.017, which compares with -0.028
estimated. However, the lift increment is too small to be accurate from
the test data. In fact, the incremental lift coefficient between visor up
and the C-131H appears larger than that between visor down and visor up (see
Figure 2.7) - a result which would lead one to question the accuracy of the
data.

Two other measurements that pertain to visor loads are
Aqm at constant £ anddcnk; between visor down 20° and the C-131H. The
change in~ACM at £ = 0° is -0.095 (see Figure 2.4) compared with an estimate
of -0.137. The change in &G,  is from -1.66 to -1.15 or +0.51 rad’l as
noted previously. The increment of Acb%L consistent with the estimated 1lift

on the visor is +0.41 rad_l.

The drag increment due to the TIFS SST nose with visor
down 20° was estimated theoretically for &£ = 0° using slender body theory
with cross flow. The value®€p= 0.011 was obtained. The measured increment
between TIFS, visor down, and the C-131H isAC,= 0.012 at o< = 0°. This
apparently good agreement between estimated and measured increments is quite
likely fortuitous since the estimate ignored any aerodynamic influence of the

SST nose with drooped visor on the remainder of the fuselage.

In view of the fact that the measured increments are small
differences of large numbers and that there is reason to question the accuracy
of the 1lift data, it is recommended that the estimated increments to used for
design purposes. (See Reference 2.4 for further consideration of loads due to
the TIFS SST nose with visor down.)
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2.2.1.4 Modification Effects on Lift and Drag - Flaps Up

Lift coefficients and drag coefficients versus angle of
attack show expected results for the fuselage extension but entirely unexpected
results for the side-force surfaces (see Figures 2.7 and 2.8). The fuselage
extension has 11tt1e effect on the slope of the 1lift curve: C = 6.2 rad'1
for C-131H, 6.1 rad for TIFS less side-force surfaces. These values compare
with 5.8 rad”! estimated. The maximum 1ift coefficient is about 1.3, flaps up,
and is not affected by the fuselage extension nor even significantly by the side-
force surfaces. However, for the range of angle of attack with respect to the
fuselage reference line between zero and fourteen degrees, there is a deficiency
in lift and an accretion of drag which, along with observations from the tuft
pictures, make clear the existence of appreciable unexpected interference and
local separation of flow at the side-force surface and wing junctures. Forth-
coming wind tunnel tests of the redesigned side-force surfaces should show

considerable improvement.

2.2.1.5 Side-Force Surface Effectiveness Without Flaps

Peak effectiveness of the side-force surfaces occurs at
X = -4°, as shown in Figure 2.9. The peak value is about what was estimated
when allowances were made for reduced aspect ratio based on the gap between
the surfaces and the wing. For angles of attack smaller or larger than -4°,
the effectiveness drops off until at o« = 4° it is about what has been
estimated for infinite gap at the roots of the surfaces. "Infinite gap"
assumes that the upper and lower side-force surfaces act independently in
generating side-force; whereas ''finite gap'" designates the case estimated in
which the opening between the side-force surface and the wing averaged about

5.5% of the side-force surface root chord.

Assuming that 5, and 8 are equally effective in producing
side-force surface force, the useful range of the side-force surface deflection
is about -22° as may be construed from the 59 = 0 yaw Tun (Run 26) in Figure

2.10, (Figure 2-11 confirms this conclusion for & = -1°.)

The side-force coefficient in wind axes for TIFS with
59 = 0 has been plotted vs. sideslip in Figure 2.12 for comparison with the
same data for the C-131H and for TIFS without side-force surfaces., The

measured slopes, CHQ;’ are compared in Table 2-7 with these estimated.

33



-
5y

.
L

20

i2

34

ANGLE OF ATTACK, oc~ DEG
0,4=0

5¢ = 0.8,

:..---...--:.---..---.. R
----:.--.:!...-.-- B R SRR : 3 ¥ ¥ :
A . < : : . ! ; H ' : : _
i i ; : ; ! : : _ ; : : : : “ w — “ " ; "
| \ f H i H ' H H \ H | f 1 i W, = ! ! i
' H ' H H ' ' H W ' ] H 1 i H o S [ PR Feemews 4
H H H i 5 r edua —a - s ' ’
H M ! . : e L LT Ty - - - - ) [} [ 1 H H
.—---!»:--||||.“|-r!.--s.-n---;.u-u-.-..u-.- v H . i : ; : ' ' o o : : " “
; ! : ! : i “ : : i i i : i : [rigyvis : : |
H ' [ 1 ' H ¢ H H H H i . ' ' [2- T -] H H . .m‘.. a. .
\ ) H H | H \ H i i ' H H o b- + - )
i 1 H H i [l i A 4. EERRELEERE & 4 -1 B it H ——— H H : i
e e i - or- n“‘ H * ' H ! H H i = “ : : :
g 1 . Il . 1 ! H H H H H 1 ] H H H b
: . ! : : : : ! : . : ; : : H = : : ; !
; m i H H H H | H \ H : : : i =S [ I J— LS
: b ' H H H ¢ ! 1 [, I t AP b S A R P —— : ' H !
[ [] F) —— 2. - o H H H ' 1 H
' 4 4+ g ' ' ' ' : : ' .
r r H ' H ' ! H ! H H 1 H ' ! - ! . ' H
' ' 4 H H i ' ' . ' ! H ' H H oo o ' H ! H
H : : ; : : ; : ! ! ! ! ! : ; . @eawm beeees T fomeme e fo-m- e
H H ! H i 1 L I Bt S e -4- -4 —_ e - v ' : H
F -4-- . et poes ' -=ete T + ' : ' : : : B ' i : ;
t i i [ i H N \ H H ' H H ' ! — ! ! i !
H H H H ! | v 1 . ! H ' i v ' M e e . ' H a i
S DS VS NN T T NS VU WU MO VOV, FOUOON VOUOOS U200 O S NS RS NN SR
) 1 i ' 8 ' ' ' H H H H | (R IR, - Jremenee bt d )
H ' H 4 H H F JE e [ Y L pmm——--- t RELELLES - r I W W ! ! ' \
e T ot g . v ! : ; ; ; ; ' o= = ' " ; :
" H 3 : H : H ! ; : ' i i : Ll S ! " ; i
H 1} 1 H
H H M H H i 3 ' 1 ¥ ' + 1. .- - S
! : : ; . oo feeean. dereaeas dreeene Ao E A PR P ol o4 _ : " ;
I IR ] o -—-- . " "s H K : ; : — ' : ! !
4 : '
' i : ; . ; H ) : E=EZ X ' ! ! !
{ : i : : : ! =355 5 O BV BRSO S
: H H H | SRnEEED ros---o roree- -] s H H :
:
[ [ 4 : i : : : :
: : : : : o) 0 H } H H
: N ' ! ! :
i : : i . : a40a i SSUN S foeeeeen
! H H LS DU U S S S S T A sy, O U ‘ : ¢
H H ' ' ; j . _ . :
+ 4 + v ¥ . ' ' i i '
+ r} " ' R ¢ ! H ' ' H h
I3 ! v 4 . H H '
H H H H . L] 1 ) 1 1] [}
H ! ; ; : : ' ! ! : T T e . U P A U
: : : H M 4 ! [P SO, S S S A " T
H : : : praseseats n !
' |
H H H . : H | i ' i |
H H ' H i ] 1 1 1 + L] 1] )
1 ' ' 1 H ' ! H ' ' ( ' H i
' 1 H i i ! : H ' : H : : i
' H H H H ' i H | L H = IR S I, T '
H ! : H ' . S P Sy e ! !
lw- ||||| B dmmamnaa bmmim—— Pamaemsm poaenes H 4 r r T i i H : ;
- ' H H H H i H ' ] ' ¢ H H ‘ H H
[ H : : i ' : ] ' : H : : : ' :
1 \ ) * F ] ' H B H H ' » H H H PR [RA——
! H : H : H : : : : : : L S SO SOOI SU [\ . - + ;
: i i [ ! P A daeeeann deeeanen dermenna [RCEEETET EELEL A FEREE : ' H ' : % Y “ ;
Swmwr— » L —-———r F L] H H ' H . H M : ! :
H ' : H 1 H ‘ ' ' » ] I . H H H ' !
H 1 H . i [l H H H b H . H M 1 v H H
' H \ : f : : : ; : : : : ; : : ; h ;
H H ‘ H H H : ! ; ) H : H : ¢ H H H H + '
; 1 ’ { : : : ;. : . H i - . - ' = ' — i — "
- 3
o4 H =) H © t w ! = ! o : — ; o P =3 “ o : =] '
4 ¢ bl H - H - ' - h ]
= : < ; e ; : : . : 3 " o o : o L L T SR 4
. H > ' : o ¢ o : (=] : [T PR ; ¢
H f o R SRR SRS I : ‘ : : i+ . '
[ =] 1 (=] [ v m————- - < .. 4 | 4 v f 7 ' i : i ; '
H ' H H } H i : H : i ; i : : H ) ! i : :
: : i : : ; ! " : i i ; . ; “ ; ; : i
H : : ; i : ! ! H ' H i H i ; O T i S . +
; : : i : ; ; : : feoemnn e LR I S R e : _
v - + + 4 ' f ' : ' H I : y ' i
r T r H N S i . v ] 4 H . b ] H
H H 1 1 b ] i i ¥ ' ' ' H !
H i H = ) 1 H 1 1 H } ' ! ‘ !
H H H [ } H . H H 1 1 ' | )
H H i [ ad 1 H H H H ’ [l H i i .. mretmmmmnglm bl et lmmn baman
: : ; ! [ S denmmasa daninasn docemnicdescaiacdens ¢ $ !
¥ 4 M . eprsammna pomrnmen] e +--- 4 3 1 ' : ! : i
H : r a2 : “ : : ; : : : : : i
H ' . o= H : : : ' : :
H ' H I "I H H H . ) . H \ ' H H
: : i TR : : : : ! : H : : iV a8 I I O 4
: i H : : ; ; ; : : S S O . P ;. : .
' H i IO I T I RS- . -3 ERS. : : : ' 1 i : !
r o o i ' i ! ! ' : i ! ! ! : ;
| H H i (=3 H H H H ' H 1 ' : 1 ; ' !
H ! H : I . 1 3 1 ) H H ! ' i ! !
; : “ : : : : . : : “ : : ; FSURUUUS-SUUONS SO S
; : ; ; : - H “ P I N R R . . ;.. : ; n :
; H ! ; ; O S heimmen (IR biaennade 4 i ! ] ' : ' _ :
s anetAd (AL SR EEPEPER EEREEEY : ! r { H H H : : ! ! H H : '
r i " 1 ac H H b i [ ' H H ) : H H 1 i
H ' ' H | oa ) H v ' : ! H { H H H i : : '
N W T T T T T D T T TV T O T T O O O
H 4 1 i i X
: H H H SRS U SRR VY S SR e
H H \ 1 A ormoman dasnacas F I J I a- i i

Figure 2.8 EFFECT OF TiFS MODIFICATIONS ON DRAG COEFFICIENT

-12



EXTERNAL BALANCE

_Aﬁ

7S
A{SFS NORMAL FORCE)}/J

ANCE
SIDE-FORCE SURFACE BAL

J

10

1 n

o e

o X

AB= +1° - (-1°)

(")
g
o
Au.o
J e
Ll
nc
:n_ﬂl
oo
=]
943
Wl
[ 5]
2 2
=X
1
[¥¥]
o
=
o
oy
<g
oy =L
=3
=g

GEMERATING CAPABILITY.

H H [ +
H H 1 ¥
H 1 i ' ¥ t
H ] I H
) i |
R ! | _
A e w i mdww _ . ! e -
] . _
H ._ 4 + ’
] | | _
: ————er !
. ; —nagemm : | |
[l - —— ¢ ; _ _ _
v. - | “ H 4--mm -
4+ P
. .Jll+ .
1 {
" ] r--- .
[ .
_ ; ——m——— .. 4 . _
; } [
H ——remap r . _ |
- | | | l\ltlnoll..lo.. T
] | . : ——dumam : .
_ —mmme-d
. H i, S : ]
“ ) ; S S, . ] n
O _ ]
li|+||||l L. ' _
_ - . . ' —————p - nlnllllll
H 1 i _ ~ _
; L r . |
| ; mmmp— . _
“ : t_ m———— g _ _
e : | |
——dena ¢ .
P PR— + _ !
H H [l [~ 5 t <
" | | - L.llnl - L_" h_ ——— L"
——— ¥ i _
| I«-lll . | _
.1 | S, : | _
mem——— ! d | Lk | ,
- | - band e
11 -
| ———y ’ .
| ! FAppy QU . ! .
i | ) . . . -
s | _
H Il[.lllllln i %) } _
dmemm n ; o | |
| _ [ i .
" 1
i _ _
] ! . .
i : . . .
+ - _ 4 . e
_ . -t | : ! [EpEpp-pup.
. P :
. b
LT P + :
| —— - _ " ! .
_ EETLT B ] | _
o . .
o~ T [] [l ] ' lll.-lulTllllll;
.q ||l|_1|1u o _ : L P e o ;
] 1 N i ] rmm———— r
. ————— _
—efam !
. H 2 e _— . .
n_ — 4 -+ 4, 4 . —
. : ; R
_ . : ) —— 4
_ o _ : _ e S —— 4 .
p=] .. 1 -_ H ] i i
o . .. ] ._ | '
' : i .
IR . | .
) Feammn " _
- . : mremepanma———]
. SR, v
. Xlltllg.ll » _
| _ —— el ’ _
. - m—— ! |
: . luOl ' ._
[ . _
H P T _ . _
[ . _
1 v ¥ ! _
...l .. : o J. ———— L. lllL.l
] ) | .
+ .. ] £ | | '
: A —— | _
LEEET N . | .
————f . . . .
, ' . .
. : - ——
1 \ . . .
] ' v ——ta—— M . . .
; [P P, _
i ————— . | _ _
H - em—aa + : |
oot :
. _ .“ i i
' i
! : : ] . _ .
. _ _ _ .
' : ._ ._ --
[l [ ————— f - .._ e du.—
H Il . _ H
4 __ ] ¥ + ’
. | H (R -
.. .. i i ]
] ! . ..
; —d .
; H [ PR .
[ S 4 . | .
[ TR . |
. L - g
. . P
. .. ——- T :
' .. 3 " . v
.. . N '
| | . L i '
] ; _ .
i .
u_ - H — + .
. St
] ' .
: i
] [P .
; R PR 4
S .
1 ¥ ; H "
ll » _ ‘ H
[ + ; H H i H
.. i i 1 1 »
i [ 4 1
1 !
]

lllllllll
lllll

-8

-10

~DEG
ANGLE OF ATTACK, <

9, =0
SIDE-FORCE EFFECTIVENESS, 8,

Figure 2.9

35



7 g g e e -
[ '
i 1
1 ]
' '
] '
i '
R = o, W R B D
PR = . .
1 i
1
1 1 b
! !
+
1 I :
P, PO ey ., S P
¥ | 1 4
1 1 i i
‘ 1 1 '
1 1 b t 3
! 1 E 1 ’
! ' . 1 .

| R
Free———— pamm—— e B 4. 1
i ] I | i :
' ' ' 1 H :
' ' ] I ' 1
| ] . ' 1 '
1 v . [ 1 §
' i I L H H
[ PR, dmrmmmn P YR . r
1 ' H ' '
1 1 1 1 +
I i _ ) M
' 1 ' 1
¢ ' 3 '
: _ : . 930 ~p”
H ! P -
I ceveme e . .
i ! !

1

' M

o~
©

otit = 20 ‘SITONY JOVIYNS 30¥04-30IS SNOIUVA LV d11530IS SA J0¥0d 3aIS

‘118

-

341s

o
o~

o
o
=+
o™~

L Rt

[ L T T

| W ;
i s :

i ; ; ; '
— © S
i '

; ; 82 {0 |
S OO

1 . M

i ! m 2014 q H

1 . ' )

A S S0
A 0 1O

[ »

P o lHrs !
m..u:.-.-:--nu b epadeadonpmes rmedenncaen
' : ' i :

" " “ P

: : S S N

4
H
1
i
,
:
S H U SRR R S
]
1
1
]
]

01 84nbi4

rmm e drumwmn= Ao mmmmam 4
’ i ' i
’ i ] i
¥ i . N
¥ 1 1 1
i 1 ' '
i 1 i 1
. ¥ S epomme - H
' I3 L 1
1 1 ) ]
[ * 1 I
i + 1 1
' ' 1 1
3 * ] '
1 + L ]
||||||| st e —————r -
1 1 1 i
3 i 1
1 1 1
' i 1 i
) L 3 1
! ¥ 1
Ll + —————
] 1 1 '
' 3 b i
' 1 i 1
i 1 1 i
i 1 1 1
1 1 3 F
! L i F
t * r -—uap
1 1 " L]
1 [} + 1]
1 i ' |
1 ' ) )
! 1 ] i
i 1 ' 1
-|||u||+ ||||||| T |||||| + |||||| + -
)
+ 1 i ' i
1 ! | i i
r * n 1
3 1
r - i - 1
_ h . 8 _
¥ ] ) 1 ] 1
t [ 1 ‘ 1
] L} 1 1 L] 1 ]
' ' 1 i 1 ) '
' 1 i [ 1 i
i 1 i ] 3 H i
L} i 1] Ll .
pemvsnaspuanema=y ISR T P ——— e el
[ 1 ' i ] ]
' 1 1 [ 1 [ ] i
‘ i [ ] i H
' + | i I | '
v i i 1 ) + '
' 4 r oy 1 L) 1 '
) J H dmmm o m ——t
4= ¥ ¥ Z'0 ¥ i 1 ' 1
H [ ! ] i . ' 1
[ ] 1 1 i H
1 ] ' ' ' H
: “ " I (S3XY ONIM) ;
1 [ ' 1
[ S o ———

Ay

- 1N319144309 32404

=3Q18

1 ¥ ) 1
] ' [l i
1 . ' ] 1
+ [ ] i 1 i I
] [} 1 ¥ ] 3 '
4 [ | 1 . i ' : ' 1
1 . LR, [ — ——e
- [ o L} + & ) 4 1
' i [ | 1 ' '
r i 1 ' | ¥ '
1 { i | i b 1
[ { I ' 1 E H
' + i 1 1 [ [
1 ' ] 1 1 i
- Y - ’ ————y *
+ ] 1 ) [] 1
] 1 1 1 ] i 1
[ r ] 1 i [l 1
[} ] ' 1 t [ i
M 4 ! ] 1 1 i
[ [} I i t [ [
H [ ) . " - o’

8°0

36



ol= = ‘SIIONY 3IVYNS JIU03~30QIS SNOIYYA LV 41183418 SA 3J¥04 341Ss  (|*T @4nbyy

- mevrpafaieman-panm-ceapaseenns
s, - - e R it e R e L e L L LR TEE ﬂ _°l di - ﬂ w .1 - l|"
T ) ] t i [} [ i H ) ' b ] 1 ] i ' t ' 1 I
H 1 \ 1 1 ) 1 i ' f H h H H ! : ! : : !
1 1 ] " i ] [l ' ] i ] 1 r I ] 1 1 I T 1
) ] 3 I 1 t ] ) 1 1 ) ] 1 1 1 i ¥ 1 i '
| n : : : “ “ : " " “ “ : i : e ; ;
'
) 1 1 ! 1 U T i 4 nusasndossnnumd
NP, /oo ! ! PRRR SUPSPUR 0N JUPRPURRAS NAPUUUPURT SPSPS 4 . 4 : ' t - .m. 4 "
' 1} v . ] i [ ] 1 ] 1 ‘ ] + 1 i ' ) ) 3
L) t i l.l...f! ] ) ] i ] 1 ] 1 1 i ] ] + + ] 1
u o | v : : n " " u , : _ “ . : . . ;
1 1 ]
; . _ ! > " : : " : . : _ ; | “ : i “
! ! acesavmjransssssdtreranaprassn e
;' H ll O S ¥ S By _— cgma . m—— - —apa + drumaaead gy 0= 4 4 —eaer proemas
™ 1 Ty 1 “ 1 1 ¥ 1 v 1 . . 1 i i ' 1
3 [] [ ™ 1 0 [l ] [ 1 1 [l P 1 i 1 ] 1
' . P “ P P " “ P A
; : : V| ¥ “ ! ! : . : ; n : :
2 + 1\ b ]
: : ! i T T
* » cemmenep A b ) / . ‘ _ " g
i ' . A v " ; ; n | : : ! ;
' ] |1 ] ] ) H M H ! ' H “ _.
H 1 ] H ' ' ' ! ' } ; i i
4 H ) 1
H H H : ! e - . ———— .-
+ : . [P S S REELEEE ¥ At LB SEEER - + :
H ! ¢ ¢ 3 :
' : '
H C ' m ! ! ' :
H
; L ; ' ' ! H i
M ) .
. . U TR SRR N R 4
3 f ! ' ' [ ) H
! H ' : H ! . ! ! ! !
! ' ' : ; : A ) : ._._ \ 8 :
. v 4 - . -
' ¥ C’ 1
8 2 i 9 i ozl “ RN . .
— g T " " ] ] 1 N
H ' 1 . 1 1 1 i ] ] "
} b ' ' 1 ' ' ' 4 ' '
¢ * ' ' ' s ‘ ' ' \ '
i 1 1 1 L} L] ] . . 1 »
) ' ' : ' ' ’ . B ' ' B ;
H ! : . : : : : e
samer s dramimradacasammed - rmecimdasnnns Y. - L o e T T LT L e R e L L L)
' - f 1 . ! S v H : ; . |
' 1 i H ' | H ' ' ! ! ' !
1 L} ) 1] L} r 1 t ’ Ll L] ] + 1]
' ' ' ' ) ' ' ' . ' ' H .
1 r ) ] i
: “ ; ! % “ : ; _ : _ : “ |
} : H ! EELE Y X S voedime-——- LT r L Y -
U e DU S £h 6z D .u.-.....--.1.-...--...--..-.? - 4 . den . -+ ’ y
1 ' ' ¢ 2
. ' ; . ° i . . H i ; i H . : H
[} L} L] L} 1 . r i ' L} 1 v L) » L]
il ) h . .
: : : P B8 08 | O _ : _ ; " ; : __ ; i
) H . ) ! e vmnat e e e de-=- 2AYY OMIM) ---
F I, I deeenian LvARIR TR ——————- $oennoen [ [P SR H R R K. i- hmwxq oz:\.v '
V 1 > ' e
H H i ) ' ' ' ,
A o S R R L IN319144300 39¥04-30157 |
; ; i ! | ! ; . . ; oAy ; "
| . ! . 4 ' 4 —a :
i . H R M el a P T T R TR B . B 1 R it A * AT
F S brrman— $mmaam~ O ....... e < Fl . H .—_ O “- “. -" " ;
i 1 1 ’ I 1 ' ' ] ] r 1 H
¥ ) ¥ 1 ) ] ' ' 1 1 Il . ¥
L} 1 1} 1 ] 1] i 1 1 1 ] T 1
+ H 4 ] I 1 v I 1 ] ' N H
: : " ; ; " e — : . i
! N N T e T A LTy
} ~ $ammmmm PR R R )
| R—— UL TR . : ; ' . _ " : ; :
[ 1} L] ¥ ' 1 4 L ] 1] r 4
1 t ¥ 1 + 1 1 ] [ ' 1 i
] i t 1 13 ' t 1 1 ) ) [
' i : . : i ' ! ! ! ! i
. - L, Ot At S S I 4
_".... ||||| - S I I D SR S-SR S 9°'p -+ L i

37



oht=

*Z aanbi4
43 12
1 40 1934
301S NO SNOILYD1d1Q0W S|
d
2 ‘41783318 SA 3940

grine s
i Skl E
e B H .
e e N H 1 N
oy X SRR i ! : : ;
PO 0 ' 1 ' H )
P ] ' 1l ———upar 1
EREEETEY - H H H H O, - ’ H
e ] : H H 1 -..---..-.q-. H :
[, * " . ¥ H i = ! ! »
[ [ ! B 1 1 ' . V i » M M
R : ! : : : Ao~ ! : ; ] ;
e i 3 . ' ' [ '3 ' H H H - e !
———pasmen H H H . u.\nut..n.uw . ' H H H -u 4" .
mmmpm s T 1] L] 1 t 1 e ] H H H H ' r H i
REEEEEE - v i+ i ) > H 1
! H H H + L L4 ' ' . ' aam M H » v
, v ' ; H H S 1 ; : ! mameead : : ! 3 :
" i T 1 + 1 mvwdamna- 1] il i ] v H ¥ H Ll -
T H H H : : e H H ‘ : ; 4 : i H H : (
i H 1 1 B i 1 H H H H ' H \ T H
' ] i 2. i ' ’ ' ' H 4 H s. ---1 T H !
4. 1 + * —— - »
: dceenaad i H H ' H A I : -4 ' 5 . : :
] ey ] [ ) . ] faanrench N H K 1 1 . i H
Suwwr o ’ . . ] N .|||||||1 H H H H h . H -
i . ] 1 i AR, & + . . H ‘ N ]
¥ ) v . . seusmpn v ¥ ) ’ H 1 . s .
v * ] . camap e 1 ' . ' . H R, + N
] ] Fommmmmpm—= ] [ » ' v .|‘|..|||o. 1 v H
[ [ ———ragan i * [ i 1 EEE T mr.unnuna . . M H
: Sl ' : : i H ! e : H ) ! '
|- S H ! ' : eerens " 1 ' i : : ; et
H H i H ! ' ! : ; “ : SR ! :
H ' H i B ¥ ' ' 3 H crdamenaned H M
v H 1 i r ] H v b ' cdrmmrrard H M :
; ‘ + + H : H : [ [ PRI ' i i :
. 4 T L ! H bememmen, r-- I ! . H ; H
1 ———— » I3
+ 4 1 H ] i —aaaga e ] H H H v ' fpmm———d
4 i . [, === v + H B ' bermmca e H
) [l 1 mm——pe— b . - R H H
: ! ' renesoont ! ; ; :.C —te ! ' '
H [ T -, ¢ ' ' . Kq Qz H 4 H H
smeme : ! : H----o-d 483 44300 ; : ;
e : H . g ' CELR] : ! -
1 ' H D - " . n— m s i
H . - - s . ] '
B - I N - - ' .
i i + ' : : . 30304-3¢ : ; : ;
H H - : : H
a - ' i i M
+ ! { : ' " oot : .ro ' ; ! R
. v ! ] [l . . ) : ! 1 v .
¥ 1 H ' 1 R ' ' : ; H H :
H : : .
! H i ' ! ) . ERRRELERY ! !
v H ) ¥ 1] » ' o+ ' * r H
1 » 3 v ] ’ ‘ . L - ' ' ) H
$ ' : ' : e el T / ; : !
i i : : \ s el ; R e . ' ) ' t [
: ! H + ; ! : ! : : . : + ' :
1 » P ’ [ . ' H ! 1
1 ¥ m 1 : 1 . i » H N ' " |
E ' H ' ' o= R H ' i \
v 1 il ¥ ' - ' PR SR, H H . K mmusneel
: : : : - 4 : N B : : CHS R v i
i ' - » N - H acamdmmn -,
H H H H H : . LR b HIR P } : H i
' d H : ' brmanaadd . : e ] !
i 4 - } H | H S - 7 H iL*o=}--- 4 : . ' ! !
2. ¥ 1 1 3 ] o ————— Il ' ) BERY) + ] -
i ' ' * pamassaap 1 H H - T . . M -,
: H : S H : : : ' ' LA N :
: ! S ' H I ! !
bessnanalan i - . 1 P H H
H . ..llr-.v- ¥ m H i PO S b4 ' . iy ! + H N _.l
v -——— ¥ 1 P i : e L] i
bemecennbans ' : ! : woveead : : ; : “ 8-
H H H H P R H : : i v Y : - , —
{ ; SO ' ; : : : 4 . ' :
1 ——de e o aias v
i R A ‘d11830I8 | s et .
i oy “ " : a~9 _ " . ! " : “ i
+ ! ! : : toeeem 93 ; : : * H : PR—
; H i i e ' l H H : H H !
b ¥ Y S, i H H N : ol ™Na - H ! !
H e H H y - ' ; S ' H ! !
EEeT T ' -
R S H i ' [ ON v . ' [ . h ' H
4 : H KA i H H H Ty i 1 : 1
H 82 1 h + ' ! : ' " : ; 3 :
! . —————— ' H B I, 1
n T 1 . I
4 t : ! ! A + : S :
' ) b » —————— H M H -_D =T H H H
, : H ' ; S S ' : i R | ! H
M 1 i ¥ |G By i i i . m— i » . -
H H i hemrensbe ; H ; i : ; ! r }
momm— e 1 ' s i f
: emdenaenas = 20 : ! i : : S| ! :
' S . f = ' H : i . -oe-met H H H H
1 e ] ) i H 1 drscacan ] ' H | :
dnnan H ! ! T Temry ' [ H H
+ a [ 1 ' i 4 B H ' L
' ‘sdil 9 ; " e b : ; R
' 0 mmm i [ S S, f H [P
S ‘sdil 8l ¢ N e St ; SN 1
- 0 S4 ‘'S o B ! : H i S TN S
m PO 2 o
: WAS e
O ._ NNY i +
' ' "
H H
H H
. 1 mre——-
O S

38



Again, the smaller absolute magnitudes of the measured data can be charged to

the lack of rotating propellers.

basic C-

above 3

A . - .
cﬁﬁa , the side-force surfaces at this angle of attack are about equal in
effectiveness to estimates based on infinite gaps at the roots.

(Figure 2.13), the magnitude of the slope is -1.19 radﬁl, which is much closer

COMPARISON OF MEASURED AND ESTIMATED Ct@ (WIND AXES)

Table 2-2

d_=+4',,650 - Sg,zzo

CONFIGURATION

MEASURED (rad~!)

ESTIMATED (rad™)

TIFS
TIFS LESS §FS
C-1314

-1.02
"0-80
"0- B“

-1.22
-0- 92
-0- 92'

*FROM FIGURE 33, CVAL 104 (REF. 2,3), 7e = O.

at o = +4° for the TIFS less side-force surfaces when compared to the

131H. 1In fact, from Figure 2.12 it is noted that such a trend reverses

There is no explanation for the reduction

= 18°. As noted from the effectiveness tests and confirmed from the

For =<

to the value estimated for finite gap, and is a further reflection of the

-1°

better effectiveness of the side-force surfaces for small negative angles of

attack.

Also, at € = -1°, it is noted that the SST nose consistently increases

the side-force slope even for visor down as compared with the basic C-131H.

The side-force surfaces have little influence on rolling

or yawing moments.

Hinge moments and normal force measurements from the strain (""

gage balance showed the aerodynamic center to be between 17% and 20% of the

side-force surface mean aerodynamic chord.

forward than was expected.

Since the side-force surface hinge line is at 23%

This is substantially farther

of the side-force surface mean aerodynamic chord, this data indicates an

unstable hinge moment condition which is unacceptable from a fail-safe stand-

point.

This forward shift of the SFS aerodynamic center, which can probably be

attributed to flow interference due to the wing, will be accounted for in the

redesign of the side-force surfaces for the forthcoming second wind tunnel test

of TIFS.
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2.2.1.6 Landing Flaps

The €, vs « test with landing flaps was run and repeated
during the CVAL 471 wind tunnel tests. These repeat runs were in good agree-
ment and showed %,,, = 1.58 at = 10° (Figure 2.14). The inboard Fowler
flaps were set at 45° and the outboard plain flaps were set at 40° for landing.
The decrease in CL oy due to changing the outboard flaps from Fowler to plain
was disappointingly large. As shown in Figure 2.14, €., for the T-29E wind
tunnel tests is 1.95. However, the T-29E test was made with propellers
operating and enough thrust to overcome propeller and slipstream drag (Te = 0).
Some benefit in CL pax Would be expected because of slipstream effects although
it fails to materialize for flaps up. In fact, the flaps zero, 72, = 0, data
of CVAL 104 (Reference 2.3) (Figure 2.14) agree very well with the TIFS,
propeller off side-force surface off data (Figure 2.7, visor up or down).

See Section 2.3 for complete data for T, # 0.

2.2.1.7 Outboard Flaps

The € vs «< runs, which are plotted in Figure 2.14, include
separate tests of the inboard Fowler and the outboard plain flaps. The
increment of lift coefficient at various angles of attack for full downward

deflection of the outboard plain flaps is listed in Table 2-3.

Table 2-3
OUTBOARD PLAIN FLAP INCREMENT

4, = +40°

oC ¥ AC,

-5 0.45

0.40

5 0.33

10 0.27

The increment of lift coefficient based on a constant slope
fort;f of 1.1 rad_l would amount to AL, = 0.75, too large by almost a factor
of thré; (at « = 10°) when compared with the measurement. Some change in slope

at extreme flap angles should be expected, but it is believed that the side-force
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Figure 2.14 EFFECT OF TIFS FLAP CONFIGURATION ON LIFT COEFFICIENT
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surfaces are appreciably influencing the loss of lift increment because of inter-
ference and flow separation. The fact that the estimated slope can be realized
under conditions which give relatively little interference {i.e. smaller flap
deflections) is shown in Figure 2.15. For o= -4° and -15 < &3 < + 15° the

estimated value ofcl{3 is actually exceeded.

Incremental pitching moment coefficient and drag coefficient
data are given for the outboard plain flap in Figures 2.16 and 2.17 respectively.
From data not included here, it is noted that the incremental moment tends to be
of opposite sign to that shown in Figure 2.16 when the flap configuration in-
cludes like deflection of both inboard and outboard flaps. Evidently, whenever
the inboard Fowler flaps are deflected, the changed downwash on the tail con-
tributes so strongly to pitching moment (but in the opposite sense of that
from the flap loads themselves) as to govern the net value of overall pitching
moment. The negative increment of drag for some negative flap settings and
positive angle of attack (Figure 2.17) apparently is the result of increasing
the angle of attack for zero 1lift of the flapped portion of the wing. Recall
that for a given A, , &, or Ay the angle of the fuselage reference
line is held constant in the wind tunnel.

2.2.1.8 Downwash

Wind tunnel tests were made for tail-off and tail-on
configurations with horizontal stabilizer settings of -5°, 0°, +5°. The inboard
Fowler flaps were set at 45° throughout these downwash tests, but the outboard
direct 1lift flaps varied for each stabilizer setting through the following
values: 3; = -40, -30, -15, 0, 15, 30 and 40°. The same flap settings were
repeated for the tail-off tests.

When tail-off pitching moment is plotted vs angle of attack,
it has in general a positive slope, i.e., the airplane less tail is unstable.
The slope of the tail-on data is normally negative, and hence an intersection
of the curves will occur. At such an intersection where both « and €, are the
same with and without the tail, the contribution of the tail to the moment is
zero. Naturally, only data for a given flap setting are compared. At the

peint of intersection, the tail lift is assumed to be zero since it contributes
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Figure 2,16 PLAIN FLAP MOMENT COEFFICIENT INCREMENT VS FLAP ANGLE
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Figure 2.17 PLAIR FLAP DRAG COEFFICIENT INCREMENT VS FLAP ANGLE
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no moment. The stabilizer setting must therefore correspond to the zero-lift
angle of attack of the tail, which is zero for an untwisted tail of symmetrical

section.

7 .

FRL

H [~

The relationship of the tail angle of attack to the down-

wash from the wing is shown in the accompanying sketch. It can be seen that
[ /.=o<.+c'}/-€;

Zag
therefore, for «,, = 0, which applies to the downwash tests described here,
e"‘":‘aa’/"’ =6ty
The downwash angles are plotted in Figure 2.18 with 5} , the
outboard direct 1ift flap setting, as a parameter. It is noted that the greatest

value for the slope %é% is 0.58 and occurs at €3 = -40°; the least value is 0.41

até} = +30°. There is no apparent explanation for the increase in the value
ofé&f—between f; = 30° and 40°. With the relationship of downwash slope and
outboard flap angle in mind, one may be puzzled to note that at the highest
angles of attack, where separation might be expected to be extreme, the £
appears to recover for flap angles greater than, as well as less than,tg = 0°.
Again it is noted that these downwash measurements were made with inboard
Fowler flaps at 45°. The important result of these tests is that they show
the downwash at the tail to be practically independent of the outboard direct

lift flap positions.

2.2.1.9 Influence of Outboard Flaps on Side-Force Surfaces

Flap deflection increases side-force effectiveness as is
shown in Figures 2.19 and 2.20. Perhaps the statement should be reversed to
read lack of flap deflection reduces side-force effectiveness. The reverse
statement is prompted by the fact that except at large absolute flap deflections

*

the effectiveness is less than that estimated.

“Estimation based on finite gap with g, = 0.
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Arguments for increased side-force effectiveness due to
absolute flap angle might include one stating that boundary layer growth would
tend to restrict flow through the gap at the root of the surfaces which increases
the effectiveness of either the top or bottom side-force surfaces. Absolute
flap angle would give higher adverse gradients and boundary layer growth. The
opposite surface would not be expected to change, but a net increase in effec-

tiveness would be noted. Another argument is based on second-order increases

of average dynamic pressure due to changes in circulation which apply to both
upper and lower surfaces. Neither argument appeals as being adequate to explain
changes in effectiveness such as the nearly double effectiveness for -30° flap

relative to near-zero flap (i.e. Jy = +5%) shown in Figure 2,20.

Reports like Reference 2.5 show certain effects, such as
backwash, which influence chordwise "q'" even for ¢, = 0. Backwash effects,
which are ordinarily neglected, should perhaps be included in estimates of wing

interference on side-force surfaces.

2,2.1.10 Influence of Side-Force Surfaces on Drag in Yaw

The minimum increment of drag due to side-force surfaces,
as noted earlier (Figure 2.8}, is several times greater than estimated,
measuring AcC,= 0.0060 compared with 0.0018 estimated. Figure 2.8 also shows
about the same increments of drag resulting from addition of side-force surfaces
for &« = -1° and -2°, which permits the comparison of Runs 23 and 24 with Run 18
of Figure 2.21, Figure 2.21 shows that the drag increases much more rapidly
than an estimate of induced drag due to side~force surfaces would give. Incre-
mental side-force surface drag coefficients were calculated and added to Run 18
to obtain the dashed curve of Figure 2.21. The much larger difference in
measured drag coefficient is further evidence of flow separation due to the
side-force surfaces that should be considerably alleviated with the redesigned

side-force surfaces.

Data on effects of nose-gear door removed are seen to be
insignificant as is also shown on Figure 2.21. Compare Runs 23 and 24,
Analogous results showing insignificant drag increase for nose-gear door open
were obtained in pitch (Runs 25 and 51); because of the negligible drag dif-

ference, these data are not presented.
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2.2.1.11 Influence of Side-Force Surfaces on Flap Effectiveness

Side-force surface deflection is seen to have small influence
on agbility of outboard flaps to provide lift (Figure 2.22)., At « = -1°, the
slope ofC}s decreases for positive flap angles as side-force surface angles
increase from -5° to 20°. At o = 5°, the value of 5} has even less influence

on the flap effectiveness than at & = -1°,

Combined drag coefficient due to flaps and side-force surfaces

is shown in Figure 2.23,

2.2,2 Additional Aerodynamic Data for TIFS

The wind tunnel tests of TIFS were designed to augment or supplement
the test data given for the T-29E airplane in Reference 2.3. As a consequence,
the data presented in Section 2,2.1 relate mostly to the TIFS modifications
of the basic airplane. The present section tabulates additional aerodynamic
data needed to describe the TIFS for purposes of variable stability loop
design, Some of the data, mainly on control surface derivatives, come from
Reference 2.3; the remaining data (mostly rotary and dynamic derivatives) have
been estimated using the USAF Stability and Control DATCOM (Reference 2.6) and

other sources. Table 2-4 presents the data.

Table 2-4
TIFS CONTROL, ROTARY AND DYNAMIC DERIVATIVES

{ALL MOMENT COEFFICIENTS ARE REFERRED 10 . 266¢)

&, = +0.70 rad! G = -0.095 +0.068]4,) rad”!
,,: = =2.0 rad-! C,,a' = 0
£,
% E €, =+ 0.097 rad”!
Cmpy = =17 rad , ¢, = -0.13 rad”!
Cw. = =45 rad” Cd.’"
14 -1 78, =0
€s, = -0.52 rad c = +0.35 rad”!
€/, = +0.098 +0.024 ot rad”! 7,
C."f;ﬂ =0
Cyp = 0
o is in radians C, = -0.016 -0,28 <, rad”!
§.is in radians |C_>7u = -0.12 rad~!
- .

ki
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These data are in good agreement with the data presented for the CV-340 in

Reference 2.7.

The aerodynamic effects of the TIFS landing gear have been estimated
using wind tunnel data from Figures 27 and 8 of Reference 2.3. The increments
for gear down that are valid for all lift coefficients from 0.2 to stall and

for 5, = 40° are as follows:

ac, =0
Increments
due to HCy = 0,027
extending
landing AC,, = -0.015
gear 266

Though these increments should not be precisely constant, they are nearly so

and for purposes of the TIFS analyses, may be considered constant.

2.2.3 TIFS Physical Data

A three-view drawing of the TIFS is shown in Section I along with
certain important dimensions of the airplane, This section contains a listing
of weights and moments of inertia, control surface deflection limits, and other

data of use in variable stability system design.

2.2.3.1 Weights and Inertias

The data in Table 2-5 taken from Reference 2.8 are early
estimates of the inertias of TIFS for three weights used in variable stability
loop analyses. The data were computed using a digital computer program
developed for the TIFS prdgram. The horizontal location of the c.g. is referred
to the leading edge of the mean aerodynamic chord (MAC) which is at FS 350.90 in.
The MAC measures 114.3 in.
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TIFS WEIGHTS, INERTIAS AND CG LOCATIONS

Table 2-5

(DATA FROM REFERENCE 2.8)

¥
WE1GHT %ep Zeg L ex Ly 753 £
LB FS, INCH|% MAC | WL, INcH | stue-FT2 | siua-f72 | srue-FT2 | sLug-f7?
GEAR UP 42,000 | 366.6 | 13.7 35.8 207,000 | 468,000 | 659,000 3000
45,000 | 368.1 | 15.0 35.6 251,000 | 469,000 | 704,000 3000
50,000 | 370.8 | 17.4 36.14 383,000 | 469,000 | 837,000 3000
GEAR pOWN | 42,000 | 368.8 | 15.6 3.1 209,000 | 469,000 | 658,000 2000
45,000 | 370.2 | 16.9 34.0 253,000 | 469,000 | 702,000 2000
§0,000 | 372.7 | 19.0 34.9 385,000 | 470,000 | 834,000 2000

.THESE ARE VERY ROUGH ESTIMATES.

2.2.3.2 Seat Reference Point

The TIFS seat reference point is located at fuselage station
-34.0 inches and water line 24.5 inches for the SST nose. This location is the
common point where TIFS motions and SST motions are matched.

2,2.3.3 Control Surface Deflection Limits

The following control surface limits are either those of
the basic C-131H airplane for the conventional controls or the design values

for the outboard plain (direct 1ift) flap and the side-force surfaces,

Aileron: -48° = f = +48°
Elevator: -25% = &, = +12°
Rudder: -18°= £ = +18°
Side -Force Surface: -30° = d'y = +30°
Direct Lift Flap: -40° = a; « +40°
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2.2.3.4 Inboard Flap Limits

The limit deflections of the inboard Fowler flap are
0< ¢ = +40°. The aerodynamically determined limit on inboard Fowler flap

deflection is given as a function of airspeed in Figure 2.24.

150
40
iNBoARD 4o |- WTM'T DEFLECT I ON DATA FROM REF. 2.9,
3 " -
FOWLER P. 1-1564
ELAP 167 — ———  ESTIMATED AERODYNAMIC
DEFLECTION, 5ol LIMIT SPEED
5p “
DEGREES “
]0 = . ~
\'\
\\282
0 i I 1 31 i ~l g 9
0 50 100 150 200 250 300 350

INDICATED AIRSPEED, V; ~ KNOTS
Figure 2.24 MAXIMUM AIRSPEED W!TH INBOARD FOWLER FLAPS EXTENDED

2.3 PROPELLER POWER EFFECTS

The turboprop engines of TIFS make an important contribution to the
simulation capability. The static and dynamic thrust response to throttle
movement must be estimated so that a proper closed-loop thrust control system
can be designed as part of the total simulation system. The direct and
indirect effects of engine thrust on the motion of the TIFS must be estimated
to properly assess the performance of a closed-loop simulation system whether
it be of the model-following type or the response-feedback type. A preliminary

model of the engines and their effect on the aircraft motion is defined in the

paragraphs below.

2,3.1 TIFS Engine Thrust Model

A mathematical model of the thrust characteristics of the Allison
Propjet Engine (Model 501-D13D) has been developed which includes both static

and dynamic effects. The details of this development are given in Reference 2.10.
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The model expresses total thrust (two engines) as a function of air-
speed, altitude and thrust control position and is applicable to a range of
airspeed from 169 to 507 ft/sec (true) and an altitude range from sea level
to 25,000 ft. Its dynamic response is that of a second-order system (for
outputs up to 0.1 maximum thrust) with an undamped natural frequency of
14 rad/sec and a damping ratio of 0.5. For larger outputs, the thrust is

rate-limited at 9,000 Ib/sec,.

The model is based on static and dynamic data obtained from the Allison
Division of General Motors Corporation and uses curve-fitting techniques to
approximate the various static coefficients. Shaft horsepower for various
speeds, altitudes and thrust control positions is converted to thrust using

propeller data provided (Aeroproducts A6441 FN-606 propeller). The model was
then synthesized in the following way.

For each of six altitudes, thrust was plotted versus thrust control
position with velocity as parameter. This resulted in the following relationship
for the static thrust

oy &7
Too (4 -3 ) Ga (2-42)
where 34° is the 8, (thrust control position) for zero thrust and-ggi =f (v,.£).

Then-E%E-was plotted versus velocity, with altitude as parameter. For a given

4
altitude, this plot was fitted linearly:

a7
d7 a’?’) “'[do‘l]
dd% dﬂ% Veo -84
d[ﬁf_"
. ar o By . .
The final step was to plot o ) and versus altitude, leading to
AIV=0 ay
the linear approximations:
o7
7). w) , . ,
dJX =0 dd".l k=g oh
h=0

and

|55 d[%])ga . d{

4 ay



After making the proper sequential substitutions, the static thrust takes the

form
7_’,-‘-(6;{-3#"‘) [:4’,*4;/:*)/(4‘;*4;/})] (2-43)
where
a7
A/ = dr) A/ = __c_i_[_gf?_‘—l—.
2 a’d‘x J:f:g 3 dV e o
o7
a7 d{d[dd'ﬁ]}
_ d[d{x_]v’:ﬂ # = a’V
A= - y aA

The following numerical values have been obtained for the 4

K, = 320 Ib/deg
K, = -0.00632 H'lﬁf;‘:e—g
_ 1b/deg
#y = -0.364 ft/sec
_ -6 1b/deg)
A/Y = 8.88 x 10 (m /ft

An accuracy index was cbtained for the static thrust model by
calculating (using the model} all the data points which had been used to develop
it. A comparison of computed points with the original data points led to a
relationship of "percentage data points' versus "'percent error.'" Results
showed, for example, that 70% of the data points were less than 5% in error
and 90% of the data points were less than 10% in error. This degree of
accuracy was felt to be sufficient considering the particular problem to

which the model is to be applied.

The combined static and dynamic model for the total thrust of two engines

takes the form

7 o+ 2 ﬁwvr' ﬁ"uJ:T = w; (d'x nsvo)[,:,/, +,5;;,+V(;;; +gy,;)] (2-44)
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where

(78
»

& =0.5

| 7] = 9000 1b/sec

14 rad/sec

and the values of the #aare as listed above.

A Fortran IV digital computer program written for IBM 7090 Mod. 2 for
calculation of engine transients using an elaborate dynamic engine model has
been made available to CAL by Allison. It is being studied to determine the
feasibility of adaptation to the IBM 360 to be used in checking out the design
of the TIFS throttle servo.

2.3.2 Thrust Vector Location and Direct Power Effects

The propeller thrust and normal force act approximately parallel and
normal to the fuselage waterlines of the C-131H with the peint of action at
WL 29.6 and FS 226.3. The reference point for the wind tunnel moment measure-
ments was WL 36.0 and FS 381.3 or .266c. The direct power effects are as

‘ 47T
follows for in degrees and Te =-§—§

For g, = 0% AL, = (0003 + 00757 g’)+(.gow;_¢ 03777 ) e
direet
aAC = (007 # 1087 )+ (00246 + 00373 7) (2-45)
ma’a'?ecf <
For 4 =45 4¢, = (00764 + 00249 7)Y+ (00782 + 0377 7,")
direet
ac_ = (002 + 109 7, )+ (.002¥6 +.00373 T ) (2-46)
direct )

This data can be approximated for system design purposes by the

following for « in degrees:

Ac = 0887, e (2-47)
‘ . c L] Ll
direct P d: £ Yo

AC = Ly {2-48)
.ma’e'rec?‘ ¢

The details of this development can be found in Reference 2-11.
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2,3.3 Indirect Power Effects on the Llongitudinal Aerodynamics

The propeller slipstream produces changes in dynamic pressure and
flow direction over portions of the wing and the empennage. These incremental
forces and moments have been computed using the methods in DATCOM Section 4.6
(Reference 2.6}, supplemented by Convair wind tunnel data taken with a powered
model (Reference 2.3, Figures 12, 27 and 28). The details of this development

can be found in Reference 2.11.

The methods of estimating the pitching moment increment did not check
with the wind tunnel data very well. A particularly large effect,which is
not easily estimated,is the increment due to downwash angle at the horizontal
tail. This increment can be estimated using the DATCOM methods, but it was
decided that more confidence should be placed in the powered model tests.
Therefore, the DATCOM methods were used to complete the other parts of the
tota! AC,, and these effects were subtracted from the measured #Cm to derive

the tail downwash increment.

For the flaps-down condition, both the tail downwash increment and
the dynamic pressure increment were adjusted to match the wind tunnel measure-

ment of the tail contribution to AcC,,.

The increments to ¢, and Cp, are not zero atT, = 0 because the

addition of propellers, even though running at T', = 0, does cause flow changes.

i
- . LT
The results are as follows for « in degrees and, agaln,T':égg and

the moment coefficients are referred to .266¢.

For S-z0
= p T 2 ( T' 2
Acy = (.00194 +.13194T-.834T, )+ —00240t. 0855 1~~.297T_ )a( (2-49)
INDLRECT
ACw  =(r0129+1.085 T +2.81T¢ * )+(5 000214 - 0154 T¢ +.246T¢ %)
DI RECT
A CD = O
o INDIRECT
FOTJF;% ’ 2 4 2
]
A Cmfimrze:'r(_' 0322+.546Tc+. 2087 )+ C—‘ 00240+ 0680Tc -, 256T ¢ )oc

!
A C"’.’Nma;cr(’ 120+, 165T¢ —. 0185 T %)+ (= 00p2iz+. 05497 ¢ +. 080e7& ). (2-50)
[3 CD = O
moREST



This data can be approximated for system design purposes by the
following for « in degrees:

For 4 =0 h
aCL = .005+(~ 001+.035 T{ )"
\NDIRECT
’ r (2-51)
INDIRECT
ACpH ’
INDIRECT= O
For d¢ = 40°
AC, =-.03+.56ch+(—.0024+.053 TE e
MO ReEeT
AC = .12 +.056 TS <
mlNDIRECT c {2-52)
ACD =0
INDIRECT

2.3.4 Indirect Power Effects on the Lateral Aerodynamics

The action of the rotating slipstream on the wing and the vertical tail
produces changes incg, , ¢, , and Cy' Reference 2.3 (Figures 39 and 53) contains
data suitable for design purposes. The effects of power are not simple functions
of thrust coefficient, but a useful qualitative picture can be obtained by a rough

fitting of analytical results to the experimental data.

Figure 39 of Reference 2.3 indicates that for flaps up (&, =0° and & in

degrees): AC,=-.057 at allaband 4% (2-53)
andAC’.!= -.047 8 at all exle (2-54)

Also at e« = -1°,4C, = .006, for 8> 0
= 0,ford=0 (2-55]

and at « =454c, = 0, forg=> 0

-.0047 6  for £=0.

The wind tunnel data are for both inboard and ocutboard Fowler flaps deflected,
but because no other data exist, the data will be used also for deflected
inboard Fowler flaps alone. Figure 53 of Reference 2.3 gives the following

results (§. = 40° and g in degrees):

*
This expression is not nearly so good as the other approximations in
Equations 2-51 and 2-52.
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AC, = -.05 {:’ at all «sand 4 {2-56)
AC, = -.027,(& *3)at all «'s (2-57)
At e = -1°,4¢,= 057 for || = 4 (2-58)

>
ﬂ
R
"
~
-]
-8
\0
"

0087, (&*%)

For system design purposes, the low @ values of these increments as

listed in Table 2-6 will probably be satisfactory.

2.4

Table 2-6
POWER EFFECTS ON LATERAL-DIRECTIONAL COEFFICIENTS
ac, ac, ac,
4 =0 -.05 7. 0 0
fe =yoo| -0677| -7 04 7,
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SECTION III

CONTROL REQUIREMENTS

The TIFS controls have been designed to provide as much aerodynamic
effectiveness and as much authority as can be practically produced within
reasonable cost and time limitations. Also, the positioning servos have been
designed to produce surface deflection, rate and acceleration limits as large
as practicable. The 1limits that do exist are basic to the question of simu-

lator capability and are the subject of a short discussion in this section.

The first objective of this section is to point out the generally known
fact that for a linear system with linearly independent controls, the control
time history required to produce a given motion starting from a given initial
condition is unique, and to point out the less generally known fact that this
control time history can be easily calculated. The specification of a partic-
ular motion of the model to be duplicated determines the required TIFS control
time history uniquely regardless of the particular control technique employed,
whether it be model following, response feedback, a hybrid of the two, or any

other technique.

The second objective 1s to calculate the control position requirements

for TIFS to simulate the SST doing various extreme maneuvers,

3.1 UNIQUENESS OF THE CONTROL
Let a linear system with equations of motion
X=Fx +6u (3-1)

- - ‘l.
where x is the » x/ state vector, «is5 an »x/ control vector, ~ is m»x#» and

6 is 77 x 2, be specified.

If & has rank»?, that is, if the individual controls making up the « vector are

linearly independent, then 6’6 is invertible and Equation 3-1 can be solved

for « to give

w= (676)"(6"5- 6"Fx) (3-2)
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Suppose a particular time history, 2569’ is specified for z=¢. Then a time

history foru,

4 .
w, () =(676) (674,(6) - 6 ¥ x,&) (3-3)
can be calculated. Now suppose that there is another control time history «, (%)
producing the same motion x,(#) for allZ=¢. Then 5(,(2*)=/}3(t)*6¢$(t), and this

relation can be used in Equation 3-3 to give
w, )= (676)" [67Fx,(8) » G Guy(t) -6 "Fx, ()]
= a%(&)

Therefore, the condition that & be of rank »7 is sufficient for uniqueness of
the control time history. The fact that it is also necessary is proven by
noting that if & has rank less than »» then a A« # 2can be found such that
GAu=0. Then the controle @+A« also produces x,(t)-

3.2 THE CONTROL TO PRODUCE PERFECT MODEL FOLLOWING

TIFS, like all other aircraft in normal flight conditions, has linearly

independent controls. It makes no sense to design an aircraft otherwise.

But TIFS, unlike other aircraft, has six linearly independent controls, a
number equal to the degrees of freedom, and therefore, can match perfectly

the linear and angular perturbations of any other aircraft about a steady
flight condition.* When the speed, altitude and rate of climb or descent in
the steady flight condition can also be matched, the entire flight path of

the evaluation cockpit of the TIFS can match perfectly the flight path of the

simulated aircraft's cockpit.
These facts can be expressed analytically by saying that it is possible

to find a TIFS control time history «(®)such that

(3-4)
Gp wlt) = f;”.{p(?7 T Fe Aplt) * 6, 2 (?)

*
When the steady speeds of TIFS and the simulated aircraft are not equal, the
amplitude of motion over which the perfect matching can be obtained is limited.
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where TIFS satisfies

o
and the simulated aircraft satisfies

= FFXF -l—Gpu (3-5)

X, = S, X

. er o (3-6)

22

Substitution of Equation 3-4 into Equation 3-5 gives

“p

which implies that if xp(0)=;<?n@)then Ap2) = X, @)

=S X TC,, (3-7)

*

for all =2 .

Equation 3-4 can be solved for «(z/ by using the property of control

independence. Since the rank of 6}0 is», an 7z»x»matrixM can be found such

that 4/6 has an inverse. There may be more than one such matrix M. By

multiplying Equation 3-4 by M, we derive the control as
-r
u = (M,6,) [,u, (7, ~F) 2y + A, va]
and by multiplying by»ﬂ; we obtain

“ = (M, Gp)n, [Mz (Fon = fp) Xpt M6, V]

But e« =« for all z~ and Xy - This implies that

-7 -7
(/W, Gf’) M, (Fom '/,L;) = (M, Gﬁ) Me (;m ‘/;)
and

=7 -7
M, G) M, 6, = (A4,6,) M6,

Therefore, it makes no difference which matrixA#f we pick.

>
M can always be chosen as &p if a more convenient choice for computaticn

is not obvious. This gives

7 -/ 7 7
wl(?) = (Gp 6;,) 6,_., [F,,, - {a] X 76y 6, w(2) {3-8)

®

The general conditions giving the capability for perfect model following
using one arbitrary dynamic system to match another are discussed in
Addendum 2 to Reference 3.1.
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Also since this control time history gives 2%,&9=;g#?2 the control can be

expressed entirely in terms of model variables as

r -7 T r
w) = (6,6,) &, [F,,)—f;,] 2,8 +6,6, vE) (3-9)
3.3 RESULTS USING THE SST MODEL

The TIFS control time histories, neglecting sefvo actuator dynamics,
required to simulate the Boeing SST in its nominal landing approach condition
are investigated in this subsection. The transformations for state variables
for use in calculating the control requirements in cruise are also given.

Time did not permit inclusion of results for cruise simulation in this report.

The data for landing approach simulation are given in Table 3-1. The
results for a vigorous turning pullup from the three-degree landing approach
path are given in Figures 3.la and 3.1b. It is assumed that the pilot over-
drives the elevator control to achieve a faster response and then returns the
control to the steady state position for an incremental 0.7 g pullup. The
aileron input is such that a steady bank angle of 30 degrees is reached in roughly
six seconds. No rudder input to the SS5T model is assumed. The maximum required
TIFS control positions and rates for this maneuver are listed in Table 3-2. All
of these are within the TIFS capabilities, although it is noted that the side-
force surface and flap deflections are large enough to extend into the nonlinear
range of surface effectiveness and should be corrected upward by a significant
amount. The large deflection of the side-force surfaces is due primarily to
the difference in SST and NC-131H values for Y4 in this flight condition and the

peak of roughly five degrees of sideslip generated during this maneuver.

Since of and 8 will probably not be matched in favor of cockpit
acceleration, the equations for cruise simulation must be written in terms of
the state variables nap andfngp. The transformations7,,, and7 . must be used
on the state variables and the equations become

2=7Fr 'z 1. (3-10)

where Z = 7x
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Table 3-1
DATA FOR NOMINAL LARDING APPROACH SIMULATION OF THE SST

(MATR1X ENTRIES FOR AMGLES MEASURED IN DEGREES)

QUANTITY TIFS $ST QUANTITY TIFS $8T
W~ 4% |50,000 408, 262 LONG LAT LONG LAT
V ~Ftfsec 217 20 f, 0 -.0316y | +.229 -.03308
A~ Fp (] 0 %, - 5614 0 ~.5614 ~ 0
7~ dep -3 -3 £ -.03626 -.1887 | ~.05840 | -.1175
Haps~deg| £ = 80 30/50 £y +.3894 +.6295 | +.3711 -. 0904
~ - R . . +.1
““er g | +2.84 s, +1.00 +.0680 | +.783 25
, ~deg | 59.6 - 7, +.00771 +, 1882 | +.00798 | +.1457
Trtem 2
g ~o 3.2 -- s -.07818 | -1.001 -.0768% |-1,039
e LOKG LAT | LONG LAT £y -.89y7 -, 1869 | ~.6U02 -.01u9
£, ~1.395 |-1,772|-.02708 |-1.660 g, ~1.13 -1.34% ~.176 +.815
r
%, -.00295! 0 [-.00051] ~0 g +.0002755 | +.660 +.000243 | +.0318
2
£, +.02585 (+.3338 [+.0010%{+2.08 g -. 1740 -, 125 0 0
‘3
£y ~.847 f-1.143]|+.028 |[-1.982 9 0 0 0 0
i
for i 1 i 1 ?22 ¢ 0 0 0
£, 0 0 0 0 %, 0 0 0 0
fie 0 0 0 ) 2 0 -.0018 0 -.00813
-,
foy 0 ¢ | o 0 ?’ +.002706 | -.796 | +.00347 | -.0763
A2
. ; +.0U31 -
P ) o 043 00045 0 0
rY:) # g -.1048 0 . 0450 +.0062
X =1AY] X = # -
wowg”™ 0| Paar ﬁ P -.000027 +.0529 | -.000270 | -.0253
s -.162 +. 0446 0 0
Table 3-2
TIFS CONTROL MAXIMUM POSITIONS AND RATES FOR
TURNING PULLUP FROM A LANDING APPROACH
SIMULATING AN SST
MAXTHUW POSITION MAX TMUM RATE B
DES1GN DESIGH
REQUIRED | DESIGN | REQUIRED | (NO LOAD) | (UNDER LOAD)
SURFACE DEG DEG DEG/SEC DEG/SEC DEG/SEC
FLAPS 18 +40 37 55 4o
SIDE-FORCE 17 +30 12.0 72 60
SURFACES
THROTTLE 68 90 1.2 - -
ELEVATOR -15 -25 30 72 60
+12
RUDDER 3.5 +18 | 72 60
ALLERON 7 +18 31 72 60 J'
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S =0 t=0
8 = -7.7° t = .1

A8y . . Be = -15,4° 2%t 4.6
i %e = -7.7° t>U4.6
A B, -12 : e ST S
SST An——lfssﬁuump ; ; g i
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1 2 38 4 & 6 7 8 9 10
TIME ~ SECOND

Figure 3.Ta  LONGITUDINAL SURFACES - NOMINAL LANDING APPROACH
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8o =0° t=0

8o =5 t=.1

B, =10° .25t<6,0
$2 =5° t=6.1
5. =0° t >6.1
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Figure 3.1b LATERAL SURFACES - NOMINAL LANDING APPROACH
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The transformations are

[ ) .
e ’ o 0 8
46 0 / o 0 46
av | e o s o av
L v v
= - — 2 - da
L/”;p 7 7 7 ||
for the longitudinal state, and
. T [ 17 ¢
/ r 0o o o0 0 ¢
V o 7 e o 0 ¢
v | = o o 5 o o ¥
ay e o o 7 0 4y
L VoV
% I A - N

for the lateral state, where the lateral system has been augmented to include

the equation W'=Q-;LA}//.

3.4 REFERENCES

Application of the Model Following Concept

3.1 Asseo, Sabi, J.:

to a Servo Problem. CAL TIFS Memorandum No. 64, 28 June 1967.
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SECTION 1V

TIFS MODEL-FOLLOWING SYSTEM DESIGN

4.1 INTRODUCTION

This section presents a summary of design considerations and procedures
required to develop a satisfactory variable stability system employing the
model-following system technique. The model-following system (MFS) has been
used successfully in the past to simulate various types of aircraft. When
compared with the response-feedback technique (RFS} of variable stability
systems, a considerable advantage is realized due to a substantial reduction in
the amount of in-flight calibration required. MFS, however, has its problems,
not the least of which is the requirement for careful system design to ensure
an acceptable level of accuracy with respect to the motions being simulated.

It is this requirement with which this section is concerned.

In concept, the MFS is straightforward. The motion outputs of the
simulator are to match those of the airplane to be simulated as defined by its
equations of motion, i.e., the model. This is accomplished by comparing the
responses of the model due to pilot control inputs with those of the simulator.
This difference or error then commands the appropriate aerodynamic surface or
other controller in an attempt to reduce this error to zero. The degree of

this reduction is a measure of the accuracy of the simulation.

Generally speaking, the appropriate controller is that which has a
primary effect on the particular motion parameter to be matched, e.g., elevator
to control pitch angle. However, a given controller has an effect on motions
other than those with which it is primarily associated, and under some circum-

stances these '"secondary'" effects can be important factors in design.

The TIFS MFS capability is enhanced as compared with previous CAL
systems due to the addition of direct lift and side-force controllers to the
"inherent" airplane controllers; elevator, rudder, ailerons, and throttles.
Thus, forces along, and moments about, all three axes of the simulator can be

controlled. This additional capability does not, in itself, insure satisfactory
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model following. By definition, accurate mode! following of any single

variable represents a closed-loop (feedback) control system, the very essence

of which is a high gain transfer function. In this case, the gain (which for
analysis purposes is variable) is the ratio of simulator controller movement

to the error between the reference variable and the controlled variable. 1In
some cases, the magnitude of a given gain may be limited due to structural and
measurement noise to a point where simulation of the model response is seriously
degraded. Thus, the designer may find it necessary to-alter his basic concept
of parameter-controller relationship and indeed add more control loops and
compensation to compel the accuracy of model response simulation to meet the

criteria he has established.

The design effort implied above and described in this section is
generally divided into three parts. (Despite this convenient breakdown,

fundamental design philosophy noted above applies in all cases.) They are:

1. Longitudinal mode design, using small perturbation linear

equations of motion.

2. Lateral-directional mode design, using small perturbation

linear equations of motion.

3. Six-degree-of-freedom (6 DOF) design using longitudinal --
lateral-directional coupled equations, Euler angle representation

and nonlinear aerodynamics where applicable.

Practical considerations dictated design on a linear basis first (where primary
effects could be studied without the added complication of the large and complex
nonlinear representation), followed by application of these concepts to the more
complete 6 DOF loop design. At the time of this writing, work was just beginning
on the 6 DOF loop design. Thus, 6 DOF results are unavailable and-only the effort

leading to analog representation of the model and TIFS is described.

The model used throughout the linear preliminary design phase is that
of a typical supersonic transport (SS5T). Readily available data from a previous
simulator design program made this choice a reasonable one. The 6 DOF
representation is based on the latest available data for the Boeing SST.
However, progressive design efforts will not be restricted to the SST type
aircraft, but will include such configurations as the Advanced Manned Strategic

Aircraft (AMSA). 75



4.2 LINEAR LONGITUDINAL MODE DESIGN

4.2.1 General Design Considerations and Criteria

Specifically, TIFS requires that accelerations, velocities and dis-
placements be matched at the pilot's station so that the piiot's motion cues
match those of the airplane to be simulated. The design accuracy is based on
the pilot’s sensitivity of each parameter and for this study, it is desired
to match accelerations and rates to within 5 percent and displacements to
within 3 percent. Final accuracy will, of course, depend upon the accuracy

of measurements made from the TIFS airplane.

As noted in the introduction, the basic approach is to close a control
loop to that control surface which is most effective in controlling a particular
variable. However, several problems arise with this approach. Sometimes the
control surface controls two or more variables much better than any other
surface. For instance, the elevator is a very effective pitching moment
controller and therefore is used to handle pitch angle. However, the elevator
also controls angle of attack better than the flaps and velocity better than
the throttles. Sometimes the control surface function changes with maneuvering
flight. For example, as the aircraft is rolled, the elevator becomes less of
a pitch controller and more of a heading controller. Problems of this nature

will be investigated during the 6 DOF design phase.

This analysis is made on the basis of classical step inputs. The
advantage of this is that such inputs are repeatable and the effect of design
changes can be examined on a consistent basis. However, it must be noted that
normal pilot inputs are generally slower than a step (such inputs can be approx-
imated by a series of ramps) and therefore, less demanding on model following.
The reason for this is the smaller high frequency content of the ramp as
compared with the step. Acceleration matching is especially critical in this
respect; a step input produces a step response. Thus, designing on the basis
of step inputs is conservative in that the model following is likely to be

better under normal flying conditions.
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4.2,2 Single Loop Analysis

One of the major problems of designing a model-following system is
determining a simple method of looking at the total system. Writing the _
transfer function frim the model inputs to the TIFS output for three controllers
and multiloops requires many terms. The significance of any one loop or term
is lost. The following method of analyzing the system was developed to help
deternine methods of obtaining satisfactory model following. For illustration,
a & loop to the elevator will be used. (Transfer functions are generally

functions of the Laplace operator "s" which, for convenience, is omitted.)

Ao g e f s
= - A ’ -

The error €4 is equal to Ag,,-48, hence

% -4
Ag = :, A6, 00 (4-2)

Substituting Equation 4-1 into Equation 4-2 yields

o = Lo - Lpyo Lopg - Zss (4-3)
(] 5‘9 ” ag e 0;' A é F

Solving Equation 4-3 for 4
4.

3 & &
Ad = —_— - f‘ ——
A x 3

Substituting Equation 4-4 into Equation 4-1 and rearranging gives

& e &
D8 = -ufé——~éﬁ—~—‘35 __EEL_EEL__ é _é
A R | e Tag| e

Equation 4-5 §hows that one way to achieve excellent model following is to
LN

make -;::Ei—é%zgj=fover the frequency range required. If unlimited gain (%g)
€o

is availagae, the foregoing can be accomplished by using a large constant value.
In lieu of this capability, éél may be a compensation network designed to
&
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de

achieve the desired result. In general, the effect of €y is to make the

airplane follow only the A8,, output of the model, minimizing the effects of

pitching due to the airplane's4d;andAd,. It may be noted that o’i and 0,—6’—
X
are frequency-dependent and contribute to the values of the closed-loop sys%em
e
roots as does the denominator 1 + o’i N
e &

4.2.3 Feedforward Gains

Model following of accelerations requires TIFS responses to frequencies
much higher than the model short period frequency. A step input to the model
produces a step change in acceleration and to match this step change would
require very high gains. Since these gains are not available, feedforward
gains on the state variables and their detivatives are used. For example,

assume a step input to the linearized drag equation, Equation 4-6.
VY =0,4y+h A +DBA&+%A¢:; ‘ (4-6)

at time + =g, 4d¥V=doc=A8=0.

. B 4-7
v, = %‘M%» (4-7)
Vv = .Do;Aaa, (4-8)

In order to match accelerations, \'/m must equal V ; thus,

v, =04,
or x
Ad = L ¥ (4-9)
x Vo, 477
%

Therefore, by feeding forwardf,;,— 1.:’/”, the correct initial A&/‘rcommand will be

. H X
obtained to produce V- |}, . Another use of feedforward is indicated below.

It may be illustrated by assuming a simple

‘g feedforward is added (dotted line).
kel

99 closed-loop system to which
"

:
—
m k\

78



The system transfer function can be shown to be:

8 [a; +a’e]

6 _ fe €o Em
g /7‘- g __{E:._
e €,

Thus, in addition to the ab111ty to adjust é&L- , the gain -%3— can be made a
m
function of frequency (-—ﬁk as®+bs ), affectlng the transient portion of the

response without changing the steady state value.

4.2.4 Axis and Position Transformations

As previously noted, the TIFS airp&ane is designed to match the model
motions as experienced by the pilot. Therefore, the cockpits of the respective
airplanes will be oriented similarly. However, the SST cockpit floor is
designed to have a 4 degree angle relative to waterlines of the SST. The TIFS
cockpit floor is presently designed to be parallel with the waterlines of the
Convair. Therefore, there will be an incidence angle between the respective
body axes. This incidence must be taken into account for medel following of

-~ and 7 and their derivatives,

Matching the motions at the cockpit requires matching the "local"
lateral and normal velocities and accelerations. Therefore, the model parameters
must be referred to some reference position before they can be compared to TIFS
parameters. For the purpeses of this report, model variables are transformed

to either the TIFS center of gravity or to the pilot's station.

4,2,5 Control Loops Investigated

Previous experience (see References 4.1, 4.2, and 4.3) has shown that
€, , andg loops should go to the elevator. Also, V, é;d’t, and ¥ loops
should go to the throttle system. However, TIFS is the first variable stability
airplane to have direct lift control and, therefore, complete matching of the
model. Thus, in addition to the & to Je and V to o, loops used, control
loops to the flaps are chosen from n; f j)og o and /mdf . As these
variables must be matched at the same p01nt in space, thulr error signals are
defined as below:
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sz 7 N
” v “Atz, =8, 2 T g A,
/f
€, = —-An ) ot
oy - 4,
€ =Ac —AoC =foc - ~A
= m;aj’ 7} Vf ?M
£, e .
6. = - G = G-c - 7 7 - &
r
€ = / fhec, . —hAoc) gt
o z: Cy
where 2, = distance of model c.g. to simulation pilot's station, and
£ _ = distance of TIFS c.g. to simulation pilot's station.

7

4.2.6 Discussion of Results

Using single loop analysis, the gains were calculated that would be
required to achieve 1 percent accuracy up to model short period frequencies.
{This is essentially an "unlimited gain' situation.} These gains were

;‘:— = -80, 7 — = -20, g{f— = -1000, and j‘f— = 500. Figure 4.1 shows

the results. With the error traces expanded ten times the model trace, the

errors cannot be distinguished. As An} is a much faster signal, there are some
initial errors. Figure 4.2 shows the same loops closed, but with high gains

that might be achievable. The o« model following is unsatisfactory.

Figure 4.3 shows an « system with nine control loops instead of four.

The gains are realizable, but there are still sizable errors in o and »_ model

s
following. To eliminate initial errors, ?‘m and \.'rm are fed forward. The
particular feedforward gains used, 2 de_ and d:" , are calculated as follows,

”n m Vm
J. r 2. -
fr: {mjr]’{e—; ’ I,
Tpo 2oy Vi $m Vm g

To minimize errors in Aet and 4 , feedforward gains are used to the flaps and

. , d . .
elevator, respectively. These gains, {3’— and —?L , were optimized on the com-
m »n

puter to give minimum errors. The block diagram of the o system with the
feedforward gains is shown in Figure 4.4, and the analog results are shown in

Figures 4.5 d 4.6.
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Feedforward gains depend upon a specific flight condition and a
knowledge of the control derivatives involved. Thus, the values used in this
investigation to provide acceptable model following may be wrong for other
flight conditions. The range of values required for these gains throughout
the spectrum of flight conditions will be the subject of future investigation.
It is possible that simple gain programs with dynmamic pressure and fuel

remaining will provide the proper adjustments.

The block diagram of Figure 4.7 shows an ﬂ} system, wherein a A’E&
signal is fed to the flaps. A weak./%adtIOOP was included to bound the errors
ind«. Analog results are shown on Figure 4.8. Figure 4.9 shows the results
of a combination 73, o. system. This may be used where, for practical reasons
(structural and measurement noise),zsnj is a better signal than A« . Note that

as in the basic 775 System, feedforward gains are used.

Table 4-1 lists the estimated maximum allowable gains based, in part,
on previous in-flight experience. Reasonable estimates for the elevator and
throttle loop gains have been obtained from practical experience with CAL's
B-26 in-flight simulator, the T-33 variable stability airplane, and from the
General Purpose Alrborne Simulator program using the Lockheed JetStar airplane.
Loop gains to the direct 1lift flaps are based on engineering estimates and
have yet to be verified from flight experience. Design to acceptable meodel-

following accuracy as presented in this report is based on not exceeding the

gain values given in Table 4-1.

Table 4-1

ESTIMATED MAXIMUM ALLOWABLE GAINS

q;/gg = .15 %/%: +10 %'/%z -10

eEg = -3 d/;/ey = +0 aé/eu_:-lﬂ
cg/eg=-2 d,;/’ey=+1 a;feaf-i
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4.3 LINEAR LATERAL-DIRECTIONAL MODE DESIGN

In this subsection, the design of the TIFS lateral-directional model-
following system is discussed. The discussion begins with a general description
of the control loop design and leads into an explanation of the various systems
developed as well as a presentation of the time histories for the respective

systems. Also included are simplified block diagrams and root locus sketches.

4.3.1 Control Loop Design

Theoretically, lateral-directional model fellowing can be achieved by
utilizing any of the three control surfaces to match three linearly independent
variables defining the lateral motions of the aircraft. In order to attain
good model-following results with reasonable gains, however, a discriminating

choice of control loops must be made.

An attempt is made in the preliminary design study to obtain at least
two different loop configurations. One design would incorporate model following

with 4,y , and & as the primary feedback parameters. This system is referred

to as the "dsystem." A second design utilizes #,# , and», as the primary
control variables and is referred to as the “Zg,system." A third system is

also developed utilizing g, 4, andJﬁy as primary feedback signals with + as a
secondary feedback parameter. This system is presented as an alternate to the
*

s, system,
54 b

The easiest loops to design are the aileron control loops owing to the
relatively high open-loop gain of the ﬁ/d;(s) transfer function. Because of
this high gain, # matching of better than 1 percent can be attained with

reasonable q;/%# gains.

Improving the # response are model-following loops on o and.fito insure
good high frequency responses to aileron inputs., The model-following logps

then will have the aileron controlled by errors in the rolling motions.

It is to be understood throughout that £ of the TIFS center of gravity is
compared with the model # transferred to the TIFS center of gravity, and s of
the model (from which ¢ is generated) is referred to the TIFS body axes for
comparison with g of TIFS. The same is true for 7~ . 7y is the lateral
acceleration at the pilot station in both cases
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Design of the rudder and side-force control loops was not quite as
straightforward. From past experience, it is known that the rudder is a strong
A controller, however, the rudder is also a direct yaw controller. As a

result, investigations were made to determine the effects of:

1. Controlling yawing moments with the rudder, and sideslip

with the side-force controller,

2.  Controlling yawing moments with the rudder, and lateral

acceleration with the side-force controller, and

3. Controlling sideslip with the rudder, and lateral accel-

eration with the side-force controller.

The resulting systems are the " 4 system,” ”7} system,'" and "alternate 7?

system,'" respectively.

The &4 system resulted in good model following in vaw, sideslip and
lateral acceleration. The 7, system model followed well in yaw and acceleration
but sideslip control was poor. The alternate f% system is at least as goed in
model following as the <4 system. In all three systems, the roli responses are

controlled by the ailerons and, as described, follow to within 1 percent.

The block diagrams for the £ system and the alternate 'ﬁy system are
presented in Figures 4.10 and 4,11 respectively. Table 4-2 is a listing of loop
closures and gains utilized for the model-following systems described in this
section. These gains are no higher thar the maximum estimated capability based
on {as in the longitudinal design phase) in-flight experience of previous
simulation programs. It was assumed that gains to the side-force surfaces

could be at least as high as those to the rudder.
The control loop desigr can be summarized as follows:

B System: The model following in the linearized three-degree-of-freedom
simulation 1s good. However, the study was made onlv for the speeds-matched

condition and should be investigated in great detail for other flight conditions.

7y System: The 4 following is inadesuate in the »~, system, and therefore, this

design can be discounted for the model-following conditions investigated here

{trim velocities the same [or both model and sinulator).

hl



WYHOYIQ ¥0078 WILSAS & Ol'h 84nbiy

7

7%

NGILOK
40
SHOELYRHA
§311

40l¥Nidy

¥OLYALIY

HOLYALDY

tr )
« [P =
“d/% |
7. 5
¥a
/8 £
7y _mm 7
50 s
S EA
m-....ns“
’3 Lm -muk_:...
4y 4
e
dy fa L
Ua ¢ - SHOLYYY4M0D = H\.L.Ek
“s/ s :._..E& Ly
P il ' s
d
.u\dm A
AL
0\ (3 7,
!
5% o
| LEQ\.!% T

T3e0M
188




WY¥OVIG X018 WILSAS Au 31vyN¥3LIV

a4nb |4

“a/tg

NOILOW
30
SNO1LYNO3
§dii

401VNLOY

“d/Fo Lo

s/

t!t -
] il
.ﬁ;m\

HOLYNLDY

SYOLVHVANGD

“~%\\”\.-\_

H0LVYNLIY

%m\ew

m\\n‘.tﬁu

300N
188

M Ly eswy

93



Table 4-2
LOOP CLOSURES AND GAINS UTILIZED FOR THE MODEL-FOLLOWING SYSTEM

& SYSTEM ALTERNATE 77, SYSTEM 77, SYSTEM
LIMITED GAINS LIMITED GAINS
LIMITED GAINS |WITH INTEGRAL WITH INTEGRAL | WITH INTEGRAL
UNLIMITED [LIMITED | WITH INTEGRAL | CONTROL ARD [JUNLIMITED | CONTROL AND | CONTROL AND
GAINS GAINS CONTROL FEEDFORWARD BAINS FEEDFORWARD | FEEDFORWARD
| ]
£ fe -20 -10 -10 -10 -10 -10 -10
al ¢
102 - - - - - -
g J€, 10 2 ) 2 20 2 2
il/fé -.8 -5 -5 -.5 -5 -.5 -5
¢ [r.r 0 0 - -.25 0 -.25 .25
g/la 0 0 0 0 +10 +10 0
d; €, 0 0 0 0 +100 +10 0
{/fer 0 | -10 -10 0 0 -10
g/er -102 -y -y " -y -4 -4
4;/€r -5 -2 -2 -2 -.2 -2 -.2
%;//2; 0 0 +10 O 0 0 0
%;/e;, +10% +10 +H0 +1o 0 0 0
@/g +102 1 + + 0 0 0
f;[fer ) 0 0 0 0 0 )
{;/EP. 0 0 0 0 0 0 0
by 0 0 0 0 o +25 25
Je,
¥p
oy 0 0 0 o +500 +10 10
E’l
e 0 0 o
{r/’,” +.075 +.15 +.18 15
‘{r/';’w 0 0 0 +3.6 +3.0 +3.0 3.0
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The equations of motion can be used to show that whenio,r-, and,zy are
perfectly matched, & will also be matched. But small errors in thep,», and
7y model following rapidly generate significant errors in & . Also, any initial

mismatch in 4 will not be erased in the 7y system and noise in the simulation

may produce drift in & of TIFS even though;o,r~, and #, are following well,
The;o,;-, and’?y responses did model follow well in the n} system. After

some deliberation on this model-following configuration, two conclusions were

drawn:

1. The & following was poor because there was no control for this

variable, and

2. The ﬁf system might prove of significant value in other than the

matched flight conditions investigated here.

For SST flight conditions outside the TIFS flight envelope, direct
matching of all variables is impossible. In these cases, it is important to
match parameters which are significant pilot cues. If attitudes and accelerations
are not matched, the simulation will be unrealistic. If,4 is not matched, the
pilot would not very readily observe this as long as ¢ s 05 7 and ff are
matched. Therefore, the ?y system may yield the desired model-following results.
Investigation of the », configuration should be carried out in some detail in

J

flight conditions other than the speed-matched case.

Alternate », System: As previously noted, the model following resulting from

this system gave results at least as good as those for the 4 system. .4 and
are controlled by the rudder with an integral control on the error in sideslip.
This results in "tight" control on &4 and reasonable control on» . Control of
¥ , however, may be less acceptable because of the absence of ana/%r feedback.
(Integral control on the errors in 7 gives objectionable results when combined
with the integral control ond.) Because pilots are more aware of errors in
heading than of errors in sideslip, it should be determined what, if any,
degradation exists in p matching for this tight control of & together with the
lack of ana/ér feedback. This too should be determined in the later stages of

the design progranm.



4.3,2 Unlimited Gain A4 System

As previously noted, the theory behind model following implies that the
model-following errors can be reduced to any desired level by increasing the
model-following gains. That this is indeed true is illustrated with the time
histories presented in Figures 4.12 and 4.13. These analog records represent
the results obtained when unusually high gains are utilized. It should be
emphasized that we do not advocate using these gains in the system, but rather

use these records as an example of "excellent' model following.

Insight into the effect of high loop gains can be obtained by root locus
analysis of the aileron channel. As discussed in earlier sections of this
report, the system becomes decoupled as gains ére increased and the analysis is
the same as that for the single-input, single-output servo system sketched below.

From this diagram, the closed-loop transfer function is obtained:

7 A [
N - T
’M‘ - f -~ d“" + __Jﬁb_ .L {-
CL €y g €p ] % J)]
¢”"+ 2 o o P N 4 ©- /57 _f"
<O/ e P Fo T e

The root locus diagrams of Figure 4.14 indicate the effects on the roots due to:
1. Setting the é;/@? gain to zero and increasing the gain, and

2. Including the §, /€, compensation and increasing the §, /€y gain.
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A comparison of these two figures demonstrates that the high gain loop
alone will not yield satisfactory results since the system damping tends toward
zero. The inclusion of the 8q /€ploop effectively changes the aileron from a

lightly damped second-order system to a first-order, wide bandwidth system.

Analysis of the rﬁi,ﬁﬂand/ﬁﬁg,ﬁv loops can be carried out in an
analogous manner to obtain the closed-loop transfer functions for the respective
yaw and sideslip loops. As discussed in Section 4.2, the high gain system tends

to decouple the loops enabling this analysis to be effected.

4.3.3 B System Development

It is a foregone conclusion that there are practical limitations to the
system gains that can be utilized in aircraft control systems. Reducing the
gains from the level utilized in the high gain design to practical levels
degenerated the model following substantially. With these reduced gains and
without any additional compensation, the TIFS is not able to match high
frequency model responses and in some variables is not even able to match
steady state values. This is readily apparent in the time histories of
Figures 4.15 and 4.16.

Since heading angle (¥} is an important pilot cue, an integrator is
used on the error in yaw rate {»=y) to provide better matching on both yaw
rate and heading. The €, integral, as anticipated, reduced the steady state
error in » to zero and cbviously aided in ¥ matching. {In the actual
mechanization, ¢ will probably be used in place of the integral of ».)
Similarly, an integral €q loop was added to provide zero steady state &
errors. The time histories for this intermediate system are shown in
Figures 4.17 and 4.18.

From the responses in Figures 4,17 and 4.18, it can be seen that
although the low frequencies are matched well there are still substantial
errors in the transients. This is most apparent in the lateral acceleration
traces. To alleviate this situation, it was decided to feed,%” andva” as
direct inputs to the side-force controller and p . as a direct input to the
ailerons. The effect of this feedforward was to greatly enhance the high

frequency response as illustrated in Figures 4.19 and 4.20.
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Theoretically, the effect of feedforward inputs is to change the
location of the zeros of the system transfer functions. More design work
should be done in the lateral-directional analysis to determine more exactly
the analytical effects of feedforward input and to predict more accurately the
feedforward gain. In the preliminary design study, the feedforward gains were

adjusted to yield the "best' analog transient responses.

The time histories in Figures 4.19 and 4.20 represent the response of
the & system. A comparison of these records with those of Figures 4.12 and
4.13, which represent the ideal system, indicates that the final 2 system

with feedforward inputs is an acceptable model-following design.

As in the longitudinal analysis, the model inputs are more severe than
those anticipated during a simulation flight. Therefore, the model-following
results in both the six-degree-of-freedom simulation and the final three-degree-

of-freedom system should, if anything, be better than those preséented here.

4.3.4 Alternate 7, System Development

The design of the , system was performed in a manner analogous to that
utilized for the & system. The model-following loops were closed and the
system gains increased to extremely high levels. Runs were made and the time
histories obtained to establish a standard to which the final system time
histories could be compared. Finally, the loop gains were reduced to realizable
levels and the necessary compensation added. As in the & system, the compen-
sation included model following on derivative signals, integral control on ¢,
and qu and model feedforward inputs. The gains used for the time histories
are cataloged in Table 4-2, which is a summary of the various loops utilized

in each system and the gains used in obtaining all of the time histories.

The time histories of a high gain 7, alternate system are compared with
those of the limited gain case noted above in Figures 4.21 and 4.22. From
these records, it is apparent that the limited gain configuration produces
results which match the results of the unlimited gain case extremely well,
The errors in the position signals and rate signals are no worse than 3 percent

and the accelerations are matched to within 5 percent. It should be noted that

107



+me
DEG/SEC

+€F

DEG/SEC

+
"mT

DEG/SEC

+Er

DEGfSEC

ﬂBmTcg

DEG

UNLIMITED

[

LIMITED

bt

+2.5—

[

T

I
T

1

0-—

1

=

1ot

]
[
\

42,617

il

-2.5—

+.,25-

EC

{i

imw
h

SEmman

Yan

T O T

Figure 4.21 ny

HIHT

T

MODEL-FOLLOWING GAINS

UNLIMITED
Sa./eﬁf = 70
8a/€p = 20
Sa_ /ep = -5
Sa //gmr = o
5?"//6,6’ = #/0
5r/€,6’ = #700
By /€r -4
8, /e, = -2
S _/E = 7
o/ /s,

sy/ényp = *300
Sﬂ/ﬁm *-15
Sy/r‘m = +3.0

GAIN CONFIGURATION WITH ALTERNATE 717 SYSTEM
= +0.5* STEP

bt 1,y

108

LIMITED

=10

+70
/0

-2

+ 25

L]

+.75

+32.0

SYSTEM MODEL-FOLLOWING, COMPARISON OF UNLIMITED



*PnT
DEG/SEC

€,

DEG/SEC

+
CmT

DEG/SEC

+Er

DEG/SEC

B MTcg

DEG

+Eg

UNLIMITED

LIMITED

+2.5 -1 j:,;_ ) _JLF’C TFj‘HHHi
RS G mna e G gy fﬁ
L.l I . : R 1 4
: Hl- L o /€ =
i _Ef;i:“q'*r - E ,1:}_::‘l w/€d
2.5-TLLIT Tilip LLipidriill g S€p =
SR Wi e -
o- =" iﬁp‘ T 13 a/"p
e R b/ Bor =
-.25- T A HEEE
MR TR )
SHEL T B %
0‘_‘.J,¢__d i . L_'Mr’_ R 5,,./6}5 =
o i FC 1;_{ J B
j% I it o O o et ot -
-2.5 - L — i C 54-/67" =
+.25 fqd#il;_+ fl:ftggf?E: _+1;+—4fﬂ_*?4*'_ T $ /ﬁE —
J I ] 1 J,i 4 ¥
o HEEE T :35 e
3

T1
|

+.' 0 bt —0»;/- ——t - v~—~—!—-:-——‘—+—k
* I O O E: . I T
+ 1o T T +
jj-—?j’}’g T e
CEH AT T T g
EEREzRes ]E_ﬁ e Emma
— 3

sRnnal lug

*e2870 bt 1L et r*W Qi
ERReREgeE] ;
0- : 7| N l 11
T THa L
-. 25— = e
+.025-1 7 puEaua
T
1T
0- _: e cit+ -
) T T I
oge EEEE FEREE TEOAERR
* Ozs_jigt_i%t‘f,‘,iif' EP : N
e H oo o
i o K ——
e R AT ]
- shp e
-.0258~ AT =7 ‘

Figure 4,22 Yy SYSTEM MODEL-FOLLOWING, COMPARISON OF UNLIMITED

MODEL-FOLLOWING GAINS

o4/0€, =
3¢/€"Rﬂ

by /€ Ty "

53/f5m =
53/’;141 .

UNLIMITED

+70

+ 700

-2

+500

+.75

+30

GAIN CONFIGURATION WITH ALTERNATE ﬁg SYSTEM

)

@

109

-0.5° STEP

LIMITED

-0
-2

-5

-.2

70

+ JO

+ 25
+10
+./5

+ 3.0



these errors are the maximum errors that occur and generally appear during the
transient response to step inputs and then reduce to zero in a matter of
seconds. Theoretically, at least, the steady state errors are zero due to the
integral control on £ and %, . The errors in @ are small because of the

inherently high gain of the ¢/¢, (5} transfer function.

4.3.5 Servo Response

During the preliminary design study, the dynamics of the control
surfaces are of significant interest. In the analytical design work, the
servo effects were not included because the control servo bandwidths are
relatively higher than aircraft frequencies and the degree of complexity is
greatly increased when servo dynamics are included. The servo dynamics are

included in all of the analog computer work, however.

The surface servos for all three surfaces were programmed as second-
order servos with damping ratios of 0.7. The time histories of Figures 4.23
through 4.24 represent TIFS responses to model inputs, rudder and aileron
respectively, with both 10-Hz surface servos and 4-Hz surface serves. From
these responses there appears to be no degradation due to the slower actuators.
Figures 4.25 and 4.26, however, are time histories of the same system with an
expanded time scale. From these records, the difference in the initial re-
sponses can be seen. The higher frequency responses take approximately 2-1/2
times as long to reach a steady state level for the 4-Hz servo as would be
expected. There is not much difference in the responses after 0.2 second. It
is not felt that this difference seriously degrades the model-following
system. However, to improve the capabilities for gust alleviation and structural
mode simulation and to enhance closed-loop stability, the higher bandwidth
servos are needed. The conclusion to be drawn is that while it is desirable to
have 7 to 10-Hz surface servos from the standpoint of simulation capability,
4-Hz surface servos would not prove disastrous. This conclusion is based on
the linear three-degree-of-freedom simulation and should be verified in the
later design work. Note that the above comments are relevant to longitudinal,
as well as lateral-directional, mode design. Experience has shown that the
servo characteristics do play such an important role in the model-following

system that the results obtained here should be verified by further investigation.
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4.4 SIX-DEGREE-OF-FREEDOM ANALOG REPRESENTATION

One of the final and more inclusive aids used to design the model-
following system of a variable stability airplane is that of six-degree-of-
freedom (6 DOF), nonlinear equations-of-motion simulation using the analog
computer. Here, both airplanes, model and TIFS, are computerized to represent
as complete a physical system as possible consistent with available data and
computer equipment. The equations of motion and other data used in this
representation are given below. Data for feedback and feedforward loops are

the same as those used in the linear analysis and are not presented here.

Results of application to the 6 DOF representation of the system designs
developed during the linear analysis phase are not available for this report.
However, checkout of individual airplane representation by comparison with
digital solutions has been completed, and the major error loops are shown
to be functioning. A study plan to investigate various flight conditions,
initial conditions and input magnitudes has been developed and will be carried
out in the near future. Modification of some of the aerodynamic derivatives
appearing below is probable on the basis of TIFS wind tunnel data and revised

data received from the Boeing Company.

The equations of motion and other data describing the model-following
system as programmed for the six-degree-of-freedom analog design study are now

to be given. For clarity, the equations may be categorized as follows:

Airframe statics and dynamics, including Euler angles
Axis transformations
Engine statics and dynamics

Control surface actuator dynamics

A general diagram (Figure 4.27) of the computerized system follows

the description of the equations.

4,4.1 Airframe Statics and Dynamics

The following equations were used for both the TIFS and SS5T model.
They are presented in symbolic forms; values of the various quantities used in
this study are also given here. Section 2.1 describes the development of

these equations including simplifying assumptions and approximations.
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Expansion of some aerodynamic coefficients differs between the two
representations because of either lack of data or because of nonexistence of
some terms in one or the other. Therefore, expansions show the maximum number
of terms in either case, and if this number is zero, it is so noted in the
succeeding table of numerical values. Terms describing the auxiliary force
and moment producing surfaces are also included, although they exist only
for the TIFS representation. (These have subscripts X , ¢4 , and 7 .)

Note also that the descriptions presented here are based only on data available
at the time of this study; descriptions of additional effects, etc., will be

presented in succeeding reports.

X Force Equation (wind axes)

2
y pV ‘S'Ca . 7
V = - . g sn s s
where:
C = e s c
D 'qc.'o *5'-:"5 «r “s ” a(;" 0‘;
Z Force Equation (body axes)
& = - £= ¢ » L - =
2 v cas & cos g r? v
where:
C, =C ¢ x=+C 4 +C 4
i X, <, .éé e ?; 2

Y Force Equation (body axes)
oke

. 7
= 7 = z. ;
A= 5o C)‘,g+y,0566_&+ 5 €088 8inm £ -7 + xp
where: C, = ¢
4= WP G G, G
C, = C
o %P7 Cy}rﬂ
Rolling Moment Equation (body axes)
=L sl oviss ¢, # pVs 8% ¢
7 J;m, >3 <, ¥ /
where:
c, =(c, + C, «x)B8+(C, *C &)L +Cp & *C, &S+C, o
'{f N -‘g«;‘&=o d;z )/" % a fg,én @ d/‘}/



and

C = » C, «)r *C
“o /Cj’a: 2 fra ) ‘o 7
Pitching Moment Equation (body axes)

- - 1 / 7/ 4 Z2 ¢z
g = -f;;—[‘j,r?'*—z—/a viSc Cms+¥/ V'St CMD+T/V Sx C

™y
o
™y
oF
+
19
b3}
4
Oy
aYy
‘
™
Q

and

C'ﬂo £ C’”? ? * C’?’J‘d‘. <‘x

Yawing Moment Equation (body axes)
Fo= A7 st pviss ¢ rLprssic
{3}- X} 772 s L 7

where:

and

.= c = C lod
C.o C?‘ ~( "o = 0 o )f

?
n, = - ik - % g
% z” z
Fé F
n, = --—-——“'pyfc » Lo,
o 77 4
= g Sn grros g
- gos &
é = g cos g -7 Sin g

b= prpsineg
Stn ¥ = §itn &-8 Cos o6 sin - oS Bcos P
h o=V un v
!0=joa +(06/s+f9;)‘?,62
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4.4,2 Axis Transformation Equations

The following equations transfer motion from the SST cockpit floor axis
Detailed development

to the TIFS body axis through an angle, ¢ s 0f 4 degrees.
Subscript

is shown in Reference 4.4; pertinent relationships are noted here,
" »m7 " means model referred to TIFS body axes, ' #»" refers to model (SST}.

Pomr = Lo 7 im T

A Z oo '

Y7 = T Tl Py
My = ”z,,,"'im 3 e

ﬂfaf = ”}’

ﬂ’mT = ”"

ym?' = Vm

mr = P

Xy = “’M"‘.m

émf = 2y €08 Bonr “Vonr sin g, .

s = Pont Ly S Bosy ¥ Ty €95 Pr) tan ¢,

ymr=(f ’ $in By *# y €OS ¢”ﬁ) sec 6,

é‘ﬂ (!r = ) Z

.__r_f-,»._"};_ﬂ?ém

"éa;r = ’J i
4 Y,
[+
where: 4 st ™
IM = distance of model c.g. to simulation pilot's station.
'?r = distance of TIFS c.g. to simulation pilot's station.

4,4.3 Engine Statics and Dynamics

A. TIFS (see also subsection 2.3.1)
- - 2 _ F) » o ,
ffsz_”rﬂﬁwo 7= w, 34°) [/ﬁ,+,5;/,+y(4’3 A;A)]

£ =035, &5 = /¥ rad/sec

Rate limit on 7 is 9000 1lb/sec
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B. SST

A -

.. . 2 2] 7
T+2§u),]7’+wﬁ7'=a) r}a;

¢ =48, = /. &5 rad/sec
Rate limit on 7 is 14,500 1b/sec
-51'- = 2530 lb/percent max thrust
T
4.4.4 Control Surface Dynamics

A, TIFS
. 2 2

% f‘ZSf‘do e w, I tgc

¢ =47, w, = #¥ rad/sec

Same for o ,c;:,j:

, and

5

Same for a; and a;

4.4.5 Numerical Data

The following numerical data (not previously noted) were used for the
6 DOF study. Aerodynamic coefficients appear in the same order as they do in

the equations of motion and are in radian measure where applicable.
A. TIFS ( o in radians for nonlinear coefficients)
w = 45,000 1b

Flight Condition - See below

S = 920 £t2
& = 105.3 ft
c = 9,52 ft
4 = 341t
2
J;x = 241,600 Slug—ft
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NN Wy
A

AN S A N

[}]

350,000 slug-ft2

680,900 slug-ft2

3000 slug-£t2
1.058 £t
0.0327

0.126

1.44

0.3

1.1
-1.14
0.35
0.298
-0.11
0.358
0.026
0.382
-0.085
0.0341
-0.01
0.0420
0.382
-0.528

0.08

-0.99
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O H 0 06 0
PSRN

B N 0O
3
\q.h .Q\ \s\‘)

Y

H ' H

Lo = O

AR
.,uh
R

N

\“)Q ‘-\!\ h*

55T

w

n

1t

-2.0
+0.15
-45.0
-17.0
0.09

-0.126

-0.125

0

-0.28

320 1b/deg

0.00632 lb/deg-ft
-0.364 1b-sec/deg-ft

8.88 x 10‘6 lb-sec/deg—ft2

381,000 1b

Flight Condition - See below

S
b

<

L=F
X
a4
F3

3

1§

1]

i

5000 ft2

105.74 ft

158.06 £t

170 ft

4.27 x 10% slug-ft?
40.2 x 10° siug-£t?

44.2 x 10° siug-ft°

0.25 x 106 slug—ft2

126



0.125

-0.05

0.255

)]

oJ

on o~

o !

. o

L] [ I

il 1] ]
W /_.f et
RO

.120

0

0.00372

0.0647

-0.547

-0.04

-0.036
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C’”g = -0.33
C = -0.1
e
c% = 0.0837
c = -0.063
C”f,

= 0
4
&
C,,'y = 0.00315
%.
C,,r = -0.239
C = -0.0812
0”:.\::0
C = 0
qpa

4.4.6 Flight Conditions

This preliminary mechanization of the & DOF representation is based on
aerodynamic data approximately consistent ﬁith a velocity and altitude for
both airplanes of 393 ft/sec (l;P“c) and 10,000 ft (éo), respectively. Future
model-following design studies will encompass a range of flight conditions,

In particular, the TIFS airplane will include all important points in the

speed-altitude envelope.
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SECTION V

TIFS MODEL-FOLLOWING SYSTEM DESIGN
*
USING LINEAR OPTIMAL CONTROL THEORY

5.1 INTRODUCTION

The problem of achieving acceptable steady state and dynamic simulation
of specified aircraft when the TIFS mass characteristics and aerodynamics
are not precisely known is a difficult one. The TIFS concept involves six
linearly independent controls and therefere, more possible control loops than
have been previously studied for in-flight simulation purposes. To cope with
the problem of lack of precise knowledge, the model-following approach using
high gains is most promising. However, it is not as intuitively obvious as
it has been with simpler systems which control loops are best for model
following. The general application of linear optimum control theory, an
analytical procedure for designing complex multiloop systems, is natural for
the TIFS control problem.

The difficulties in specific application of the theory have been studied
in support of the TIFS development program and the results reported in this
section. These difficulties include the following: obtaining a set of feedback
gains which are high but not higher than specified limits, obtaining an optimal
control solution which does not depend on the time history of the evaluation
pilot's inputs to the model, and obtaining an optimal type-one system for model
following, that is, a system which has a forward loop integration to erase

steady state errors,

Linear optimal contrel theory is applied in this section to a servo

problem in model following in which the model is driven by an arbitrary input.

The optimal control law of the servo generally depends on the nature of
the input. One of the tasks of this analysis is the formulation of a perform-
ance index which generates an optimal control law with fixed gains that does

not depend on the input shape.

*
The symbols and notation used in this section are defined in Section 5.14
starting on page 5-37.
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In the conventional approach, good model following is achieved with
high gains. With the formulation of an "ideal" system which provides ''perfect
model following" at any feedback gain, the high-gain requirement for good model
following is eliminated. But a high feedback gain is still required to reduce
the sensitivity of the plant output to variations in the parameters of the
plant. The ability to determine an "ideal' system compounded with the require-
ment for high feedback gains leads to the examination of an important problem
in optimal control theory, stated as '"Given a set of maximum feedback gains,
what are the highest feedback gains which provide a stable and optimal system?"”
With this groundwork, the design of a "perfect model-following" system which is

least sensitive to variations in the plant involves the following steps:

1. Compute the highest feedback gains from a set of maximum

gains, and
2. Determine the feedforward gains for perfect model following.

This approach combines the conventional approach of maintaining a high-gain
closed-loop control system with choice of the proper compensation outside the

loop to exactly match the model.

5.2 THE REGULATOR PROBLEM IN MODEL FOLLOWING

Two distinct formulations are given in References 5-1, 5-2, and 5-3
for the model following of a regulator problem in which the model is driven by

arbitrary initial conditions.

The objective of the first formulation is to provide a good match
between the dynamics of the plant and the dynamics of the model. The dynamics

of the system and the performance index are given by:

Plant X = Fx+ Gu 3

Model f =Ly
(5-1)

v

Performance Index zy’:/m[(Q-Lg)rc;)(y'#zg)v‘urf?u ot

where y: Hx
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The first term in the performance index in Equation 5-1 tends to zero
as the dynamics of the plant approach the dynamics of the model. Inspection

of the root square locus expression in:
| 2ep7 6725 -F)" W-25-27) @(Is L) H(Zs-F)'g| = 0 (5-2)

reveals that the loci originate at the roots of the plant [Is-F=2 ] and
terminate at the roots of the model [Z$-£=2] when the plant and the model

are of the same order.

The second formulation aims at the minimization of the squared error
between the output of the plant,x,, and the output of the model,x, . The

dynamics of the system and the performance index in this case are given by:

3

Plant X, =
an "f f;o 1’,'*6;‘,&

Model Ky = Foy % b (5-3)

Performance Index .’2}’=/ [(xf— Xm)rﬂraz'//zp -} * urﬁ’u] dt J

Minimization of the performance index in Equation 5-3 yields the optimal

control law w,
_ =2 TP .y 7'p
@, = -8 G 7 X 0 -5 6”, 2 X (5-4)

where < and £, satisfy the following matrix Riccati equations:

-7 r r
L v 5 /}: 4 ’r;ar’?v ke éf’?’g;nr’% *ﬁ’réfv’ =da (5-5)
% *’9.1;07*};" I )"/? é’f P "W QN = O
The root square locus expression in this case reduces to:
-7 T r =7 r -7
ZrRG, (Tt ) HAH(Is-Fp) 6y =0 (5-6)

Unlike the model-following problem formulated in (5-1), the root square
locus is independent of the dynamics of the model. The elements of the weight-

ing matrices @ and # are selected such that the poles of the closed-loop plant
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are moved to the left of the poles of the model, leaving the model poles as

the predominant roots of the system.

The second formulation is applied to the servo problem in model following

treated in this section for the following reasons:

1. It forces the output of the plant to follow the output of the

medel instead of matching the dynamics of the two systems.

2. It is less sensitive to variations in the parameters of the plant.
3. The dynamics of the model are not required to determine the feed-
back gains.
5.3 PRINCIPLES OF OPTIMALITY AND CONTROLLABILITY IN A SERVO PROBLEM

Before proceeding with the formulation of various performance indices,

the requirements for a stable minimum should be established for a servo problem.
In Reference 5.5, it is shown that a system described by:
Performance Index 2v = / [x'gi;( * a’/?a] dz (5-7)

Plant Dynamics X = Fx »Gu

has a stable minimum if £ is positive-definite, ¢ is non-negative definite.
If these conditions are met, and if the plant (7, &) is completely controllable,
the Riccati equations have a unique positive-definite symmetric solution, =,

and the optimal control is generated as a feedback control law by:
a=-,?"6’.ﬂx (5-8)

For the model-following problem, the dynamics of the plant and model
and the description of the model input are governed by the following linear

state equations.

Plant Xﬁ=F’P2’P+Gﬁ,4
Model afm""'-:m Z,”*GM oy (5'9)
Input b.(m" ﬁum

132



where )(;, is the output of a controllable plant, (» -vector), X, is the output
of a given model (»-vector), 4, is the model input (»7-vector) and « is the
control (7 -vector).

Defining an enlarged state vector X , the dynamics of the system and

the weighting matrix @ in the performance index are expressed as:

2= FX *Ge 1
XP F‘; .4 0 6}, é’/ éz, é"
where 2 =|x | ; F= |0 £, 6,|; é6=lo|; g=| 4] 8 4, { (5-10)
«, e o o o 2, &) 4,
/

The enlarged system is not controllable since from Reference 5-5
Ran# [6,/—'6’, f"”””"e’] < 215 +mp

as expected from the fact that neither the model nor the model input are

controllable. To establish the optimality condition for model following

Pontryagin's maximum principle will be used in the formulation of the problem.

The Hamiltonian # , the optimal control that minimizes the Hamiltonian,« , and

the canonical equations are given by:
Hamiltonian 2#=x"gx+u’Fu +.21'{Fp X)a*ﬁpu) (a)

Optimal Control e = -ﬁ’"’(;’;;t = —8"6",

X =F x,-6,876 4 ¢
Canonical Equations{ * ror P} ” )
A B A LA byl ()

Substituting a = A, X, #8,% *»~ ¢, , and requiring that the canonical

equations be satisfied for every x,, ¥, and ¢,,, yields the following Riccati

equations: " .
g r
7 e T e S T B, — R APy = O (a)
" r
B Pty r e B By, ~ P A R0 ('n)L (5-12)
: I
Pa* P b=l 074 2 v &, — B, Ny =0 (c)
where ,
- .
A=C.R8 ; B (0)=0,c=723 J
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The solution of these equations is obtained by setting /f-_’ (e0) = (O
If @,, is non-negative definite, £ is positive-definite and the plant (Fo, Gp)
is completely controllable, (5-12a) has a unique positive-definite and symmetric
solution, #, , and the closed loop plant is stable, as indicated by Kalman in
Reference 5.5. In addition to these requirements, (5-12b and ¢) must have

steady state solutions. These equations are rewritten as:

r
(f;—/j[‘;) ‘p/::.*'cfz/:;a: T Fa

(o =A8) £y » 5y D= = #,- 56, (5-13)

A necessary and sufficient condition for Equation 5-13 to have a
solution for all 4 , 4  is that ?t.t-f-/{}-#a and A,V #0 forij= 1,2... where
Ai is an eigenvalue of the closed-loop plant (f;—ﬂfz),/a} is an eigenvalue of
the mode1,; . andzv-is an eigenvalue of the model input, D, Reference 5.4.*
Thus the conditions for a stable minimum are established for a servo problem.

The minimum value of the performance index for the servo problem in

model following is given by: [xp @ = %, (o) = 0]

b
- 4 — r
lvmi:; = # (o) X, = «,, /??3 (@) “ (5-14)
where » P, e
o= plzr p-ll /33
7 T
L B
/
and where /4 is the solution of the Riccati equation:
: - _ r r
e T DO, = ’%r/"?s_’?zsé'm”gm 23 (5-15)

*
The necessary and sufficient condition stated holds for matrices c¢f arbitrary
dimensions.
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For a step input,.0-2 (the right hand side of Equation 5-15 is not necessarily
zero),/_';?’f'éJ s %, most likely increases without bounds and the minimum value
of the performance index tends to+<e. To avoid this difficulty, the per-

formance index for a servo problem can be expressed as:

%

-]
and an [@>0] can be found for every plant such that2Y is finite. But since

the optimal control which minimizes Equation 5-16 also minimizes Equation 5-7,
*

the limiting process is dropped for convenience.

5.4 THE NOMINAL MODEL FOLLOWING SYSTEM

The nominal system is defined by Equations 5-7 and 5-10 where the
weighting matrix @ in (5-10) is given by
HQH -HpH o
@=|-#7qH HQH O (5-17)
o o 0
where # is a transformation on the state vectors X, and X, that provides
model following between a new set of output vectors5§,=/ﬁ$band§g,=ﬁ@; . The
feedback gain, £, , and the feedforward gain from the model output, 7, , do
not depend on the companion matrix of the input, o, while the feedforward from
the input, 73, depends on £ , as noted from Equations 5-11b and 5-12. This is
an undesirable situation, requiring the determination of a different control

law for every input condition.

The first task in this investigation is to develop a system for which the
optimal control does not depend on the input. Since the optimal control theory
provides a unique control law which minimizes a given performance index, the
problem reduces to that of finding a performance index which yields an optimal

control law independent of the input.

*
In the remainder of this section, the limits of integration are from 0 toee,
and the steady state solutions of the Riccati equations (#=2) are sought.
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5.5 MODIFIED SYSTEM WITHOUT FEEDFORWARD FROM THE MODEL INPUT

The objective of this method is to force the feedforward gain from the

model input, 2, , to zero by properly formulating a performance index.

Starting with a generalized performance index,
o

Index: 2y =Z[xr¢z+2x7>(u 4 a’f‘;’x.z] dt

where: HTOH+ E ey N M L
4= —HTow ey vl w=|S$ (5-18)
w7 -7 £ w

and where the optimal control is obtained as:
-t T
Uy=~F [(MT.. Cq P”),x?+ (s7+ sf"ez)xmf (W7+Gfrﬂa) Ay }

the following observations are made:

1. The control-state cross product terms, 2% M., in the performance
index add additional terms to the optimal control law which are
*
not effective in making 4 =¢. Therefore, these terms are dropped.
The Riccati equations with (#=5=¥:2) are those of Equation 5-12
. T,
with =504+ & , gj;/f’g,sf , andg =4/ .

2. Selecting £-=p [;rp and x_ form a perfect quadratic term) and
=4,6,, makes /fa(t)=0 . The boundary condition is %{$)= o,
hence, .»‘33(29=0 at all times. Thus, the feedforward from the model
input is eliminated. The first two matrix Riccati equations in
this case are the same as those for the regulator problem given
by Equation 5-5. This implies that the optimal control law which
minimizes the performance index in Equation 5-3 for the regulator
problem is identical to the optimal control law which minimizes

the performance index:

2y =/[ (;rﬁ— xmjrf/'&u/(,rf,ﬁm) *2%7\/?190 -, +ar/?a] dr [ (5-19)
/]

where ¥ = -4 86,

*
These terms were originally included for making A, =2,
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for the servo problem. Experience has shown that the optimal
control for the regulator problem does not provide good model
following for the servo problem. Therefore, £ is retained and

the performance index is written as:

*
2v /Pf(,,, Xy Ui 1 ) 2T
where #, () = (er— m) A’Q}{(x},, -Xm)-i-u')?uf);'fx}o*um’fu. (5-20)
- -2&1.0’74/?(.1}:- ,,,)
and where & and # are selected such that:
N=—-2 &
, @ (5-21)
t=5[(rné)(a6)]

In this method, the first two matrix Riccati equations in Equation 5-12
are coupled throughtg . Therefore, the sufficiency conditions for a minimum
stated in Section 5.3 do not apply to this method, and the Riccati equations

do not necessarily have a unique solution.
The concept behind the selection of &/ and € can be outlined as follows:

The nominal system provides a relationship among £, , A, and A3
through which good model following is obtained. When A, is made zero, the
relationship required for good model following is disturbed unless the relation-
ship between &, and /4, is modified in such a way as to restore the property
of good model following. The modified system described above provides this
relationship as evidenced from the first-order example given below.

Figure 5.1 shows the steady state response to a step input of the first-
order system described in Appendix I (Section 5.15). The output of the nominal
system xfs-"n , the output of the modified system x,,ssm, ¢ and /7, are plotted
in this figure versus the feedback gain £, , from which the following observa-

tions are made:

Addltlon of quadratic terms of X and u, to the performance index does not
affect the optimal control law.
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1. For the same feedback gain /4, , the nominal and the modified
systems provide the same percent steady state error. (The ¢'s
are different for each system.)

2. £z and ¢ for the modified system are higher than those for the
nominal system.

3. Removing the feedforward from the model input for the nominal
system deteriorates the model following as noted from the dotted

line in the same figure.

Thus, the quality of the model following is improved by this method

over the nominal case with the feedforward from the model input removed.

The step response of the second-order example described in Appendix I

is plotted in Figure 5.2 for various ¢'s.

5.6 MODIFIED SYSTEM WITH FEEDFORWARD FROM THE MODEL INPUT

A second method for making the optimal control insensitive to the model
input is to eliminate the term £,2 in the third Riccati equation in Equation 5-12
by properly formulating a performance index which provides a fixed feedforward
gain from the model input for any input condition. The performance index in

this case is given by:

2V=Z[(xp-xm)'HbH(xP— m)*zé,;M"(xP— o) +a’/?a]olt,- M2 =P, 7

or by 2y -—=/[;r’¢ x* u’z?a] ¢ [ (5-22)
[ A4 -Hew M
where p= |~#ex Ho# MO

omT -0 o

)

M in Equation 5-22 is related to # in Equations 5-18 by A=Af2 . The optimal
control for the nominal system is identical with the optimal control resulting
from this formulation when the input is a step, £2=¢ . Therefore, the step
response of this system shown in Figure 5.3 is the same as the step response
of the nominal system. Since a step is a severe input condition which excites
all the frequencies, it is conceivable that a system designed for a step input
will behave fairly well with other inputs. Therefore, in this method, the
optimal control is always determined for a step input regardless of the type
of input applied to the system.
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With this formulation, the Riccati equation in Equation 5-12a is

independent of 2,

/2

and 5, {g%:ﬁfxy), and the sufficiency conditions stated in
Section 5.3 are valid. /A3 can always be found from Equation 5-13 since the
the closed loop of the optimal system (5£-448, ) is invertible.

With the nominal system designed for a sinusoidal input and the modified
system with feedforward from the model input designed for a step input, the
sinusoidal responses of the three systems discussed above are plotted in Figure
5.4, A comparison of the step response of the modified systems without and
with feedforward from the model input shown in Figures 5.2 and 5.3 respectively,
and the sinusoidal response of the three systems plotted in Figure 5.4 indicate
the necessity of retaining the feedforward from the model input for better

*
model following.

5.7 IDEAL TYPE-ZERO MODEL-FOLLOWING SYSTEM

The systems presented above require high gains for improved model
following as evidenced from Figures 5.1 through 5.4. The question arises
whether it is possible to formulate a performance index which provides

"perfect model following' at any feedback gain.

Starting with the performance index

2v= ([0, =2) 4708 oy 2,) 2 2] M = Ro) 7 67t
+ 2(52’,” * L a.m)r(%p-u,.,,) a?

or a2y =frx'¢2’fu'f?a,] ot

where (5-23)
1o ATQH —4QH+S  MOsL
X=lx|; d= |-Honrs" HNow -MD-8§7
u, OMT+ LT ~OMIS LT

*

A fair comparison between the modified systems with and without feedforward
from the model input should be based on identical feedback gain matrices 5,
But, for a multivariable problem, it was not possible to make all the elements
of #  identical with the proper selection of @
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the relationship between ' ,Z , and /‘:/‘ , which provides 'perfect model following"
is sought. A has the same meaning as in the previous subsection and makes the

optimal control insensitive to the description of the model input.

The optimal control and the Riccati equations are given by:

-7, )
u = =K 6}0 [/‘f,, T L Xy T a_,,,J (a)
’?, f’?//;o "';-9 o *"”T?'V"?; 45, =0 (b)
“a *e.z o ,L;’-" “a “H QNS N, (c)f (5-24)
By 7 n 7 5y 0 25y MO By 25 =0 (@)
where A=8_~F"6"
.Plf 6a°
/
\
Selecting: M = —faa
7z
& = '(‘?; ’“92)5’7 ~2 ("3; ’“//’z) ( (5-25)
i -
4= - (’o’l*/:/)z) G’/'? _io e.s

yields the following relationship between the feedforward gains and the
feedback gains:
o —
= B (5—26)

Substituting the optimal control from Equation 5-24 into the differential

equation of the plant and using the relationship in Equation 5-26 yields:

= —( 15, —/;,)(A'P-Xm)

- Xm)
since Xp(a)vm(c%a,xpf’): x (¢) at all times, implying perfect model following.
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The sufficiency condition for a stable minimum stated in Section 5.3
holds for the ideal system, since #7@#is nonnegative definite,Z is positive-
definite and the plant (¥,, &,)} is completely controllable. The solution of

5-24b, #,,, is unique positive-definite and symmetric.

The existence of feedforward gains which satisfy the necessary condition

for perfect model following stated in Equation 5-26 depends on the nature of the
plant and model.

1. If €n is invertible, a unique o9 and 2 exist and the feedforward

gains are determined from

-7 r -7
A’)’:—-ﬁ Gpe.?:Gp G’v W
ey r _ -7 - -
K= RG] By = Ky 6 [F,,,, A f (5-27)
where the feedback gain = RB7
gain 4, < #7672, )
In this case, the plant perfectly follows any model of the same
order,
2. If Qp is not a square matrix and if the number of linearly

independent controls,s , is larger than or equal to the number of
linearly independent model inputs,z7, the plant follows exactly

any transformed model of the same order (Reference 5.6).

If, in addition to the requirement that 7zs»when &, is not square, a
transformation, 7, can be found such that:

|
ry g7 = _5 (n -r)xs r s = f (7 -7r)dm
” A, Trin ” 6, ¥
| (5-28)
Fy
-7 o | Lo (7 -7)An -7 O(n -T)Xr
r — = | &
X {/-‘ X2 d GP [3’ d—rrr
» ‘ ’ ”
y,
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where Qp is invertible, the plant follows exactly that model which satisfies
the conditions of Equation 5-28. £, and }; in this case are not unique, but
the feedforward gains are unique and given by:

AR A

Bo = M7 [6;’]4 [‘i - ;;9]

In many control problems, the number of linearly independent controls

(5-29)

is equal to the number of degrees of freedom; the excess state variables over
the control variables are the derivatives of the other state variables., The

matrix, £, in this case, is of the form:
£ = A o (5-30)

that is, it is composed of rows each containing only one nonzero entry, that
being a one. If the model is selected from the same class of systems as the
plant (for instance, TIFS airplane and the SST), it can be represented in the
same form by definition of the class. Therefore, for such control problems,

perfect model following is possible.

The block diagram of the ideal type-zero system is shown in Figure 5.5.
With feedforward gains determined from Equations 5-27 or 5-29, a fictitious
compensation network is inserted which makes the transfer function from the

model output to the plant output unity, as shown in Figure 5.5b.

The block diagram of the conventional response-feedback system described
in Reference 5.8 is shown in Figure 5.6 for comparison. With this system the

gains are selected from:

% o = (5-31)
Cote = 1o 4

in order to provide an exact match between the plant and model outputs. Note
that the feedback gain is tailored to provide the matching and therefore, this
system is highly sensitive to variations in the parameters of the plant, whereas
with the ideal system, there is complete freedom in selecting the feedback gains
to reduce the sensitivity. Furthermore, since the response feedback is not the
outcome of an optimal design, very little can be said about the optimality and

the stability of such a system.
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Figure 5.6
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The response of the second-order ideal model-following system is shown
in Figure 5.7. The step responses of the linearized three-degree-of-freedom
longitudinal dynamics of the aircraft are shown in Figures 5.8 and 5.9 for a
unit elevator displacement input and for a unit throttle input, respectively
(see Appendix I). These figures show the perfect model following provided by
the ideal type-zero system.

It should be mentioned as a closing remark that the ideal system is
not restricted to optimal systems, since Equations 5-27 and 5-29 give the

feedforward gains in terms of the feedback gains regardless of their source.

5.8 TYPE-ONE MODEL-FOLLOWING SYSTEM

Before investigating the sensitivity problem associated with various
model-following systems developed above, a type-one system will be treated for
the sake of completeness of this study.

The effect of a type-one system in eliminating steady state errors to
a step input is well known from conventional control theory. The development
that follows presents a means of formulating a type-one system on the basis of

linear optimal control theory.
The performance index for a type-one system is given by

2r=f[x’¢z * W R » a:’n;] L (5-32)

o

where x is defined in (5-10), # and 7 are positive-definite weighting
matrices,

Two formulations for the type-one system will be presented,

Formulation A

If the controls are linearly independent, a matrix J exists such that:

. r -7 T -7 ks
§= Gf[’g;v G;o] g [Gﬁ Gﬁ] €p (5-33)
A= G786,

The performance index and the dynamics of the system can then be written
in terms of an enlarged state vector z as:
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- - W
2y=/[z'wz+& 7&] dt
xr = aﬁz_ + 8
where [K] o 7 o ? {5-34)
Z =1l.0; A= J- 8 =
B e PR
S A
o o )

These equations are in standard form in terms of z and « for which the optimal

control and the matrix Riccati equation follow:

w=-7"'8",z2

: 5-35
¥ o dP v ParP-PET TP =0 (5-35)

For the model-following problem, s & and @ are substituted from Equations 5-10

and 5-17 and the optimal control is expressed as:

A
b= 7GR ] 3y B ey By Ay B F 2By i ]
@ £, » 8798~ 578k, -5, 6,776,78,] =0
®) A -#oH-8, 6,776,780
() &, -8, 6,776,748, =0
@ 5 »5 =8 5~ 677878, =0
() By =B, * B foy =P, 8,776 8 =0
(£) /j" “R R E R D-R, G}a 7"§P7§‘ =0 y (5-36)
(g) /"3,,""‘,’:’”3,/ %o "y gprdgprpw =0
(h) ,o'w 8, "“;’3# T A ~BT-A, apr"g;,aw =0
(1) /‘i» S ;r‘gf "’3; * s T 5y ‘{’;o 7""%?’0-75 =0
(1) ’C;fz * % ’“’;r’ayg "’3: " G TP 5 S T-’Gp’e‘é -
(k) /‘5,4 * F5 # FPat (Fo-Gp TG Pag)=0
Fres - P
where = '62""%6 J
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Equations (5-36 ¢ and k) are homogeneous differential equations of £z and e
The solution of these equations with a boundary condition A, (w)= G, ce2) =0
yields A4 (f)=§f(t)=0 , 0% ¢t <= , hence, the optimal control does not depend

explicitly on &, (depends on(lm). If R=0,(5=0) , B4 = P4 1is a sufficient
This condition indicates that in the

condition which satisfies 5-36a and b.
steady state (,\"P*-.x"mw.im:é-o)the error between the plant and model outputs is
2810, Xgpfod)=X, (=) . If ##0 the sum of Equations 5-36a and 5-36b is:
~FsE =P & 76T R 8 R,7) (5-37)
I r » 2y
,,e’:/gy is not a solution to Equation 5-37 and Ao is not equal tox, in the
This implies that the steady-state outputs of the plant and

steady state,

model are equal if and only if no quadratic control term appears in the
performance index (A4-2).

The plant4,, 6,, in formulation A is
To prove this statement, we form the matrix 4

is uncontrollable unless Gp

invertible.

_ 2t _lo &6 ._.../-"2”-25
4 [BP"?D % %o P] B L’ £ e » (5-38)
where , zoEpR 7
P z] 5 - [ oJ
= , =
4 a /; -?'/:rr' 6/"’
V'

Anx2n
Ifcga is »x~n and invertible, the determinant of the first.2,x2- matrix of &
can be evaluated by Gauss's algorithm (Reference 5.7) as:
& f 5-39
| # (5-39)

GF’] det

a’efIA,l = det

Therefore, the rank of A is2~, the plant (’?o"?a) is controllable and the

Riccati equations have a unique solution if‘fa is invertible.

. . - ~Fa T 7
is invertible, &,77°6,7%,

*
A=A, 1is a sufficient condition. If £,
-4, 777674, is the necessary and sufficient condition which’satisfies

¥
Eduations 5-36a and 5-36b.,
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If GF' is not square, the plant (4 ,6/0] is not controllable. This
statement can be verified by showing that at least two rows of the matrix A
are identical when the actual plant is represented in phase variable form,

Reference 5-6.

Formulation A is useful to demonstrate the good steady state model
following of a type-one system. But since the plant is not controllable, a

different formulation will be presented.

Formulation E

A different enlarged state vectorz and the matrices 4 , 8 and & in

(5-34) are redefined as:
7] o o ra Tderx 7 R 0
= = = = 5-40
Sl P I3 S NSRRIl PP I
(rrer)Xiner)

The controllability matrix in this case is given by

_ mer-sa [ r o e ...0 (5-41)
A—[@o.ﬂpﬁp-"”ﬁ"?f] —[a s’; ,;cgo...z;,”;;-zJ

where p o a} 5 {ITrxr
- ). =
»Tle 2] P o

Taking the first » columns and 7 linearly independent remaining columns and

applying Gauss's algorithm, the (#+7/)x(#+r) determinant can be evaluated as:
71
der |4 = det |Z] - det oFf £l BT ]
el | ,I de I I giﬁaarﬁbﬂ oF [G‘p, % % "o (;'5", # O

The determinant of 4 has rank »»» , the plant AP,GF is controllable and

the Riccati equations have a unique solution.

The optimal control and the matrix Riccati equations have the same

form of Equation 5-35 from which:

*
The second determinant has rank » since the actual planté , 4, is
controllable.
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e = "7'—.’[“3; *02 Ko s Am Ty “a:] W
() A -m, 778 +R+6 R R, & =0
(b) ‘éa -5 74’?; ’676’2 e FP =2
(©) £ ~F77m 26 8 £ £, =0
@) £, -8 778 »6]8 «£6 K0 =0 , (5-42)
©) 2, B 7 o, O T e S =0
(5) & -B7 770 V575 »R 45 =0
© 5 ~57778 P 274, 28, 6,78,0 =0

where _ [/% cee e By

Ao %

Since a term %(/rp-xﬂ) does not explicitly appear in the control law, the

quality of the model following provided by a type-one system is not clear in

Formulation B.
block diagram in Figure 5.10, associated with Formulation B.

Um

MODEL

model input, ©

The implementation of a type-one system should be based on the

T« u X
- 77/ f PLANT |
£y
—— P &

Figure 5.10 BLOCK DIAGRAM OF A TYPE-ONE MODEL-FOLLOWING
SYSTEM (FORMULATION B)

¥

2 and fy

in Equation 5-42 depend on the companion matrix of the

To make the optimal control insensitive to the input,

A, and 4 L are eliminated by introducing the performance index:

157



o 3

T o or P 4 - . r .
2Y =/[(xp—xm) 4 Q/r’(xp—a’m) e T Lo -.2::."/9,_,,44,,, -‘2(%-{”) o “»:] ot
(>

or b T . .
Y zv=/[><’x x+a.r7‘a] ar

where
o o o A0 H(5-43)
& AN ~ATOY {3’,0
o=\ o ¥y #Vy B0
Ly ra 7 .Y r
orT AT 08, o

/

In Reference 5.6, it is shown that forcing 2 and A  to zero in
Formulation A is equivalent to eliminating the terms 2£ 0 , B L in Formu-
lation B. This is a matter of minor interest omitted from the contents of

this report.

The step response of the second-order type-one system is shown in
Figure 5.11. This figure shows an improvement in the steady state model

following with a tradeoff in high frequency performance.

5.9 IDEAL TYPE-ONE MODEL-FOLLOWING SYSTEM

The ideal type-zero system provides perfect model following for the
flight condition for which {; and é; in the differential equations of the
plant are the same as those used to compute the gains. If/, and q; deviate
from these values for different flight conditions, the output of the plant

will also deviate from the perfect model -following case, Reference 5.6.

In some cases, it might be desirable to provide perfect model follow-

ing at a given flight condition and perfect steady state model following (or

near perfect model following during the low frequency motion of the aircraft)
at any other flight condition. This leads to the investigation of an ideal

type-one system discussed below.

Starting with Formulation A and the performance index in Equation 5-36

where 2¢ is given by:
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\
[ wow ~H o4 o o o 01
AT A & ¥ ¥z
&7 4 & , (5-44)
o Z ol 2 o o
M=
2 ¥ g ¥ L &
7] V7j o 27 Yz, ]
L V7 o V7. o o o |
/

o P
L= (G Byt ()

and substituting the optimal control in Equation 5-36 into the differential

equations of the plant yields the conditions for perfect model following

(5-45)

’ —
6;,7 6,0'01'_::647
6,776 (R, R,) = £,

Because of the inability to solve the Riccati equations of Formulation

- A the optimal control is expressed in terms of the Riccati matrices of

Fbrmulation B as:

Gpa =~ 6,7 (/3 bl Xy )= {prﬂm’ﬁ I)~6, 778 £,TE,
sty g (5-46)
éi7—~€; 7 et 4;-}41%

ff;j‘,-z;)/;} X, *{ 6, rNHETE, - 6,0 r(ry-£)

where 7= TJ_ ata =g

4
This expression provides a means for solving the problem on a digital

The system gains required for the implementation of the control law

computer.
is invertible. Therefore,

cannot be determined from Equation 5-46 unless 6;
it is unlikely that a general solution for a type-one model-following system

can be formulated.

*
To differentiate between the two formulaticns the 2% associated with
Formulation A are denoted by 2

*% -,
This expression is valid if /A, exists,
_ at the origin. See Appendix II (Section 5.16) for the derivation.
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5.10 SENSITIVITY OF THE PLANT OUTPUT TO VARIATIONS IN THE PARAMETERS OF

THE PLANT

The primary need for using model following arises from the uncertainty
associated with the parameters of the plant. Having developed an ideal system
which provides perfect model following at any gain, the sensitivity of the

plant output to variations in the parameters of the plant is investigated

next,
For a type-zero system, the gains %0 » 4, and 4; are computed for
a given flight condition for which the parameters of the plant £ and f; are
known. The optimal control is obtained from:
4 =- [4;3;9 . K, 1, + A, “»;] (5-47)

o o

where the gains h; , /4, and 4 _ are kept constant while /£, and G, are
allowed to change for various flight conditions. The output of the plant at

any instant is given by the solution of:

x, » & [ Kpay e by 1, » 4, 0y = 0 (5-48)
-3 u’”s&

Ao o %o
Xm_ﬁnxm »

For the purpose of investigating the sensitivity problem, it is
reasonable to simplify the problem by considering the steady state deviation
of the plant output caused by variations in /, and q; . Setting i%,: ¢ in
Equation 5-48, taking the variation of X, and neglecting the products of the

variations yields:

4% :[ o A ";]"{A %" ‘1‘:3'0[ GPTGF] A } “p (5-49)

(%;A’—{; ) has an inverse since it is the closed loop of an optimal system
(no poles at the origin). This expression depends on the parameters of the
closed-loop plant, é; s %o and {; . Therefore, for the same feedback gain,
{; , the same relative deviation in {p is obtained regardless of whether the
nominal or the ideal system is used for model following. Also, the effect of
high feedback gains in reducing the sensitivity is noted from this expression.
This idea is not new; it has been the primary objective in the design of model
following by conventional techniques.
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For the first-order example the sensitivities reduce to:

ﬁa(ifjﬁ)z_(_{_ﬂﬁ__. /
2, o B{? {p 3a? {k @; +a,

With the ideal model-following system, the need for high feedback
gains arises from the sensitivity problem and not from the requirement for
good model following. Hence the design of a perfect model-following system

reduces to the following steps:

1) Determine the highest feedback gains which provide a stable

optimal system.

2) Compute the feedforward gains for perfect model following.

5.11 DETERMINATION OF THE MAXIMUM FEEDBACK GAINS

The first step stated abov. implies that the highest possible gains
which are computed on the basis of optimal control theory should be used in

order to arrive at a stable and optimal system,

The maximum gains are determined from the physical limitations of the
control effectiveness due to actuator gain limits, sensor noise, etc. If the
maximum gains are used to compute @4 , this matrix might be negative
definite, thus violating the conditions for a stable minimum. Therefore a
constraint is imposed upon the gains such that #’¢# is at least non-

negative definite.

The ability to determine 4’94 from a given set of maximum feed-
back g. 'ns is a problem of considerable importance in optimal control theory

not restricted to the application of model following.

The inability to translate a constraint on 4 as a constraint on e
( €O is normally noninvertible) and the requirement for a nonnegative definite
#’@4 suggests an iteration scheme which starts with diagonal € and 4

whose elements are positive,

The elements of A can be selected such that:

3 o & o
g = ; 7; = {’) 7; = R ¢ =2J 3, 7?7 (5“50)
b 7 e L t-ma;,r



where @,
max

this selection, it is conceivable that the percent deflection ( ai//ag )
may

is the maximum excursion of the control variable 277N With

of each control variable will be nearly equal, thus providing a uniform utiliza-

tion of the control effort.
The elements of & are systematically incremented until the feedback

]

gains ,%}. come as close as possible to the maximum feedback gains 4
o

5.12 CONCLUDING REMARKS

Several control systems are developed for the model following of a
servo problem: modified system without feedforward from the model input,
modified system with feedforward from the model input, ideal type-zero system,

type-one system, and ideal type-one system,

The theoretical development leading to these systems provides some
understanding of the effect of various terms in the performance index on the
response of the system and on the quality of the model following. The result

of this investigation can be summarized as follows:

1. A feedforward from the model input can improve the quality of

model following.

2. An optimal type-zero system generally provides better dynamic
model following than an optimal type-one system. A type-one
system is desirable for low frequency applications where the

system gains are limited,

3, The ideal type-zero system provides perfect model following at
any gain and is applicable to systems which satisfy the conditions
stated in Section 5.7. The requirement for high feedback gains
for the alleviation of the sensitivity problem compounded with the
ability to design an ideal system for model following leads to the
investigation of an important problem in optimal control theory
stated as "Given a set of maximum feedback gains, what are the

highest feedback gains which provide a stable optimal system™.
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5.

13

The ideal type-one system is somewhat restricted to plants with
equal number of state and control variables (659 invertible).

This system guarantees zero steady state error between the outputs
of the plant and model in the entire flight envelope. However,
the dynamic response of the system has the drawbacks of a type-one

system.

Optimal control theory is a mathematical tool which generates

an optimal control strategy that minimizes a given performance
index. The main problem is to formulate a performance index which
adequately describes the requirements of the contrecl system. For
the model-following problem, it seems logical from an engineering
point of view to use the performance index in Equation 5-3. Yet
the analysis above indicates that additional terms such as those

in Equation 5-23 are needed for an ideal control system.
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5.14 NOMENCLATURE FOR SECTION V

z

> Upper limit of the Performance Index

2y  Performance Index
Vectors
@ Control vector - input to the plant
Meodel input vector
State vector associated with the differential equations of the system

Output vector

N ¢ % Jk

Enlarged state vector, defined in respective equations
7 Fictitious state associated with the mo&el
Matrices
D Companion matrix of the model input
Matrix defining the interaction of the state variables
Matrix defining the effect of control on the state rates
Matrix transformation on x that defines the output ¢

Identity matrix

N

Matrix of gains
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Model system matrix
Matrix of weighting factors associated with the output vector

Matrix of weighting factors associated with the control vector

L

Q

A

#  Matrix of Riccati coefficients

. Matrix of weighting factors associated with the control rate vector
4,

B,M N, S, W 6:’-0,@,,)1‘)/3!2,;5,}(’, & - Matrices defined in respective equations.

Dimensions
7 Dimension of the state A, or A,
» Dimension of the control «

m Dimensigon of the model input «,,
Subscripts

A Plant

o Model

v Input to the model

5y Steady state

Superscript ( y - Transpose

Operator

|A| Determinant of Matrix A
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5.15 APPENDIX I: EXAMPLES

5.15.,1 Step Response of a First-Order System

For a first-order system described by:

Xp T T, x, r6p u
x, = -a,zx, +é, «, (5-51)
&, = O
The optimal control for the nominal system is given by:
3
u, = -b, [zf; PR LA Sl a,,,]
where: ~
-a.,. ™
- _J:;;-"—
A T *
” 5-52
. ___¢n2 ( )
ol ac(a.”+q)
Y s Sy w
& 2, ?bp

J
The optimal control for the modified system without feedforward from

the model input is given by:

. )
Uy =~y Ly Xy~ 2, %,
where ! (5-53)
g
P = ~
sz I A éf -, J
and where £, is obtained from the roots of
Forg-2a A —b P77 - by % =0 (5-54)
f a. £ 4 r 7 am * a')o » épz ,O}! = -

The Riccati equation in Equation 5-54 has two stable roots, an unstable root
and a point at which .F:',,- 0o .
The steady state outputs of the plant for the nominal and the modified

system are:
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Nominal

Modified

FSS;)

X
f.ﬂ'q

2
ém 6;’ 2 “py

2 F
a.”'(ap +?'6;0)

2
60 by gty

2,(a, b5 5 (2 @, *b5 5)

(5-55)

For a given feedback gain /2, ¢ is computed from Equation 5-52 for the nominal

system and from Equation 5-54 for the modified system. The computed values of

#, are plotted in Figure 5.1, and the results are dis-

d
XPsmyy XPac, T 70

cussed in Section 5.5.

5.15.2 Second-Order System

The block diagram of a second-order system is shown in Figure 5-12.

MODEL PLANT
—" ] " ———f— ——] r; —2Z
§*ra, s+, 'y +gps+ép

Figure 5.12 BLOCK DIAGRAM OF A SECOND-ORDER SYSTEM

The dynamics of the system are governed by:
%?, e - ’%5] . [ 0 ] u
| 4 el (%] T Le
.}:’m’ 1 _ ) 7 ] (;(m’] + I:d 6] [ u.m’J | (5-56)
_'?m, ] :é,, -a.”J X_,,:z bm 2 u.”:'
“m, . = (0 ] | “n,}
Ld"i; J -‘d ? - - “”.'t
#=T,Rr, §= [fr "’]
o % /
A step input is described bya =4 =a,,£2‘)= 0, u,,,’(t) = u,, and a sinusoidal

re

input byex =248 =ew , « (@ =snwt.
s

5.15.3 Application of Perfect Model Following to an Aircraft Control Problem

The linearized three-degree-of-freedom longitudinal equations of the

aircraft are governed by the following vector differential equations:
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Dynamics of the aircraft (Plant):

)

W

r . = [ B -
a}o 7, f;_ /3 7:9'1 97’ ? 7 s?nz ZJ
é;‘, 7 & g 7 ﬁ; o d o
B = -+
};’ o f‘?z 3 5&’ j';, g j 22 4
rﬁﬂ L/ éé i? ﬁr ] Lqﬁ, Lf; j@z fﬂ J
Dynamics of the model aircraft:
9’,7 1 l/l ]fz !t‘.? j/f 1 gfb Ji'l ‘2z
g, 7 o o 0|86, o
. — -+
); {; %% 'gy gv }; 4; J2
L q"’J L % j;:? Y J _“m_ | A, #2 |
Making use of the fact that the second rows in &, and &,
forward gains are expressed in terms of the feedback gains as
B A N -3
Koy = iz [ f’] * e F
-7 -
e gt AT - =
4, = -8 o %% [QQ J 6.,
-F T
4; = 7 q; A
where: /
ﬁ” zz '?/3 ;gff /2
Gﬁ N ¢ Pz e ? G'r) B ;-” 7-’-?‘1
S T 17 Ay Aoz
[~
o Ta 2z " %2 3 ™ T Yy T
H = Y 70 % ’gs - éﬁ Tgy - By
74 42 Tz % " % 4" ey

le9

(5-57)

(5-58)

are zero, the feed-

(5-59)

(5-60)




In the computer simulation of this problem, provision was made to
follow the motion of the model aircraft with respect to a transformed set of
longitudinal axes centered at the pilot's station., The results are plotted

in Figures 5.8 and 5.9.
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5.16 APPENDIX II: IDEAL TYPE-ONE SYSTEM

From Equations 5-36a, b, d, and g:

2, = =7
Fr g Fid (5"61}
,
F:'; = £, = 1
Substituting Equation 5-45 into 5-36f for a step,0 = 0:
Fr =~ Fra (5-62)

Combining Equations 5-62, 5-36h and 5-36i yields £ in Equation 5-44. The

following relationship exists between P's of the two formulations:

Formulation A Formulation B
p = G; P B,
AR M R (5-63)
“ = ékrffif* Bog fom)
Ty = G (B * 7 6.~ £2)

Using the condition for perfect model following in Equation 5-45 and the

relationship in Equation 5-63,

s, 7 - &, rNH(E, F-T) - 6, T 2 e (£ )E, 5o68)
G, 77", - 6, r0ni’e -8,0 ~(H-£)E -6, 7P LT,
where srie 7’
nN"nN=e

and substituting into the optimal control expression in Equation 5-42 yields

Equation 5-46.
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SECTICN VI

MECHANICAL AND STRUCTURAL DESIGN

6.1 INTRODUCTION

The conversion of a C-131B airplane into the Total In-Flight Simulator
involves many mechanical and structural design tasks. These fall into a number
of general groups according to their basic purposes. The tasks, which will be
described in greater detail subsequently, may therefore be grouped in the

following manner.

6.1.1 Simulation gf_the Pilot's Environment

A major objective of the TIFS program is to make accurate simulation of
different cockpits possible. This will be achieved through use of various
interchangeable assemblies or by provision for change or adjustment within those

assemblies (Section 6.2).

6.1.2 Simulation of Airplane Behavior and Cockpit Motions

This task involves the fitting of positioning servos to the elevator,
rudder, and aileron surfaces. It also involves new aileron-type flaps outboard
of the nacelles, movable vertical surfaces on the wings and servos on the engine

power controls (Section 6.3).

6.1.3 Installation of the Electronic Control System

Provision has to be made for two engineer's conscles, computers,
electronic racks, electrical power supply racks, sensor installations, recording
oscillographs, a strip-chart recorder and other units associated with the elec-

tronic control system (Section 6.4).

6.1.4 Provision of Hydraulic Power for TIFS

A separate hydraulic power supply system is to be installed for TIFS
in addition to the existing ship's hydraulic system. The only connection be-
tween the TIFS system and the existing ship's system will be at the outboard

flaps which may be operated from either system (Section 6.5).
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6.1.5 Provision of Seats and Emergency Equipment for the Maximum TIFS Crew

The largest crew which will be carried in the TIFS airplane will con-
sist of two safety pilots, two evaluation pilets, two test emgineers and four
additional persons such as the aircraft crew chief, other evaluation pilots
and observers. Adequate seating and equipment will be provided for this size

of crew (Section 6.6),

6.1.6 Conversion of C-131B to C-131H Specification

Although the actual conversion is not a part of the TIFS contract
between the USAF and CAL a very close design liaison in certain areas is re-
quired between the USAF, CAL, Allison Division GMC and Pacific Airmotive Corp.
{Section 6.7).

6€.1.7 Analyses and Computatiens

A considerable amount of structural analysis will be required for the

TIFS modifications as well as computation of weight and balance -(Section 6.8).

6.2 SIMULATION OF THE PILOT'S ENVIRONMENT

Under the present contract, cockpits simulating the Boeing SST and a
generalized USAF AMSA are being designed. The major assemblies or modifications
required to reproduce true pilot's environment of these two aircraft are shown

in Figure 6.1,

6.2,1 C-131B Fuselage Nose Modification

The forward end of the C-131B fuselage is to be modified considerably
to provide support and aerodynamic fairing for the simulation cockpit and to

provide an access tunnel from the cabin to the simulation cockpit.

6.2.1.1 Bulkhead EE_Station 6.5

A new bulkhead at this point forms the forward end of the
nose wheel box., This bulkhead contains three large openings: a center opening
for an in-flight emergency exit; a left hand opening, normally covered by a door

which provides access into the fuselage structure, and a right hand opening
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which is the forward end of the access tunnel from the cabin. The aft face
of the bulkhead structure is at station 9.0. A jacking point is incorporated

in the bottom center of the bulkhead at station 7.75.

6.2.1.2. Fuselage Shape

The shape of the modified fuselage is a constant section
from station 6.5 to station 42.0. It becomes asymmetrical about the center
line of the aircraft aft of station 42.0. The asymmetry is due to the position
of the main entrance doorway between stations 140.0 and 176.5 on the left side
of the cabin and the access tunnel whose entrance from the cabin is between the
same stations but on the right side. It was deemed undesirable to build a
fairing over the door opening because of the way in which the door and stairway

open.

6.2.1.3 Frame Shapes

Providing an access tunnel requires that a portion of each
fuselage frame from stations 26.0 to 158.25 inclusive has to be cut away and a
new piece of frame added on (see Figure 6.2). When the cabin is pressurized,
the asymmetric shape of the frame modification introduces large bending
moments in addition to the effect of cutting out a part of the frame. Where
a cutout already exists, such as at the door opening between frames 140.00 and

176.50, considerable reinforcement of the existing frame becomes necessary.

6.2.1.4 Sound Proofing

Noise and vibration levels which are experienced in the
Allison-engined C-131H are such that particular attention must be given to
soundproofing in the cabin tunnel entry area in order to minimize transmission
of noise to the simulation cockpit. Sound deadening material will be applied
to the inside of the fuselage skin in the forward areas. The sides and upper
part of the tunnel wall are to be composed of a soft perforated plastic material

wherever possible to attenuate low frequency noise generated by the propellers.
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6.2.1.5 Miscellaneous Changes

Reconstruction of the forward end of the fuselage entails
a number of modifications which are not structural. The elevator control system
has been modified between stations 92.0 and 227.0 to clear the tunnel entrance.
The linkage to the right hand brake cylinder has been modified to clear the top
of the tunnel. Main and emergency inverters have been relocated. Items which
have to be repositioned include the oxygen filler and gauge in the right hand
wheel well wall; cabin pressure lines between stations 140 and 176; all
electrical cables on the right hand side of the nose under the pilot's floor
from station 9.0 to 176; hot air pipes on the right hand side of the cockpit;
hydraulic reservoir drain at station 89; and cabin pressure static ports at

station 63. The nose wheel undercarriage doors have been removed.

6.2.2 Adapter Section

This unit is essentially a large spacer for the forward cockpit section
(see Figure 6.1); it provides space for movement behind the pilots' seats.
But the reason for incorporating the adapter section as a separate bolt-on
assembly is to make it possible to achieve a gross change in cockpit and nose
attitude relative to the aircraft water line datum by substituting another
adapter section if required (see Figure 6.3}. The adapter section is a simple
structure with two frames and a double skin. The inner skin is the pressur-
ization boundary and is riveted. The outer skin is detachable for access to
the bolts which attach the adapter section to bulkhead 6.5 and to the basic
cockpit and canopy assemblies. A standard C-131B ground emergency window exit

is incorporated in the right hand side.

6.2,3 Basic Cockpit

This unit, which forms the lower and major part of the simulation
cockpit, is illustrated in Figure 6.4. It will contain dual sets of pilot's
controls with variable artificial feel servos, seats, instrument panels, center
console and other units. The pilot's seat center width may be varied by
moving servo packages and seat rails sideways to alternative positions. The

AMSA configuration, for example, requires that the seats be eighteen inches
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Figure 6.4 BASIC COCKPIT



from the center line of the airplane as compared with nineteen and three quarter
inches for the Boeing SST. The instrument panels and center console will be

easily removable so that other units may be substituted as required.

6.2.3.1 Cockpit Dimensions

Seats and controls are positioned so that the relative
positions of the seat reference point, column hinge point, the arc of the
control wheel finger reference point and the instrument panels are similar

to those in the Boeing SST cockpit design.

6.2.3.2 Structure of Basic Cockpit

This unit consists of an assembly of U frames, fore and aft
beams, horizontal sills and an outer skin. Initially, a flat floor and 707 type
pilot's seats will be used, but the frame design is such that a stepped floor
compatible with actual Boeing SST pilot's seats might be installed later. The
707 seats have a deep cleft in the front edge which allows a simple straight
control column, with an internal cable system for the aileron control, to be
used. This system will not have the backlash inherent in the multibevel and
shaft drive arrangement which is to be used in the Boeing SST bent column
design and is therefore more suitable for feel servo operation in the TIFS

simulation cockpit.

6.2.4  SST Canopy and Visor

6.2.4.1 Window Configuration

The position, sizes and arrangement of the windows in the
SST canopy and visor relative to the eye-reference point are similar to those

of the Boeing SST design from the eye-reference point station forward.

6.2.4.2 SS8T Canopy Structure

The SST type canopy assembly attaches to the horizontal
sill of the basic cockpit and to the forward vertical face of the adapter
section. The assembly has a metal frame structure with alclad outer skin and

all skin joints are sealed for pressurization. All window assemblies bolt
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into position or are held in position by retaining strips. The window
assemblies duplicate as far as is practical at the present time those which

are planned for the Boeing SST cockpit.

6.2.4.2.1 Windshield Configuration

There are two window openings in the front of the canopy
assembly. In each of these windshield openings is a five-ply inner panel and
a monolithic outer panel with air space between. The five-ply inner panel
consists of alternate layers of tempered glass (3) and vinyl (2) with phenolic
cotton fabric framing around the edges and one-piece 2024-T3 inserts to carry
loads over into the panel proper. The five-ply panel is held in position
against a seal by screws around its periphery through the framing and inserts.
The monolithic outer panel is tempered glass and is clamped into a rubber
channel section. The actual type of glass which will be used on the TIFS
cockpit windshield is yet to be determined as is the question of gold coating

certain surfaces to simulate the SST vision through similar coatings.

6.2.4.2.2 Side Window Configuration

There are two window openings on each side of the canopy
assembly. In each opening there is an inner monolithic panel, then an air gap,
a three-ply panel, another air gap and an outer monolithic panel. The mono-
lithic panels are teﬁpered glass seated in rubber channels and held in place
by retaining strips. The three-ply panel which has a vinyl center layer
sandwiched between tempered glass panels is inserted into rubber channels
clamped by retaining members. Like the windshield panels, the actual type of

glass and the question of gold coating is yet to be determined.

6.2.4,.2.3 Windshield Bird Strike Resistance

To improve the shock load absorbency, the vinyl layers in
the five-ply panel are kept in a plastic condition by heating the windshield.
This is accomplished by passing a low current through busbars embedded in the
top and bottom of the panel and across a conductive coating inside the panel.
The temperature of the panels is controlled by a system which reacts on
temperature registration from thermistors embedded in the panels.
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6.2.4.2.4 Anti-Icing and Defogging

Since the heated panels are not exposed to outside air
temperature but are protected by the outside monolithic glass and air gaps,
it is difficult to assess in advance what may be required for anti-icing and
defogging protection. Such protection will probably be provided according

to the recommendations of the subcontractor concerned.

6.2.4.3 SST Visor
The visor is a three-part construction which consists of:

(a) wupper visor assembly
(b) lower visor assembly

(c) visor nose fairing

The visor is hinged so that it can be drooped in flight. At a maximum of 22°
down, the pilots in the simulation cockpit have completely unobscured vision
through the windshield windows. At any intermediate position the windshield
is partially covered. Provisional design of the visor actuation uses a link
and cable system operated by an electric-motor driven capstan which will be

situated in the basic cockpit under the floor.

6.2.4.3.1 Upper Visor Assembly

The upper assembly contains windows whose position, si:ze,
shape and optical qualities are similar to those in the Boeing SST forebody.
The initial design is for a metal structure, but a fiberglass structure is

being seriously considered to gain cost and possibly weight advantages.

6.2.4.3.2 Lower Visor Assembly

The lower assembly incorporates two long arms which extend
rearwards to pivot points on brackets under the fuselage at station 7.7. The
initial design is for an all-metal structure, but a composite fiberglass/

metal structure is being investigated for cost and weight saving.

6.2.4.3.3 Visor Nose Fairing

The nose fairing for the visor is a fiberglass shell

similar to a large radome. 182



6.2.5 AMSA Canopy and Fairing

6.2.5.1 AMSA Canopy

This canopy is to be a large molded plexiglass assembly
which attaches to the horizontal sill of the basic cockpit and to the forward
face of the adapter section. The size and shape of the canopy are such that
internal masking can be installed to reproduce various arrangements of wind-

shields and side windows for projected AMSA designs.

6.2.5.2 Fairing for AMSA Canopy

A fixed nose fairing is required for aerodynamic reasons
when the AMSA canopy is installed. This fairing is to be a composite fiber-
glass/metal structure which will attach at the same pivot points as the SST
visor but will be locked in one position by an attachment on the front of

the basic cockpit.

6.2.6 Elevator, Alleron and Rudder Feel Systems

The test pilot's flight controls in the simulation cockpit are
connected to variable reaction electrohydraulic servos which provide artificial
feel, and not to the C-131B flight controls. The two sets of controls for
the left and right test pilots are not linked mechanically to each other but
track together through the media of the electronic feel system using position
signals fed to the electrohydraulic servo units. There are two column control
assemblies and two rudder control assemblies. Maximum limit pilot-applied

loads for the design of the controls are:

TYPE OF A[RCRAFT AMSA 5ST
AUTHORITY MIL-A-8865 TABLE 1] FAR 25 PARA 25.397

AILERON CONTROL 80 0* IN,-LB BO D* IN.-LB

ELEVATOR (WHEEL) 300 LB 200 LB

RUDDER 300 LB 300 LB

*D = WHEEL DIAMETER {INCHES)
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Since these limit loads determine relief valve settings in the hydraulic feel
servos, two different scttings will be available for use in the elevator feel

system so that either aircraft may be simulated correctly.

6.2.6,1 Column Servo Assemblies

The main items in each column serve assembly are a control
wheel, control column, elevator feel servo and aileron feel servo. The general
configuration of the column servo assembly is shown schematically in Figure 6.5,
Each assembly can be removed from the aircraft for bench testing or ground
checkout use. Pilot's input forces are sensed by strain gages mounted on the

spokes of the control wheel.

6.2.6.2 Rudder Control Assemblies

Each rudder control assembly includes rudder pedals and a
rudder feel servo. Pilot's input forces are sensed by pedal dynamometers.
The control assemblies are mounted on slides which permit 7.0 inches of move-
ment in the fore and aft direction for leg adjustment. This movement is
controlled by a jack screw assembly remotely operated by an adjusting control
mounted conveniently for operation by the pilot concerned. The general
configuration of the rudder control assembly is shown schematically in

Figure 6.6.

6.2,7 Cockpit Installations

6.2.7.1 Center Console

The design of the center console used in the SST configu-
ration is based on that of the forward part of the Boeing SST center aisle
control stand design. On it will be reproductions of the thrust, wing sweep,
flap, roll trim, pitch trim, yaw trim and speed brake controls of the Boeing
console. Each simulated control will operate a rotary potentiometer wired to
the computers in the main cabin. The thruét controls wili be part of a system
which will include electromechanical position serves on the Allison engine
power controls. Alsc on the center conseole will be a number of feel engage
system control switches and system status lights. A conscole generally similar
in design but narrower will be fitted for the AMSA configuration.
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6.2.7.2 Instrument Panels

The Boeing SST instrument panel is comprised of a Captain's
panel on the left, a center panel, and a First Officer's panel on the right.
Panels similar in appearance will be installed in the simulation cockpit for
the SST configuration. The majority of instruments on these panels will be
electrically driven and will receive inputs either from the computer model or
from actual TIFS sensors. It should be noted that the speed, altitude, attitude,
etc., displayed will be for the simulated airplane rather than for the C-13IH.
The various panels will be detachable and will have electrical pigtails leading
to suitably positioned multipin connectors. This will make removal of panels
and substitution of other panels easier. Scme instruments will be nonworking

and installed for appearance simulation only.

6.2.7.3 Overhead Panels

The Boeing SST overhead pilot's panel carries hydraulic
annunciators, autopilot system controls, stability augmentation system controls,
electric command system controls, some navigation switches and various other
miscellaneous controls. In the TIFS reproduction, some of the items listed
will be simulated working and some will be nonworking. As in the instrument

panels, the overhead panel will be easy to remove.

6.2.7.4 Eye-Reference Point and Seats

The eye-reference points (ERP) for SST simulation are
situated at TIFS station -37.5, water line 55.6 and left and right buttock
lines 19.75. For AMSA simulation the station and water line are unchanged
but the eye-reference peints are at buttock lines 18.00. For the SST canopy,
ERP indicators will be hinged from the cockpit ceiling. These indicators will
be spring loaded to fold flat against the ceiling when not in use. In use,
the test pilot adjusts his seat until his eyes fit the indicator and then
adjusts the rudder pedals to suit the seat position. Seats in the simulation
cockpit will be 707 type Weber Aircraft Corp. Models No, 148A and No. 1574,
respectively for pilot and copilot. These seats are adjustable vertically and
horizontally. Movement at the mean seat-reference-point is +2.50 inches

vertically, 2.0 inches forward and 6.0 inches aft horizontally.
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6.2.7.5 Escape Hatch

The cockpit area is provided with two emergency exits

which are:

{(a) ground emergency exit in the right hand side of the

adapter section.

{(b) bailout door in center of bulkhead 6.5 into the nose

wheel well area.

The ground emergency window exit hatch is a standard C-131B assembly incorporated
into the structure of the adapter section. The bailout door (see Figure 6.12),
which can also be used for access into the cockpit when the aircraft is on the
ground, is a pressure-tight door hinged along its upper edge which swings back
and up in the wheel well. Uplocks are to be provided to hold the door open.

A grab rail is to be fitted on the forward face of the bulkhead just above the

door opening to facilitate feet-first egress through the opening.

6.2.7.6 Miscellaneous

There will be storage for three parachute chest packs on
the forward upper face of bulkhead 6.5 and/or on the left inner wall of the
adapter section. These packs are for two test pilots and one observer in the
simulation cockpit in the event that the bailout door there has to be used.
Note that three additional parachute chest packs for the same personnel will

be stored back in the main cabin.

6.3 TRUE SIMULATION OF AIRPLANE BEHAVIOR AND COCKPIT MOTIONS

The TIFS airplane will have the ability to vary all three components
of the total aerodynamic moment and all three components of the total aero-
dynamic force acting on the aircraft. To help make this possible, '"position"
servos are to be added to the existing elevator, aileron and rudder surfaces;
new servo-operated outboard flaps for variable 1ift will be installed; new
vertical servo-operated all-moving surfaces will be mounted on the wings to
provide variable side force; and servos added to the engine controls for

variable thrust control.
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6.3.1 Elevator Position Servo

The general arrangement of the elevator position servo is shown in
Figure 6.7. An electrchydraulic linear actuator operates a bellcrank which
is linked directly to the elevator torque tube by a push-pull rod. The
actuator assembly is installed between the frames at stations 820.95 and 851.212.
The elevator pivot point is at station 871.25. Access to the elevator position

servo installation is through the door in the aft cabin bulkhead (station 798).

6.3.2 Aileron Position Servo

The proposed arrangement of the aileron position servo is shown in
Figure 6.8. Motion from an electrohydraulic linear actuator is transmitted
into the existing aileron control system via the drum previously used for the
autopilot drive. The aileron autopilot is to be relocated or eliminated. The
servo is accessible by lifting a center floorboard just forward of the front

engineer's station.

6.3.3 Rudder Position Servo

It is proposed to mount the rudder position servo with an electrohydraulic
linear actuator connected directly to a horizontal arm on the rudder torque tube
in the vicinity of water line 88.0. The arrangement is shown in Figure 6.9.
Access to the installation will be through a door in the right side of the
fairing between the fuselage and the rudder. The actuator will, of course,
operate the rudder directly and not through the spring tab. During movement
of the rudder by the actuator, the spring tab will be affected by some aeroc-
dynamic force and by the inertia forces of the complete control system back to
the rudder pedals in the normal C-131B cockpit. Whether it will be desirable
or not to lock out the spring tab when on the TIFS system has yet to bé decided.

6.3.4 Flaps

The TIFS flap system will consist of large aileron-type flaps outboard

of the nacelles and standard Fowler-type flaps inboard of the nacelles.
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6.3.4.1 Outboard Flaps

The arrangement of the outboard flaps is shown in Figure 6.10,.

These flaps extend from wing station 174 (outboard side of nacelle) to wing
station 416 (inboard end of ailerons). They are hinged along a line parallel

to the rear spar and a constant distance of 21 inches from it. The leading

edge of the flap is counter balanced and a curtain seal is incorporated. Each
flap is supported on three hinges and is driven by a single actuator connected
mechanically to arms at the inner and outer hinge points. Flap construction
consists basically of a single spar near the hinge line with ribs cantilevered

out both sides. The trailing edge is formed from a small machined triangular

section. The counterweights are bolted on the leading edge.

6.3.4.2 Inboard Flaps

The inboard flaps are standard C-131B Fowler type. However,
the two Fowler flaps are now operated from a single rotary hydraulic actuator
moved from a wing position to a point near the center of the fuselage. A
standard flap-position-indicator assembly has been mounted near the actuator
and is operated from the flap torque shaft by a Browning gearbelt and pulley

system.

6.3.4.3 Flap Controls

The existing cockpit flap control will be used for the
Fowler inboard flaps. This is a rate control system. The position of the two
inboard flaps will be shown on a single flap indicator in the safety cockpit.
The outboard flaps will have a dual control system. When on the TIFS system,
these flaps will be controlled by the computer and powered by the TIFS hydraulic
system. When off the TIFS system, the outboard flaps will be controlled from
the safety cockpit and powered by the normal hydraulic system. In the '"off
TIFS" case, the safety cockpit control will be a position-determining type and
will be near the inboard flap control but separate from it. The positions of
the left and right outboard flaps will be shown on a dual needle type indicator
in the safety cockpit. 1f the position of the left and right outboard flaps
shceuld vary significantly at any tme, the TIFS system will kick off automatically.

193



/
A~

~.

WING REAR SPAR—7!!

[

BELLCRANK . ‘
// £ HINGE
/ *”
PUSH-PULL LINK = ;Y
J’ /'} /I,
ior
/ /
; A/ PUSH-PULL LINK
LINEAR HYDRAULIC // / I
ACTUATOR WITH ey

POTENT |OMETER

POSITIONING VALVE L
- FLAP
MODG VALVE AND / !
LINEAR POSITION / N
/!

—_—

FABRIC SEAL —
BAFFLE —
REAR SPAR —p-

—-""s "

PUSH-PULL LINK

Figure 6.10 OUTBOARD FLAPS

194

. R o
MASS BALANCE WEIGHT REMOVABLE < AN 40
H INGE HONEYCOMB PANEL

“Q /
S

TYPICAL SECTION THRU FLAP



The design of the outboard flap dual control is in a preliminary state. The
selection of suitable "off-the-shelf" components in the hydraulic system may
be difficult because of the high flow rates required. Preliminary estimates
show that a peak flow of about 21 gallons per minute will be required for
operating each outboard flap.

6.3.5 Side-Force Surfaces

The vertical all-moving surfaces used to generate side forces on the
TIFS aircraft will be installed at wing station 375. The vertical pivot will
be about 10.5 inches forward of the front spar, normal to the wing manufacturing
chord plane in the lateral vertical plane and tilted 3 degrees forward (at the
top) in the longitudinal vertical plane. This means that the pivot line is
tilted 1 degree back (at the top) relative to the fuselage water lines. The
surfaces are each about twenty-five square feet in area. The tip sections will
be made of a frangible material since it is possible that the tips of the lower
surfaces might scrape the ground under certain landing conditions. In the first
TIFS designs, the side-force surfaces were pivoted between front and rear spars
and subsequent wind tunnel tests indicated that the effectiveness of the
surfaces was not as good as predicted. Additional wind tunnel tests are to be
made to determine whether positioning the side-force surfaces forward at the
front spar will improve their effectiveness sufficiently or whether a more
complicated arrangement of a moving surface with a geared rudder on it is
necessary, Figure 6.11 shows the proposed configuration for the simpler all-

moving surfaces.

6.3.6 Thrust Control Servos

Movement of the engine power controls by servos will be accomplished
through the use of capstans driven by electromechanical rotary actuators.
Rotary position potentiometers in the system will give indications of the
power lever angle at the engines. The engine thrust is linearly proportional

to the power lever angle position.
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6.4 ELECTRONIC CONTROL SYSTEM

The major part of the electronic control system is housed in a series
of enclosure units mounted in the rear half of the cabin between stations 420
and 712, Provision for two test engineers' stations, computers, patch panels,
electronic drawers, electrical power supply units, a recording oscillograph,
a strip chart recorder and other units is made in this group of enclosures
(see Figure 6.12). In addition, a number of sensor units are installed in

other areas of the fuselage.

6.4.1 Electronic Enclosures

The basic framework of the electronic enclosures is constructed from
standard Emcor components. Two units form the No. 2 test engineer's console
between stations 420 and 469. A space between the enclosures at stations 469
to 514 provides access to both test engineers' stations, but is primarily
intended to give a clear passageway to the right side bailout door. The
enclosures are bolted together and diagonally braced where necessary. Floor
attachments are designed for the emergency landing condition loads established

in CAM4b, (This memorandum was used in the original design of the C-131B.}

6.4.2 Sensor Units

A sensor package near the c.g. of the airplane will contain a three-
axis linear accelerometer and a three-axis angular accelerometer. A two-axis
linear accelerometer will be mounted in the simulation cockpit at the evaluation
pilot's position. A radio altimeter is to be mounted in the underside of the
tail of the fuselage. & and @ vanes are to be installed but no positions for

these have been determined as yet.

6.5 HYDRAULIC POWER SUPPLY SYSTEM

A new hydraulic power supply system is to be installed to operate the
TIFS servos. This system, which will use MIL-H-5606 fluid, will be Type I,
3000 psi class as defined in MIL-H-5440D, It will power the six variable feel
servos (Figure 6.13) and seven surface position servos (Figure 6.14). Pre-
liminary rough estimates indicate that the maximum no-load flow rate required

for all servos might total about 75 gallons per minute. This is a "worst-case"
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condition with all actuators working simultaneously. The probability of a
sustained demand at such a flow rate is very small and it is possible that a
pump supplying about 70 percent of this flow rate, i.e., 53 gallons per minute,

will be satisfactory if supplemented by accumulators in the system.

6.5.1 Hydraulic Pumps

The standard arrangement of engine-driven accessories on each of the
Allison 501-D13 engines which will be installed in the TIFS airplane is shown
on Figure 6.15. It is proposed to remove the DC generator from the right side
engine and mount an additional hydraulic pump on this pad. The power available
corresponding to the pad RPM and continuous torque rating shown is 95 HP. The
largest pump which can be installed on this pad is one like the Abex AP12V type
as used on the F-111 aircraft. This pump can deliver 42.5 gallons per minute
at 3100 psi when driven at 5800 RPM. This pump weighs 17 1lb, but has a QAD
type flange mounting. A suitable Abex adapter is available to mount the pump
on an AND 20002 generator pad. However, this pump does not have an integral
boost element for low inlet pressure conditions and would require a separate
boost pump to produce the 40 psi inlet pressure specified by Abex. The
difference between the 42.5 gallons per minute output of a pump such as the
Abex and the 53 gallons per minute approximately required for the TIFS system
would require a motor-driven auxiliary pump. Ample AC electric power is avail-
able for such a unit. 1In fact an 8 gpm AC motor-driven pump (Vickers No.
EAS0182-8) is installed during the Allison conversion because only one engine-

driven pump is used in the standard C-131H conversion.

6.5.2 Hydraulic Linear Actuator Sizing

A number of factors determine the physical dimensions of each actuator.

These are:

(a) Force required
(b} Minimum stroke of 4 inches
(¢) Maximum differential pressure across the piston of about 1000 psi

(1/3 system pressure).
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The forces required are determined from the maximum usable hinge moments in

the case of the position servos or the maximum pilot applied loads in the case

of the feel servos. The minimum stroke of 4 inches is specified to give good
resolution of the linear position potentiometers. The limiting of the differential
pressure across the piston to about 1/3 system pressure ensures that valve flow
rates are most nearly linear with lead. The selection of the nearest commer-

cially available size results in some deviation from 1/3 system pressure.

6.5.3 Hydraulic Linear Actuator Selection

It is intended to use commercially available actuators for all linear
servos. CAL has accumulated a wealth of experience in aircraft installations
with actuators made by the Miller Fluid Power Division of the Flick-Reedy
Corporation. This company supplies off-the-shelf actuators incorporating lapped
metallic seals instead of the more common "O' ring type and CAL has been able to
achieve lower friction levels with these actuators than any other type. Low
friction in the actuators is desirable for one of two reasons. If it is for a
feel servo, friction in the system shows up as an increment of pilot applied
force which is always present and prevents very low force values being achieved.
In the case of those position servos which are not disengaged mechanically when
"off the system," any friction in the actuator shows up as an increase in
"stick" force at all times. For the TIFS installations, all the feel servos
and the rudder, elevator and aileron position servos will be of the metallic
seal type. The side-force surface and flap servos will be Miller lock-seal
type with Teflon seals and wipers such as have been used for a number of years
on the USAF/CAL T-33 L/D petal system.

6.5.4 Accumulators

It is anticipated that it will be necessary to install some accumulators
at various points in the TIFS hydraulic system in order to supplement the pump
delivery under conditions of peak servo demands. Analysis is required to
indicate the required size of the accumulators. At present, however, it is
thought that it will be essential to install an accumulator in the simulation

cockpit area adjacent to the six feel system servos which are situated at a
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considerable distance from the hydraulic pump. It is also anticipated that an
accumulator may be required in each wing adjacent to the outboard flap servos.
These servos have peak flow rate requirements of 80.8 in.s/sec (21 gpm) each,
which will require a fluid velocity of about 11 ft/sec through 1.00°/D x 0.083
wall tubing.

6.5.5 Filters

A "no bypass" filter will be installed on the pressure side of the
pumps. The filter element will be 2 micron nominal, 10 micron absolute.
Another filter will be installed in the return line to the reservoir. This
filter will use a 10 micron nominal, 25 micron absolute filter element. Since
the flap actuator may be operated from either the TIFS hydraulic system or
the normal ship's hydraulic system, there will be an interchange of fluid
between the two systems. To protect the TIFS system from contamination, a
"no bypass' filter with 2 micron nominal, 10 micron absolute filter will be
installed in the supply line from the ship's system to the outboard flap

actuators.

6.5.6 Servo Valves

The electrohydraulic actuator control valves will be Moog flow control
type. Preliminary estimates indicate that model 31 valves should be satisfactory
for all servos except those on the side-force surfaces and outboard flaps which
will require model No. 32 and model No. 34 valves, respectively. Valve flow
rates will be chosen to match the maximum no-load flow rates as closely as
possible to avoid excessive flow rates through the valve in force-limited
operation. Valves will be fabricated with axis cut spool and bushing to provide

minimum distortion around null.

6.5.7 System Safeguards

Two groups of safeguards are provided to ensure that the flight control
surfaces can be easily operated by a safety pilot when the TIFS system is "off."
The first group consists of a solenoid-operated shutoff valve fitted as a bypass
control in each surface position servo piping system (see Figure 6.14). When

deenergized, these valves are nuimally open, and there are neither differential
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pressures across the servo actuator pistons nor any impediment to the free flow
of fluid from one side of each piston to the other side. The second safeguard
is provided in case any one of the shutoff valves just mentioned fails to open
when deenergized. This consists of a single solencid-operated shutoff valve
(not shown in Figure 6.14), connecting the pressure supply for all surface
position servos to the common return line, and a pair of check valves {(shown

in Figure 6.14) fitted in each position-servo manifold block. The latter shut-
off valve, also normally open when deenergized, dumps the supply pressure, thus
permitting flow through the check valves. Should any servo bypass fail to
operate, fluid can escape freely through one of the check valves when movement
of the relevant surface by the safety pilot causes the servo piston to move in

the cylinder,

6.5.8 System Controls and Indicators

Separate solenoid-operated shutoff valves of the normally closed type
are provided for the feel pressure supply and the surface position pressure
supply. This enables the feel servo system to be operated independently of the
surface position servo system. Controls and indicators for the TIFS hydraulic
system are situated on the simulation system control panel in the safety pilot's
cockpit and in the feel-engage panel in the simulation cockpit. Pressure
warning transducers for the feel servo system and the position servo system
are set to come on at 2600 psi and off at 2200 psi. These are connected to
green display lights on the simulation system control panel. Upstream of the
shutoff valves in the feel pressure supply and surface position pressure supply

lines, another pressure warning transducer is set to be off between 2200 and
2600 psi.

6.5.9 Piping and Fittings

All pressure lines will be annealed stainless steel 18-8 tubing con-
forming to MIL-T-8504 with wall thicknesses appropriate for a 3000 psi system.
Return lines will be 6061-T6é aluminum tubing conforming to MIL-T-7081, except
forward of the firewall in the nacelle area where MIL-T-8504 stainless steel
tubing is mandatory. Nuts and sleeves will be steel. Fittings in the nacelle
area or those in pressure lines larger than 3/4 tubing size will be steel, all
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other fittings will be aluminum. For ground checkout work, self-sealing

pressure and return connections will be provided.

6.6 CREW INSTALLATIONS

Three standard C-131B forward-facing double seats will be installed in
the left forward central part of the cabin for the use of two evaluation pilots,
and four other personnel during landing and takeoff. Stowage for ten parachute
chest packs will be provided on the right side of the cabin between the tunnel
mouth and the most forward electronic enclosure. Two swivelling seats will be
installed at the test engineers' stations. These seats, which will slide on
tracks parallel to the electronic enclosures, are Aircraft Mechanics, Inc.

Model No. 649 swivel type E-1 built to specification MIL-S-7852 Seat, aircrew,

adjustable. They can be occupied during takeoff and landing.

6.7 C-131H CONVERSION

The C-131B as delivered to CAL is fitted with standard R2800 Pratt and
Whitney radial engines. Before the present CAL program is completed, the C-1318
will be sent to Pacific Airmotive Corp. (PAC) in California under a USAF
contract for conversion to a C-131H. The major portion of this conversion
consists of modifying the nacelles and installing Allison model 501-D-13 jet-
prop engines. After conversion, the airplane will return to CAL for completion
of the TIFS modifications. This engine conversion program in the middle of the
CAL program entails some problems in design, fabrication and installation.

These problems are in three general areas: electric cabling, thrust servos

and rudder fairing.

6.7.1 Cable Routing

During conversion to C-131H specification, most of the electrical cabling
is replaced. Much of the cabling involved is normally routed along the lower
right side of the fuselage in the area where the TIFS airplane access tunnel
will be constructed. It has been necessary to reroute the existing C-131B
cables to stay above the tunnel top and bypass the tunnel entry in the cabin
floor and the PAC cabling must follow substantially the same routing. However,
the new AC control panel which is normally located in the area where the cabin
entrance to the TIFS tunnel is, will have to be installed in another position

and this will entail a change to the standard PAC cable harness,
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6.7.2 Power Controls

The TIFS thrust control servos will be installed in the cable control
system to the engines. During the C-131H modification, a new pilot's pedestal
is installed in the cc-kpit at the forward end of these controls and the power
levers on the new engines are connected to the aft end of the throttle cable
system which otherwise remains unaltered. It is necessary to obtain further
data from Allison about the cable travel and cable loads before the design of

the thrust servo installation can be completed.

6.7.3 Rudder Fairing

Part of the C-131H modification consists of increasing the size of the
rudder and as a result of this, the fairing between the bottom end of the
rudder and the fuselage is modified. This is the fairing in which CAL proposes
to install the rudder position servo. The final design and installation of
this servo may be delayed until the aircraft returns from PAC with the fairing

modified.

6.8 ANALYSES AND COMPUTATIONS

6.8.1 Structural Analyses

The various TIFS modifications to the C-131B are being designed so that
they are at least equal in strength to the unmodified structure, The CAL stress
analyses will use the original Convair analyses as a base. Where applicable,
flight and landing conditions which designed the original structure are used
to design the modifications, thus the July 1950 revision of CAM4b which was
used in the original CV340 and C-131B design is the guide. The Air Force
Handbook of Instructions for aircraft design (AFSCM 80-1) is also being used.
Because of the extent of the modification to the forward end of the fuselage,
and the necessity for balancing the new nose and cockpit arrangement with mass
at the aft end, the shear and bending moment distributions in the fuselage are
changed. The original Convair fuselage stress analyses are being examined to
determine whether the bending moments and shear stresses produced by the TIFS

modification are within the capabilities of the existing structure or not.
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The side-force surfaces will impose new loads on the wing structure. These
will be included with the design wing loads used by Convair and the Convair
stress analysis reviewed to be sure that structure margins are adequate. The
loads transmitted to the existing flap hinge structure are also being checked
to determine that positive margins are maintained. Additional dynamic loads
on the nose gear due to the changed mass distribution of the TIFS modification
will be assessed. Maximum hinge moments applied by the position servos to the
elevator, aileron and rudder are limited, where necessary, so that the maximum
permissible airframe and empennage structural loadings will not be exceeded in
any variable stability flight condition. The servo installations are designed,
generally speaking, for stiffness and long fatigue life. This usually results

in overstrength structures.

6.8.2 Wezght and Balance

Preliminary estimates of weight and balance are being constantly updated
as design and fabrication progresses. Considerable trouble, since resolved,
was experienced at first in reconciling the data in the TO-1B-40 Weight and
Balance Handbook which accompanied the airplane when delivered to CAL with the
original weight and balance data used by Convair in their analyses. At delivery,
the airplane had 700 1b of ballast in the tail. An additional 1000 1b of ballast
is necessary for the TIFS modification. Present estimates show that with a
crew of eight and full fuel tanks (11062.5 1b fuel), the TIFS airplane will
have a gross weight of 51027 1b, well within the 53200 1b maximum gross weight
of the standard C-131H. The c.g. position at-any time is dependent on whether
the crew are seated in their landing and takeoff positions or are at their
working stations; whether the undercarriage is up or down; and what amount of
fuel is in the tanks. The following table lists a number of combinations and

the resultant c.g. position for each.
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CREW POSITION UNDERCARR | AGE FUEL WEIGHT C.G. POSITION

LANDING AND TAKEQFF DOWK 11062.5 19.76
WORKING up 11062.5 15.36
WORK NG up 1585 10.58
WORKING DOWN 1585 12.56
LANDING ARD TAKEOFF DOWR 1585 15.96
WORKING up 0 89.76
LANDING AND TAKEOFF DOWH 0 15.30

These figures are within the normal C-131H forward c.g. limits of 8.5%
for flight and 13% for takeoff and landing.



SECTION VII

DESIGN OF TIFS ELECTRONIC SYSTEMS

7.1 INTRODUCTION

A general description of the TIFS electronic design is presented in

this section.

7.1.1 TIFS Electronic Subsystems

The electronic system for TIFS is composed of the subsystems arranged

in Figure 7.1 and listed as follows:

1.

Sensors and Sensor Electronics - The sensors measure various
angles, rates and accelerations of the NC-131H aircraft. These
sensor outputs are converted to properly scaled DC voltages

representing parameters usc<d in the control of the TIFS,

Feel System - A feel system for each evaluation pilot provides
variable force versus position gradients for the elevator and
aileron control wheel and the rudder pedals. This control system
can simulate a linear spring feel or nonlinear feel characteristics
composed of variable amounts of deadband, breakout force and

hysteresis.

Surface and Throttle Servos - Electrohydraulic servos control the
position of the elevator, aileron, rudder, flaps and side force
surfaces. Magnetic powder clutch servos are used for the throttle
position servos. Rate and acceleration stabilization techniques

are provided to shape the dynamic responses of these servos.

Model-Following - Response-Feedback Patch Panel Electronics - The
ME-RF patch panel ties together all of the other subsystems of
the TIFS electronics. The most important function of the
electronics is to process the error signals between the model
variables and airplane variables to provide the required surface

and throttle position commands.
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Model Computer - The equations of motion of the simulated aircraft
are programmed on the model computer. In the MF mode of operation,
the input commands to the model computer are the feel system
motions. The electrical outputs of the computer represent the

simulated aircraft motions.

Pilot Instruments and Controls - Servec driven flight and engine
instruments are provided for each evaluation pilot. The inputs to
each instrument can be patched on the MF-RF panel from the sensors
or the model computer. Throttle, wing-sweep, flap, and speed-brake
levers are mounted on the center control console. Each provides

a proportional electrical signal for simulated control inputs.

Test Engineers' Control and Instrument Panels - Two test engineers
control and monitor the operation and performance of the TIFS
system on separate panels. One panel contains switches and status
lights that control and indicate the engagement sequence of the
various subsystems. The other panel contains instruments and a

strip chart recorder to monitor the model-following performance.

Digital Tape Recording System - Fifty-eight channels of digital
recording are provided with tape coding compatible with the

IBM 360 computer system. A ground playback unit is provided
which can play back any 8 channels simultaneously on an analog

recorder.

Equipment Design Philosophy

The major portion of the electronic hardware will be fabricated into
standard equipment enclosures located in the rear half of the TIFS cabin.
Figure 7.2 illustrates the general arrangement of the various subsystems. Each
enclosure contains equipment drawers which are removable for each adjustment
or modification. Fourteen printed circuit boards may be mounted in each drawer.
The circuit boards have plug-in amplifiers and discrete components so that major
functional channels are complete on each board. The plug-in amplifiers are
commercially available, all-silicon, encapsulated units. The various units

purchased fall into the following categories:
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1. chopper stabilized
2. differential input
3. high input impedance.

From CAL's experience in recent variable stability system design and amplifier
manufacturer data, an expected mean time between failures (MTBF) for the
electronic system is 50 to 100 operational hours. Test points and adjustments
are conveniently located on each board for use when the system is operating.
Since complete channels are on a single printed circuit board, extensive
modification can be made in a particular channel by plugging in another circuit

board.

The TIFS subsystems consist of 10-velt analog amplifiers for most
computations. Some sensors are AC carrier; however, these signals are immedi-
ately demodulated and filtered before being used in any computation. All
computations performed are general analog operations, such as summing,
integration, resolving, multiplication, division and function generation.

After evaluating various analog computers, it became apparent that superior
computing performance for the TIFS task can be best obtained from a custom-
built analog computer. Special circuits were developed to perform multiplication,
function generation and memory with greater capabilities than normally found in
commercially available analog computers. The pulse-width type multiplier has
the advantage that at small signal levels, accurate multiplication is performed
(0.01%) and that several quantities can be multiplied by one variable. The unit
can also perform accurate division even with divisor signals of less than

5 percent of full scale. The function generator employs a technique whereby

a best-fit straight line is fitted to the desired function. The difference
between the straight line and the desired function is expanded and programmed

on a 20-segment function generator. The nonlinear function is rescaled and
summed with the straight line approximation to yield the desired function to

approximately 0.01 percent accuracy for most functions.

On normal analog computers, memory is performed with chopper stabilized
integrators. This technique is adequate for short-term memory only. A memory
circuit that utilizes the extremely high (greater than 1012 chms) input impedance

of a field effect transistor {FET) operational amplifier is used for balance and
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hold operations on the TIFS program. Memory with a long-term decay time
constant in excess of 3,000 hours is achieved. This corresponds to a maximu.
fall-off rate of approximately 0.02 mv/sec and can be considered linear for

the first few hours of memory.

7.2 DETAILED DISCUSSION OF TIFS ELLCTRONIC SUBSYSTEM.

7.2.1 Sensors and Sensor Electronics

This subsection describes the electronics and measurement devices
required to characterize the TIFS aircraft motions in inertial and air mass

reference frames. Table 7-1 is a list of the sensor signals developed for

the TIFS system. The signals are subdivided into groups of similar signals,

i.e., positions, rates, accelerations, etc,...; also included is the maximum
variation for each parameter. A unique portion of the sensor electronics is
the inertially compensated Air-Data System, Its outputs are altitude, rate
of climb, indicated airspeed, Mach number, true airspeed and true airspeed
rate. The inputs to the air-data computer are static pressure, dynamic
pressure, air temperature, and inertial terms desired from accelerations and
attitude.

Complementary filters are used to blend the slower heavily filtered
pressure-derived data with the high frequency inertial terms. This results
in a wide-band measurement which is not too sensitive to aerodynamically in-
duced noise. The signal flow through the air-data complementary filter is
illustrated in Figure 7.3. The equations that relate the air-data input-
output variables are listed in Table 7-2. Also included are the equations

that relate the air data output variables 4 , 4 , ¥ and ¥ to the pressure
and inertial variables from which they are derived. The air-data system

implements the transfer functions represented by these equations. The transition
from low frequency pressure data to high frequency inertial data is accomplished

in such a fashion that the resultant variable has a flat frequency response

through the transition region.

Similar techniques are also used to obtain sideslip angle (4).

Equation 5 of Table 7-3 represents the complementary blending of the & vane

215



Table 7-1

SENSOR S!GNALS DEVELOPED FOR THE TIFS
(NUMBERS N PARENTHESES REFER TO NOTES AT END OF TABLE)

SENSOR SIGNAL MAXIMUM SCALE FACTOR
ATTITUDE GYRO
20 S5IN @ 10v = §IN 30°
10 c05 © lov = cos 0°
10 SIN & 10V = SIK 90°
10 C0S & 10v = ¢os 0°
10 SIN P 10V = SN 90°
10 C0S ¥ 10v = ¢os 0°
0.1 & 9y = 90°
0.5 &8 10v = 20°
RATE GYROS AND ANGULAR ACCELEROMETERS
0.2 » 10V = 50°/SEC
0.5 ¢ 10v = 20°/sEC
0.5 r 10V = 20°/SEC
0.04 % 10y = 250°/sec?
0.1 ¢ 10V = 100°/sEC?
0.1 7 10v = 100°/sEC2
LINEAR ACCELEROMETERS
20 », 1oy = .5g
10 7, 10V = ig
10 7, 10v = 1g
4 775 10v = 2.5¢g
4 75, 10V = 2,59
y 47, 10V = 2,5¢
W =
AIR DATA Ps/3 (1) 10V = 30" Hg
h,/ 2500 10V = 25,000
235, (2) 10V = 5" Hg
253, /;, 10V = .4
20M (3) 10V = ,5M
0.02 v, (%) 10V = 500'/SEC
v, /30 (5) 10V = 300 KNOTS
74 [t +10] (6) 10V = +50°¢
0.5 (&) (7) 1oV = J400°K
INERTIAL COMPUTATIONS
b o tov = 100*/sEc?
0.5 V; 10v = 20'/sec?
AIR DATA COMPLEMENTARY FiLTER COMPUTATIONS
hf2500 10v = 25,000
0.1 4 10V = 100'/SEC
0,04 AV 10v = 250'/SEC
v/50 10V = 500'/SEC
0.5V 1oy = 20'/sec?
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NOTES:

M
(2)
(3)
(4)
(5}
(6)
(1)
(8)
(9)

Table 7-1 (CONCLUDED)

SENSOR SIGNAL
RADAR ALTIMETER
0.01 4,
0.2 4e

ANGLE OF ATTACK
VANE 0.5 yuye
0.5 (g +lg)
0.} { 14-&3]

INERTIAL 0.5¢
0.5y
ausT 0.50!9
0.50(9

ANGLE OF SIDESLIP
VANE 0.54 yanE
m5(ﬂ]+ﬁ9)
0.5 ()g] +Ié9)

INERTIAL 0.58
0.54,
GUST 0.584
0.539
FUEL WEIGHT
GEAR POSITION
LOCALIZER

GLIDE SLOPE

SPEED BRAKE

WING SWEEP

HEADING ERROR

THROTTLE HANDLE POSITIONS (QUANTITY 4)
FLAP POSITION

HEIGHT MEASUREMENT 0.014,

Ps 18 STATIC PRESSURE
gc |5 COMPRESSIBLE DYNAMIC PRESSURE
M 15 MACH NUMBER
TRUE AIRSPEED FROM PRESSURE MEASUREMENT
iINDICATED AIRSPEED

£ IN °C

ty N K
VANE OEFLECTION

VANE DEFLECTION COMPENSATED FOR POSITION ERROR
{(10) 4. 1S EFFECTIVE LANDING GEAR HEIGHT (SEE FI@. 7.4}
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{8)
(3}

(10}

MAXIMUM SCALE FACTOR

10¥ = 1000'
10V = 50'/SEC

1ov = 20°

1oy = 20°

10y = 100 [SEC
10y = 206°

10y = 20°fsEC

tOY = 20°

10v = 20°fSEC

1oy = 20°

10v = 20°

10V = 100°/SEC
10y = 20°

10v = 20°/SEC

10v = 20°

10V = 20°/SEC

TO BE DETERMINED
TO BE DETERMINED
TO BE DETERMINED
TO BE DETERMINED
TO BE DETERMINED
TO BE DETERMINED
TO BE DETERMINED
TO BE DETERMINED
TO BE DETERMINED

10y = 1000 FT



Table 7-2
AIR DATA EQUATIONS

AIR DATA EQUATIONS
/;me; ()
M= (3./7)
Vo= 65.77M /&,
VL = 7[3 (gc)

INERTIAL EQUATIONS
hr=9ﬂzme-5 cdy @ [ny M¢+n}m¢ ]—g
Ve=9 [772, coL Xy Coe, B, * 1, i B, * 7 Adse oLy ad_,gj—,m a’]
Ve Eg [7714-#13,51.1”730(1, ~den Z’]
COMPLEMENTARY FILTER EQUATIONS

hoh S .o 27 (5 +7)
» (?"5*-1)2" T (T’s-}-])z

= Y AN Y S
h=tp 2557 v

s
Vo=V s 4 273(3‘*0
P (7s5+1)2 I (zswr)*®

/ : z
V=Vo 577 Vo7
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Table 7-3
ANGLE OF ATTACK AND SIDESLIP EQUATIONS

ANGLE OF ATTACK COMPUTATIONS

SV V7 9—,51/573 coe & a1 @
= - ]
Sy =.5(57.3) [ i 6 coi 7 (1
. .5(573)(32.2) % -5p4r
'5 = — ——— . ——t
&, v {:% +coe 8 coe @ 573)052.3) + 52 (2)
A
50ain7 = =l (3)
ANGLE OF SIDESLIP COMPUTATIONS
. .5(573)(32.2) ) BV Larp
.5,81_— % ”yfmgm¢*(—“——523)(3z_z) A 573 . T {4)
VANE INERT/AL
2 s 7
27 (L5
5o x Lrife | B T(HR+) (s)
L (rs+i) (75 * 7)%
FOR T = 10 SEC
Bz *ABq ,3_'3. zo(ss”}
58 = # 6
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signal with the /% inertial signal. An analog mechanization that employs
the blended ,8 variable and the variables of Equations 1, 2 and 4 of Table
7-3 yield the &, , d§ and A, signals. The angle of attack and angle of
sideslip are obtained by all-aerodynamic and also, by all-inertial methods so

that gust information can be obtained.

A radar altimeter will be used for height and descent rate measure-
ments during simulated landings. This device is a standard Honeywell, Inc.
AN/APN-171(v) radar altimeter. Since the TIFS will not actually touch the
runway, the altitude above the runway of the simulated aircraft's gear (4.)
will be computed from the radar altitude and attitude information. This
computation is illustrated in Figure 7.4. Self-test and calibration features
will be provided for the entire system. Because of the interrelation between
many of the parameters, a complete operational check of the system requires an
auxiliary analog computer to provide a consistent set of inputs which are

processed to form the various outputs.

7.2.2 Feel Systems

The TIFS feel system provides force versus position characteristics at
the controls of each test pilot. The principle used is to measure the applied

control forces and to command the control position of the hydraulic actuators.

A typical feel system block diagram is illustrated in Figure 7.5. The
voltages from a force measuring system that represent the forces applied by
the pilot and copilot are summed to form a total force command. These voltages
are used as position commands to the actuators connected to each pilot's control

wheel and rudder pedals.

The resultant feel system provides the following characteristics at
the elevator, aileron or rudder controls of each test pilot:

1. Linear adjustable force vs position gradient.

2. Adjustable breakout force.

3. Adjustable hysteresis,

4. Adjustable split hysteresis (combination of breakout force and
hysteresis).
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5. Adjustable deadband.

6. Bobweight effects such as those due to normal acceleration
(g”}) and pitching acceleration (g).

7. Variation of the force gradient as a nonlinear function of

some arbitrary variable (A , in Figure 7.5).

The breakout force, hysteresis, and nonlinear functions are inserted
in the force channel. Control deadband is inserted in each of the position
feedback loops. The control force gradient can be preset to a constant value

or varied as a function of another variable such as dynamic pressure.

Table 7-4 is a list of the maximum ranges for the nonlinear character-

istics listed above.

Table 7-U
NONLIKEAR CHARACTERISTICS

ELEVATOR A} LERCN RUDDER
BREAKOUT FORCE 420 LB +10 LB +50 LB
KYSTERES!S +20 LB +10 LB +50 LB
SPLIT HYSTERESIS +40 LB 420 LB +100 LB
DEADBAND +1 N, +10 DEG +0.5 IN.
MAXTMUM FORCE 200 LB 100 LB 500 LB
MINIMUM GRADIENT 1 LB/ IN. 0.1 LB/DEG 10 LB/IN.

In addition to providing the above feel characteristics, the feel
system position 1is related to the force command by a second-order transfer
function with known, independently variable natural frequency and damping.
The natural frequency can be varied from 0 to 50 rad/sec and damping ratio
is adjustable from 0 to 2.0. This provides a precise means for evaluating

transfer functions between airplane responses and pilot inputs.
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An additional capability is to simulate the various trim systems of
different aircraft. The trim system provides the following rate and pro-

portional trim capabilities.

1. Trim to the feel system position loop.
2. Trim to the feel system force loop.
3. Trim to the aircraft surface servo.

By injecting the trim into the force or position channels, it is
possible to trim the feel system which in turn trims the surface. It is also
possible to inject the trim signal directly into the surface to simulate a

movable stabilizer trim.
The maximum trim rate for each axis of the feel system is tabulated

in Table 7-5.

Table 7-5
MAXIMUM TRIM RATES FOR TIFS FEEL SYSTEM

MODE ELEVATOR AILERON RUDDER !
POSITION | 1 IN./SEC | 10 DEG/SEC 0.5 IN./SEC
FORCE 8 LBfSEC 4 LB/SEC 20 LB/SEC
SURFACE | 2 DEG/SEC 2 DEG/SEC 2 DEG/SEC

The proportional trim will be initially installed in the TIFS with
the capability of being switched to a rate trim at a later time. Maximum

proportional trim capabilities are listed in Table 7-6.

Table 7-8
MAXIMUM PROPORTIONAL TRIM
MODE ELEVATOR A1LERON RUDDER
POSITION | +5 IN. +50 DEG +2.5 N,
FORCE +40 LB +20 LB +100 1B
SURFACE | +10 DEG | +6.25 DEG | +5 DEG
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The command signal for positioning the control surface can be derived
from either control force or position. Zero displacement force command
operation is directly available. A first-order lag with rate limit can be
provided to simulate a boosted control system. The control to surface gearing

is obtained with a potentiometer gain adjustment.

Maximum gear ratios have been selected and are listed in Table 7-7.

Table 7-7
MAXIMUM GEAR RATIOS
ELEVATOR ALERON RUDDER
Bee /5= 10 DEG/IN. Sa. /B,s= | DEG/OES | 5, /5= 70 DEG/IN.
sec/fgs = 0.5 DEG/LB 8ac/5s= | DEG/LE 5y, /fep = 0:2 DEG/LB

7.2.3 Surface and Throttle Servos

A simplified block diagram of a typical surface servo is presented
in Figure 7.6. The surface position feedback signal is subtracted from the
command signal, with the resultant error signal used to current drive the
hydraulic flow control valve. The dynamic feedback response of the system
is obtained from the strut position while the low frequency and DC feedback
are obtained from the surface position. The surface rate and acceleration

terms are available to shape the dynamic response of the servo.

An additional feature of the servo loop is the auto balance system
which electronically nulls surface command signals before system engagement

to avoid undesirable transients.

An electronic safety trip system is built into the MF-RF panel elec-
tronics. If a predetermined maximum safe surface rate is exceeded or if a
system failure causes an abrupt high level surface rate command, the system
is automatically disconnected. Also available on the panel are the outputs
of electrical differential pressure gages mounted across each actuator. Any
combination of these signals may be monitored by the electronic safety trip

system.
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Pressure limiting check valves are coupled around each hydraulic
actuator to prevent damage to the surfaces due to excessive surface hinge
moments. In addition to these precautions, either safety pilot may disengage
the system at any time by using a dump button if he feels that excessive con-

trol rates or vibrations are occurring.

To ensure that the flight control surfaces can be easily operated
by the safety pilot when the TIFS system is "off'", several safeguards are

provided. These are described in Section 6.5.7.

A simplified block diagram of a throttle servo is presented in

Figure 7.7. The throttle actuator consists of a constant speed motor and two
dry magnetic particle clutches which transmit the motor torque to the cable
capstan. The clutch operation provides an angular acceleration output at

the capstan proportional to the throttle servo amplifier input. Rate feed-
back used in conjunction with position feedback produces an accurate high
performance position servo. The balance servo is used to null signals to

the position loop prior to throttle servo engagement to avoid undesirable

engagement transients,

An adjustable electrical limit circuit allows independent variable
minimum and maximum limits on the throttle command. As an additional safety
precaution, the motor torque is limited to allow the safety pilots to
override the throttle servos during normal operation. When the throttle
servo system 1s disengaged, a solenoid-operated clutch disconnects the motor

and drive assembly from the capstan.

7.2.4 MF-RF Patch Panel and Electronics

The MF-RF subsystem consists of a 5120-hole patch panel to provide
the necessary flexibility for the variety of functions this subsystem must
perform. The patch board contains ample capacity for programming all the
possible TIFS loop configurations expected. In actuality, the MF-RF sub-
system 1s a large analog computer designed for signal summation, filtering,
switching, balance and hold, monitoring, and other special functions. The
major function of the MF-RF subsystem is to interconnect the other major

subsystems as illustrated in Figures 7.8 and 7.9,
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The MF-RF patch panel provides a means for:

1,

Patching

RF loops.

Patching
Patching
Patching
Patching
Patching

Function

desired model and sensor signals to MF loops or

the MF and RF loops to servo command amplifiers.
any system signal to any recording channel.
appropriate signals to cockpit instruments.
appropriate signals to test engineers' instruments.
any desired signals to the safety trip system.

generator patching for feel system and any MF-RF loops.

Model input signal level and loop gain adjustment for the

MF-RF system.

Interface functions between the ground computer and the

airborne

TIFS subsystems.

The present MF-RF subsystem capacity is 239 amplifiers. Of this total,

164 amplifiers are committed to multipliers, function generators and other

nonlinear elements as follows:

8

4

120

30

2

special committed amplifiers

amplifiers used in balance and hold networks

amplifiers used in 20 multiplier-function generators (6 amplifiers

are installed on each of 20 multiplier-function generators)

amplifiers used in 10 function generators for driving instruments

(3 amplifiers are installed on each of 10 function generators)

amplifiers used in safety trip system.

The uncommitted amplifiers are all chopper stabilized and are divided as follows:

5

amplifiers used as integrators

64 amplifiers used as summers

6

amplifiers used as servo command amplifiers.

The fully expanded MF-RF subsystem capacity is 359 amplifiers. The future

expansion consists of 120 amplifiers used in 20 multiplier-function generators.
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Any signal available at the MF-RF patch panel may be monitored by a safety
trip device. The safety trip system is a fail-safe device which disconnects
the entire TIFS system when either the power is removed from the safety trip
unit or if one of the input voltages to the safety trip exceeds a pre-
determined safe limit. Eight safety trip inputs are available for monitoring
signals that have the same positive as negative trip level. There are also
six inputs for signals that require independent positive and negative trip
settings. Provisions have been made to allow additional input signal

circuits to be patched.

7.2.5 Model Computer

The model computer is a special-purpose, CAL-designed analog computer
with the majority of the amplifiers chopper-stabilized. Nonlinear six-degree-
of-freedom equations of motion of the aircraft to be simulated can be pro-
grammed on the computer. The computer is split into two identical parts
(A and B) with two separate 2560rhole patch boards. There are proportionately
more function generators and multipliers and fewer integrators than would be

found in a general purpose computer.

The breakdown of the major components of the model computer is the
following:

40 inverters
40 summers
"~ 20 integrators

| 8 resolvers
10 dual multipliers
8 quad multipliers
10 multiplier-dividers
10 balance and hold units
16 active limiters (with two pots in each unit}
120 servo set pots (non-center tapped)
20 manual set pots (center tapped)

10 function generators



The multipliers are all-electronic equivalents of servo multipliers with two
and four inputs multiplied by a common variable. There are 300 amplifiers in
the model computer of which 116 are committed to multipliers, function gen-
erators and other nonlinear networks. The remaining 184 uncommitted amplifiers

are chopper-stabilized units and are grouped as follows:

40 inverters

40 summers

20 integrators

32 summers associated with 8 resolvers

20 summers associated with 10 dual multipliers

32 summers associated with 8 quad multipliers

The model computer has a total of 300 trunk lines which are grouped

as follows:

80 output trunks to the MF-RF panel
80 input trunks from the MF-RF panel
60 trunks between sections A and B of computer

80 trunks to auxiliary equipment.

7.2.6 Pilot Instruments and Controls

Instruments

The flight panels in front of the pilot's and copilot's positions will
contain operating flight instruments. These instruments will be servo or DC
meters, driven from electrical signals, patchable on the ME-RF panel. It is
possible to present data from either the TIFS sensors or the model computer
on the flight instruments. The instrument panel will be divided into sections

to allow the instruments to be readily removable and displays varied.

The initial TIFS installation will consist of the basic components
of the USAF PI-FAX display. The following list details the instruments
selected for TIFS.
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Attitude Indicator - This instrument presents angle of pitch, angle of roll,

turn rate, horizontal and vertical steering needles, GSI/Flight path angle/
displacement pointer and warning flags. A Lear type 4058 E supplied by the
USAF will be used.

Auxiliary Landing Instruments

1) Landing Sequence Indicator - This instrument displays marker
and altitude status to flare and touchdown. This instrument is Lear type

8703 E which has a multicolored electroluminescent display.

2) Speed Error Indicator - This instrument displays speed error on
a meter mechanism and speed error rate on a strobed electroluminescent field.

A Lear type 2717 A indicator is used.

. 3) Lateral Indicator - This instrument displays heading error and
localizer data on two meter movements. Localizer rate information is dis-
played on a strobed electroluminescent field. This instrument is a Lear
type 2716 A,

These instruments are driven from a display computer that supplies the 500

volt strobed rate field for the electroluminescent lighting.

Radar Altitude and Vertical Velocity Indicator - This "sandwich" type indicator

will present absolute altitude (radar) and vertical velocity. (A special

instrument will be built for this device.)

Horizontal Situvation Display - This instrument is used to display magnetic

heading, omni-DME or tacan, localizer, and a manual set command heading. A

standard USAF instrument type AF/A24J-1 will be used for this display.

Machmeter, Airspeed, Rate of Climb, and Altimeter - These instruments will

have presentations similar to standard Air Force indicators. The instruments

will be DC servo or meter movements and specially built for this program.

Wing Sweep, Flaps, Landing Gear and Speed Brake Indicators - These instru-

ments will be driven by the analog computer responding to cockpit controls

and will be meter movement or light indications.
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Angle of Attack, Accelerometer, Flight Path Angle - These instruments are not
part of the PI-FAX display but may be added if necessary. These will be DC

meter movement type instruments.

Engine Instruments - 4 each

% Thrust

% RPM

EGT (Exhaust Gas Temperature)
Fuel Flow

These sixteen instruments will be DC meter movement types driven by the

analog computer.

Pilot's Controls

In addition to the feel and trim system controls, levers for thrust
(4), wing sweep, flap, speed brake, and landing gear will be provided. Each
will actuate potentiometers to produce electrical signals that can be used

as inputs to the analog computer.

7.2.7 The Test Eggineers‘ Consoies

The test engineers' consoles are the central monitoring stations for
the TIFS, Because of the size and complexity of the system, two test
engineer's consoles are provided. The No. 1 console is the central location
for tasks related to model-following and response-feedback system per-
formance, i.e., to compare model parameters to respective NC-131H variables,
etc. The No. 2 console is the central monitoring station for the overall

electronic and hydraulic systems operation.

No. 1 Flight Test Engineer's Console

The monitoring systems on the No. 1 test console fall into three
distinct groups. The first consists of a series of dual needle indicators
that display the primary flight variables. One pointer on each instrument
displays the TIFS variable while the other displays the respective model

variable., These dual indicators permit the test engineer to review quickly
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the simulation fidelity since the difference between pointer indications
represents model-following errors. A four-channel Brush Mark 240 strip
chart recorder is the second major monitoring system located on the No. 1
test console. The recorder permits in-flight monitoring of the model and
variable stability system variables. For each of the four channels, there
is a ten-position switch for rapid selection of signals pre-patched on the
MF-RF Panel. The wide bandwidth (full output frequency response of 55 Hz)
of the Brush Mark 240 permits direct monitoring of flutter and servo

responses.

The servo set pot system, the MF-RF and the model address systems
comprise the third major monitoring system associated with the No. 1 test
console. Although these subsystems are not on the No. 1 test console, they
are located directly adjacent to the console within easy reach of the No. 1
test engineér. The MF-RF address system located to the left of the No. 1
test consocle can be used to monitor amplifiers and pots associated with the
MF-RF control loops. The address system also contains a keyboard for
selecting potentiometer coefficients. The address keyboard in the pot set
mode selects a specific potentiometer and a servo drives that potentiometer

to the coefficient indexed on the coefficient keyboard.

The model address panel located to the right of the No. 1 test con-
sole is the monitoring station for the model computer amplifiers and potenti-
ometers. The model address panel also has a pot set mode similar to the MF-RF

address system for servo setting the model potentiometers.

No. 2 Flight Test Engineer’'s Console

The No. 2 test engineer’'s console is the central monitoring station
for the TIFS variable stability system operation. The primary electrical
power sources are controlled and monitored at this location. Also, surface
positions and safety features that include the engagement state are monitored

and displayed at this console.

Engage and disengage switches, meters and lights are available for
operation and monitoring. The digital recording system is locate< on the

No. 2 test engineer's console.
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Another major task of the No. 2 test engineer is to monitor the opera-

tion of the digital tape recording system.

7.2.8 Digital Tape Recording System

A digital tape recording system provides 58 channels of recorded
information that is compatible with the IBM 360 system. The system can record
at speeds of 50 to 100 samples of each channel per second. The system will
record a 10-bit binary number plus a sign bit. The resulting recording
system accuracy is approximately .2% or better. Each channel is filtered to
avoid aliasing errors. The filter cutoff frequency changes automatically
with system record speed so that the best possible recording bandwidth is

utilized. The tape recorder is a 9-track, 800-byte-per-inch unit.

A complete ground playback system is provided for quick-look purposes.
Any 8 of the 58 channels can be selected and played back on a strip chart

recorder in analog form.

The complete digital tape recording system is on order from
Aeroscience Electronics, Inc., 3800 Qakcliff Road, Atlanta, Georgia. The

system is to be delivered in January 1968.

Performance Specification

The digital tape recording system will operate to the following

specifications over the entire system environment specified.

InEut:

Signal Capacity: 58 channels of analog information and up to 6
true-false inputs (0 and +28 VDC)

Frame Size: 60 channels normal, or 30 channels when one
multiplexer is not installed.

Frame Rate: 100 frames per second and 50 frames per second
for 60 channels.

Clock Stability: System timing shall derive from a crystal
oscillator stable within + .05%.

Impedance: 1 megohm minimum shunted by less than 100 picofarads.

Level: 0 to 5 volts bipolar.
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Encoding:

Code: Each sample will be encoded into a 10-bit-plus-sign

code of sign-plus-absolute-value configuration.

Linearity: Conversion linearity will be within + .0S8% + 1/2 LSB

(least significant bit).

Aperture: Encoding time is approximately 12 microseconds permitting

data frequencies up to 10 Hz without increase in error.

Accuracx:

Total system accuracy from input signal level to digital codes shall

be + 0.2% of full scale for steady state signals. This includes multiplexing,

digitizing linearity, comparator and reference drift, and quantizing errors.

No aperture or aliasing errors are included in this figure since these values

depend upon signal rate of change and frequency content.

Recorder:

7.3

Input Level: 0 VDC + 1V for "0", 4 VDC + 1V for "1V,
Inpﬁt Impedance: 10K ohm minimum.

Input Format: NRZ (nonreturn to zero) mark (NRZ-IBM).
Bit Packing: 800 bytes per inch.

Interchannel Timing: 6 microseconds max @ 60 in./sec
Dropout Rate: Approximately one bit in'l[}a bits.,
Temperature: 0°C to 60°C

Vibration: 5 g random per procedure XIII of MIL-E-5272C
Shock: 25 g for 11 milliseconds

Altitude: 12,000 ft

LIST OF TECHNICAL MEMOS PERTAINING TO THE ELECTRICAL SUBSYSTEMS

A tabulation of the TIFS memos that pertain to the various electrical

subsystems is presented in Table 7-8. These memos contain detailed descrip-

tions and operational characteristics of each electrical subsystem.
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MEMO HO.

25
26
27
35
40

43
uy
46
52

REY.
OF u6

53

1

DATE

1/12/67
1/20/67
1{20/67
2{6/67

2[13/67

2{21/67
2/22/67
2/27167
3/13/67
3/20/67

3/20/67

Table 7-8
TIFS ELECTRONICS MEMOS

AUTHOR

A. SCHELHORN
A. SCHELHORN
A. SCHELHORN
A. SCHELHORN
R.H. ARENDT

A. SCHELHORN
A. SCHELHORN
R.H. ARENDT
J. DITTENHAUSER
A. SCHELHORN

J. DITTENHAUSER

SUBJECT

SENSOR BLOCK DIAGRAMS

MF-RF PATCH PANEL

AIRBORNE ANALOG COMPUTER ESTIMATE
FLIGHT DIRECTOR SEMULATION

OPERATIORAL AMPLIFIERS TO BE
PURCHASED FOR THE TIFS

SURFACE SERVO BLOCK DIAGRAMS
PULSE-WIDTH MULTIPLIER-DIYIDER
TIFS FEEL SYSTEM

TIFS SENSOR BLOCK DIAGRAMS
TIFS FEEL SYSTEM {REYiISEON 1)

DIODE FUNCTION GEKERATORS
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