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Preface

This thesis is an attempt to determine if a pilot is capable of
manually: flying an aircraft through a turning bomb run delivery. The
report is limited to a frequency response analysis of the linearized
system with. emphasis being focused on system response due to random
inputs such as turbulence. The topic for this report was suggested by
Captain Bill Ashton of the Air Force Avionics Laboratory, Wright-
Patterson Air Force Base, Ohio.
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I would also like to thank Dr. Wilhelm Ericksen of the Mathematics
Department and Dr. Paul Merritt of the Air Force Weapons lLaboratory,
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Abstract

This study attempts to determine if a pilot can manually re]easé
a bomb while in a turn. The nonlinear equations describing the
geometry, fire control law, aircraft equations of motion, flight
controls and pilot model are developed. These equations are linearized
so that a frequency response analysis can be conducted for perturba-
tions about a nominal trajectory. The system response is evaluated
using wind gust inputs and lateral stick inputs and plotting the
i resulting system perturbations over a given frequency range. The
! results of this analysis indicate the pilot is capable of manually
releasing a bomb while in a turn. His performance which is deter-
mined by the magnitude of the resulting perturbations is conparable
to the fully automated system. This roll task does not create an

excessive workload for the pilot.

xvii
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I. Introduction

Backaround

During recent years there has been a growing need for a change
in bomb delivery tactics. This is primarily due to enemy defenses
being equipped with radar auided weapons. For example, the new
Russian anti-aircraft guns, which use linear predictors as part of
their.aiming sttems, are believed to be extremely accurate when
used against aircraft in a wings level, low "g" maneuver. Therefore,
in a heavily defended environment, it is desirable that an aircraft
be continually making heading and altitude changes to complicate the
enemies tracking problems.

Current bombing tactics and equipment require an aircraft to
track the target. This is a wings level, relatively low "g" maneuver
which requires several seconds for an accurate release. This maneuver
falls well within the enemies capabilities for tracking and predicting
the flight path of the aircraft and greatly increases the chances of
the aircraft being destroyed. This gives rise to the need for a new
approach to get the aircraft to a reliable release point.

This new approach is currently being studied by the Air Force
through a contract with the General Electric Company. A fire control
system (FCS) is being developed by GE under the project name
"Firefly". This FCS has the capability of tracking a target,
computing a release point, and directing the autopilot to fly the
aircraft to this release point (Fig. 1). The flight path from the

point where the system is engaged to the bomb release point is primarily

determined by the number of “g‘'s" which the pilot wishes to use. When

T U———




1
J

u1dlyeq burquog |edLdAL T 61y

9
qutog uy O ~
ssey JLy e T S
\\ mm/ \\
A e > |
\\“ - 7 \\\
-~ \ "“" \“‘
L ] e
\\ /
i asea|ay
/
/
/
/
/
/

- e weadn e vl &



the FCS is engaged, the system maintains this same load factor and
computes the required bank angle to take the aircraft to the computed
release point. If the aircraft is fairly close to the target for a
given load factor, the bank angle will be relatively steep to accommodate
a diving turn and hence, a short release range. However, if the distance
to the target is much greater for the same number of "g's", the bank
angle will be shallow to allow a climbing trajectory which results in a
greatér re]eage range. The only restrictions on the system are:

(1) For a particular load factor, the aircraft must be close

enough to the target, so that the bomb can be "tossed" into the

target through a lofted trajectory.

'(2) For a close in position, the roll attitude is restricted so

as to ensure ground clearance (Ref 1:5.1-5.3).
Purpose

The purpose of this study is to determine if a pilot can manually
fly the aircraft through basically the same maneuver that would be
accomplished by the FCS coupled to the flight control system. For this
analysis, the same target information will be delivered to the FCS, however,
the output from the fire control will go to a heads-up-display (HUD)
instead of the flight controls. It will then be the pilot's task to
determine an acceptable load factor and to trim the aircraft accordingly.
He will then be required to follow the roll commands as displayed on the
HUD.

If this approach proves feasible, then the flight control coupler
can be disconnected from the FCS so the pilot is in full control of the
aircraft throughout this very critical maneuver when evasive action may

be required at any time. This will not only result in a more responsive




aircraft for evasive maneuvers but will eliminate the need for the equip-
ment which will tie the FCS into the flight controls.
Approach

This study is based upon the system model shown in figdre 2 where
the pilot is attempting to null the error signal displayed on the HUD.
The error signal is a result of the external inputs such as wind gusts
disturbing the aircraft motion from some equilibrium or nominal trajectory.
As a resu]t-of these disturbances, perturbation signals are fed back into
the flight controls by the stability augmentation and control augmentation
systems. These disturbances in the flight controls along with the pilot
lateral stick inputs produce control surface deflections which in turn
affects the aircraft motion. The fire control law then determines a roll
rate command based upon the aircraft motion and the position and orientat-
ion of the aircraft relative to the target. The roll rate command is then
integrated to obtain a bank angle command which is displayed on the HUD.

In order to analyze this system, it is first necessary to obtain the
nonlinear differential and algebraic equations which represent the following
subsystems:

(1) Aircraft

(2) Flight controls

(3) Geometry (Aircraft position relative to the target)

(4) Fire control

(5) Turbulance model

(6) Pilot model
The geometry equations provide the nomfnal conditions required to define
the trajectory which will take the aircraft to an accurate release point.

Since the nominal conditions are defined as an equilibrium condition, it

o
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is appropriate to use the small perturbation technique to study the system
response. Since frequency response is useful in analyzing the system
response, the nonlinear equations have been linearized by using the
Taylor's series expansion and retaining only the linear terms. The com-
puter program described in Appendix D solves these linear equations by
evaluating the wind gust inputs or lateral stick inputs and plotting the
resulting perturbations over a given frequency range.

Knowing the lateral response of the system and the magnitude of the
perturbations involved, it is possible to compare how well the manual
system responds to the fully automated system. Also, knowing the magnitude
of the perturbations makes it possible to determine how large a miss
distance one might expect due to disturbances such as wind gusts. Finally,
a Cooper-Harper rating can be determined which is indicative of the pilot's
workload for this roll task.

Limitations

This study is restricted to classical frequency response analysis.
Therefore, the final equations are linear and time invariant. Inputs
to the system are restricted tb lateral stick movements and turbulence.
Since the F-15 aircraft flight controls are designed to maintain coor-
dinated flight without the aid of the pilot, rudder inputs are not
considered. Also, longitudinal stick inputs as a result of lateral
stick movement have not been considered for the following two reasons:

1. The aircraft is in a trimmed maneuver requiring no back

stick pressure to maintain the desired load factor.

2. Precision control of the aircraft load factor is not a

requirement for this system (Ref 1:5.1).

The effects due to equipment noise or measurement errors are not discussed
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in this report.

In order to simplify the equations of motion, a constant speed of
0.6 Mach has been used as the nominal velocity. For a density altitude
of o/po equal to 0.971 (which nas also been assumed to be a constant),
the total steady state velocity of the aircraft is 665 feet per second.
A constant density altitude has been assumed since it is envisioned
that the majority of the weapon delivery modes will have less than a
15 degree flight path angle for the European theater where low overcast
skies will restrict the height of the aircraft above the target. For
this same reason, the aircraft trajectories modelled in this report are

either level or shallow descending turns.
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II. Geometry Equations

The linear fire control bombing law, which is developed in
Chapter 3, is designed to null the perturbations about a nominal
trajectory. To accomplish this, it is first necessary to determine the
nominal parameters which define this trajectory. The approach used in
this study assumes the initial conditions are the nominal values which
will result in an accurate solution. That is, if no disturbances or
inputs are added to the system, the orientation of the aircraft is such
that it will fly to an accurate release point. This approach, in effect,
freezes the aircraft at different points along the flight path so that
the response of the system may be analyzed at these various conditions.
The equations which are developed in this chapter determine the nominal
conditions for the angle of attack, the Euler angles and the different
ranges involved.

First, in order to obtain these nominal values, it has been assumed
that the position of the aircraft relative to the target is known. This
is not an unreasonable assumption since onboard equipment is.capable of
providing this information. The following three parameters fix the air-
craft position relative to the target:

RTO - The slant range from the aircraft to the target

h - Height of the aircraft above the target
Ay = Angle between the velocity vector of the aircraft and the

vector from the aircraft to the air mass aim point, a dis-
tance G, above the target.

Knowing these three quantities plus the velocity of the aircraft and
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the desired time of fall of the bomb, the.necessary nominal values for

the fire control law can be determined. These nominal values are:

1. G, - Height of the aim point above the target.
2. Rp, - Distance from the release point to the aiming point..
3 S The angle between RTo and the horizontal.
Rp, - Range from the aircraft to the aiming point.
5. a. - Angle of attack.

6. ¥, s05:06, - Euler angles for yaw, pitch and roll.
Although the nominal time of fall is not a fixed parameter in the actual
"Firefly" control system, it has been given a fixed value here to
simplify the calculations. Where an infinite number of solutions existed
before, now only one solution exists.

The aimpoint P is defined as being a gravity drop distance Go

directly above the target which is given approximately by:

jop]
o
1]

2

=
S5
o
=
o
o
©
!

1-K Vp T 2-2
p (0/0,) T, Tf, (2-2)
Ky = Drag constant of the bomb

6 1
= 2.4 (10" ) ft = for low drag MK83
p/p, = Relative air density
= ,971 for this analysis

Tf = Time of fall of the weapon
VT = Inertial velocity of the aircraft

= 665 ft/sec




s

R S S ———

gc = Gravitational constant

32.2 ft/sec’ (Ref 2:14)

The release range, which is defined as the distance from the point

of release of the bomb to the aim paoint P, is given by:

RR = Dp VTO Tfo (2-3)
(Ref 2:15)
Note that the angle between the horizontal and RT is defined as

o
positive downward as shown in Fig. 3. The value for this angle is given

by:

ok
y, = sin (h/RTo) (2-4)

The angle y is also defined as positive downward as shown in Fig. 3.

From Fig. 3, the following relationship may be realized:

RT sinY'
Go = —2—mq (2'5)
cos(Yo-Y )
It follows that,
' G,cos Yo
tan y = ———————— (2-6)

RTQ-GOSin 'Yo

From Fig. 3, RPo can be determined using the law of cosines and the

quadratic equation:

Go ™ 2 4+ RT -2 R R, cos : (2-7)
P
or,
' 2 2 2Y0;s
RPo = RTo cosy - (Go - Rrosin ) (2-8)
10
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where RP is the position vector of the aircraft relative to the aim
0

point.

. A/C

TGT

Fig. 3. Relationship between y' and Rpo

The next unknown which must be determined is the radius of turn.
The fire control bombing law is based upon the aircraft flying a circular
flight path which is restricted to the plane containing the velocity
vector of the aircraft (V}o) and the vector from the aircraft to the air
mass aimpoint (Epo). The vector EPo is determined by the height of the
aircraft above the target, the time of fall of the bomb, which in turn
determines the magnitude of Go, and the range from the aircraft to the
target. It should be noted that the vector perpendicular to ;Po which
lies in this plane is a horizontal vector and is designated as ﬁL' Since
the solution is based upon a constant radius turn, the load factor must
be adjusted to keep the aircraft in this plane. If the pilot increases

his load factor without inéreasing his bank angle, he will tilt the velo-

city vector of the aircraft upward out of the present plane. This will

11
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result in a greater time of fall to account for the air mass aimpoint
being higher. This in turn raises the vector'ﬁpo to coincide with the
new plane in which the velocity vector now rests. In this way, the

actual fire control system is able to update itself so as to providé a

continuous solution as the aircraft maneuvers.

90°-x

(Rg ™+ R3)® R,

Fig. 4. Relationship Between X and Rz

From Fig. 4, and using the law of cosines, R,, the radius of turn can

be defined as: ' ¢ 3

R2 =——-—g- (2..9)

2RposinA°
Note that the angle A, is defined as positive for a clockwise direction
and is negative as shown in Fig. 4; Due to the effect of the sign on
different angles, all equations in this section are defined for an air-

craft attacking the target from an orbit which is counter clockwise with

12
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P respect to the target.

To determine the bank angle required to maintain the aircraft
in the desired plane with a radius of turn equal to Rz, it is first
necessary to determine the direction of the force in the plane which
produces the turn. To do this, one must first define an equation for
this plane. Knowing that ﬁPo and KL both lie in this plane and are
perpendicular to each other, the unit vector ;, which is perpendicular

to the plane can be developed as follows:

> >

RPo X RL
n (2-10)

R, X R

== X axis R y axis

9
rz axis : 72 axis

Fig. 5. Relationship Between RPo and R to the x, y, z Coordinate System

13
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From Fig. 5:

0
EL =R,
0
n= - sin (YO-Y') b ¥ cos dery') &

Let the force in the plane which produces the turn be defined as:

> s p *
F=mh=m (A, 1 # Ay ir R k)
Since A and ; are perpendicular:
* - 3
An= - A, sin (Yo-y') + A, cos (Yo-y') =0
sin(y -y')
Ay Ry col®
cos(y_-v")
also:, =
A‘RPo = A Rpocos (907 -x,)
=AcRp = A Ry
= i ]
A, = A cos (yo v') sin A
Therefore:

Az = A sin (yo—y ) sin A,

(2-11)

(2-12)

(2-13)

(2-14)

(2-15)

(2-16)

(2-17)

>
The angle between the horizontal and the vector A is then given by:

A
siny* =L

14
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sin y* = sin (y,-v') sin A (2-18)

*
It should be noted that y is positive dgwnward. Knowing y* and
v A

recalling that A can be set equal to._Ii, the bank angle ¢, can now
R 0
be determined with the aid of Fig. 6. 4
TS
0 COS y
tan ¢ = Ry (2-19)

g
R2

L/m
4

/}?f v 56 Asiny*
1

Horizontal A

. N *
Fig. 6. Bank Angle ¢ with Respect to y
!

Figure 6 may also be used to determine the wing loading where:

g.-A sin e

5 Y

RIS (2-20)
* L/m

*
L/m  g.-A siny

ns (2-21)

9. 9c COS ¢

where n is the load factor.

For straight and level flight where n is equal to one, the angle of
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attack may be determined as follows:

mg, = % oVp °S (2-22)
0

C
where a =_J;

C

LG

E 2 mg.
¥ ‘e
(Y] To La

= .02974 radians for n = 11

For any given flight condition, the angle of attack is given by:

1]

.02974 n

i S
gc-§;°s1ny

.02974 (2-23)

9o COSH

In order to determine the Euler angle 0,5 it is necessary to find the
flight path angle y". Let the velocity vector of the aircraft be

defined as:
nd = 2 "
V. =U i+ Vo o wo k (2-24)

To o

Since the velocity vector is perpendicular to ;, the dot product may

be written as:
i e
VT;"= - Uo sin (yo~y ) + wo cos (Yo-y ) =0 (2-25)
wo = U0 tan.(yo-y') (2-26)
The dot product for the velocity vector and the position vector yields:

> >
VT; RP°= vTo RPOCOS XO (2'27)

tFor flight conditions given in Appendix A.
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where RP0 is defined in Fig. 5.
VToRpocosA0 = URp cos (y -y") + W,Rp, sin (YO-Y') (2-28)

Substituting equation (2-26) for wo, the Tongitudinal velocity is:

[ =3
i

VTo cos (yo-y‘) cos A (2-29)

It then follows that:

=
1]

Vp sin (yo-y') cos A (2-30)

The flight path angle can now be determined by:

W
sin y" =— = sin (yo-y') cos A, (2-31)
VTO
2 B 2 2
also, VTo = U+ VO W (2-32)
2 - S A 2 2 2 ; 2
v, = [VTO- VTocos (yo-y )cos As VTos1n oY )cos )«‘;];i

2
VTO (1-cos )\0)55

i

VTo sin A, (2-33)

To describe vectors in the aircraft reference frame, it is

helpful to use the Euler transformation matrices as follows:

x>
- )
-s

(7] -[+][e][v] (2-34)

N> <>
n

XXy Ca>

x> o

Where ;, ; and 2 describe the body fixed aircraft coordinate system

and f, 3 and k relate to the earth fixed éoordinate‘system.
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1 0 0 coso, 0 -sing cosy  siny 0

& 0 CcOSs 3 D
0S¢, sing 0 1 0 siny_ cosy, 0
0 -sin i
¢o cos¢ sine 0 €oso 0 0 1
Sy _COS i -si
C0SY,COS8 s1nq;ocose0 sing
% i ST Ry o i ’
cosy si e°s1n¢° siny_cos¢, siny,sing sirg +cosy cos¢ coseos1n¢o

coswosinoocos¢o+sinwosin¢o sinwosineocos%-cosq;osin¢o C0s0 _COS¢,

The aircraft velocity may then be expressed as:

U, VTOCOSao VTocos(yo-y‘)
et o d=j] 0 : (2-35)
W VTosinao VTosin(yo-y')

where VTo is aligned with RPo‘

f

For level flight, y" =y - y' = 0, the above velocity equations then

(o]

reduce to:
cosa = COSy COSO_ (2-36)
0 = cosy sing sing - siny _cos¢_ (2-37)
sinao = coswosineocos¢o + sinwosin¢° (2-38)

The angles Yo and 6, are unknown in the above equations. The functions
containing v, may be replaced by functions containing o, 0, and ¢,

It is then possible to solve for 0,3s:
tang = tana  cosg, (2-39)
For a climbing or descending turn,

tan(o,#y") = tana,cos¢ (2-40)
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tana  cos¢ - tan y"
. . (2-41)

tano_ =
a 0O :

+
1 tannocos¢otan Y

The last remaining unknown is the Euler angle v, Using the
Euler transformation matrix and the more general case where Vg
o

is not aligned with RPo’ the aircraft velocities may be expressed as:

VTOCOSa VTOCOS(YO-y')COSAo
0 = [1] Vr sim, (2-42)
VTosinuo VTosin(yo-y')cosxo

Where the velocities for the earth fixed coordinate system come from

equations (2-29), (2-30) and (2-33). The only unknown in this

expression is wowhich may be written as:
= oy ! + i e S i -
cosy, [COSaoCOS(YO Y )cosxocoseo cos¢°s1naocos(yO Y )coaxosme0
SN P B 2 e . 2 :
51n¢°s1naos1nxo] / | cos (yo-y )cos i, + sin Ao] (2-43)

Table I presents a summary of the geometry quations defining the

steady state input parameters used in the fire control equation.
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Table I

Summary of Geometry Equations

Fixed
Parameters
VTO——_“—"‘ Dp bl 1 = KD p/pOVTo Tfo
- D 2
Go = .5 p gc Tfo
Tf -
o RRQ = DP VTQ Tfo
Al h
RT ] ¥, = 510 7{
0 T)
G cos
1 Y
e y' = tan e ° )
RTO-Goswny
, 2 : 3
P RPo Ry, cosy' - (Go - Ry siny )
2 2
PLeE =
R2 = po RRo
QC—-————-‘ 2RP smxo
| SRERIENT | oyl ( 4 e4
Yy = s1n [sm To™Y smxo]
2 * -
/o, XIOCOSY
e tan~ .53,__3__7__1
gc'_!I°S1"Y
K ——————d R2
D
2
VTo : *
ge-R,OSIn y
a = e 1 {.0297%)
9o €Os ¢,
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Table I (Continued)

TP A 00, I NP S

Summary of Geometry Equations

Fixed
Parameters

e . =17 : '
i y" = sin” |sin(y -y') cos A
i v —__% 8 0 &
| To
H B
_1| tana cos¢ - tany"
gy tan
+ n
L1 tanaocos¢otany

-
(e}

=1
= cosa cos(y -y')cosx cose +
¥ = cos [ osa_cos(y,-v')cosr cose

o cos¢osinaocos(~(o—Y')cosxosineo -

1

? | —— sine sina_sina ]
2 2 . 2
' TS cos“(y,-v')cos A _*sin"x
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III. Fire Control Law

As mentioned in the introduction, the fire control bombing law
controls the bank angle of the aircraft in order to achieve a solution.
It is able to accomplish this by maintaining a constant load factor
while varyihg the bank angle which raises or lowers the velocity
vector. When the velocity vector passes above the target, it should be
at the correct inclination so that the bomb will cover the horizontal
distance to the target during the time it takes the bomb to fall to
the target. For the purposes of this study, the fire control law can
be broken down into two segments, the steady state condition portion
which represents the nominal solution and the perturbed condition
which represents the errors due to external disturbances.

Nonlinear Fire Control Law

It is first necessary to express the fire control bombing law in
terms of the géometry parameters developed in chapter two. The nominal
flight path of the aircraft has been determined by fixing: the position
of the aircraft relative to the target, the height of the air mass
aimpoint above the target, and the velocity of the aircraft. With
the geometry thus defined, it is now possible to write the nonlinear
fire control law in terms of:

1. The state variables: a, ¥, 0, ¢.

2. The position vectors: G, Ry, Ry, Ry, h

3. The parameters: T, Ys Vp 5 X
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e Al e

R T ——
‘ -

3 2
where 6= .5[1- k) (/o) Vp Tg] 9, Ty (3-1)
Ry = [1 - Kp (/o)) Vp T¢] ¥y T (3-2)
- -1 h
y = sin | — (3-3)
; o
_1f G cos y 2
Rp = Ry cos | tan” [ ————]|- 16~ - (3-4)
p =Py :
RT'G S1ny

L

& i G cos y d
RT sin |tan ———
‘RT-G siny

Since G, RR, RP and y can be expressed in terms of VT’ Tf, h and RT,
the variables of the system are then: a, ¥, 0, ¢, VT’ Tf, h, RT and 1.
Note that Vi, T, h, Ry and % are the parameters which have been
fixed in order to set the trajectory of the aircraft.
Using the notation in the "Firefly" manual, the fire control
bombing equation is written as:
pe = k[ Pw T B (3-5)
o, . (Ref 2:26)

where P Roll rate command

K

System gain
The remaining terms may be written in terms of the gecmetry inputs

previously mentioned. pr is defined in reference 2 as:

6)

o
-l
n

5. R (3-
¥ Wy (Ref 2:21)

w
b

7)

where v cosa (3-
u (Ref 2:20)
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-G (3-8)
(Ref 2:14)
Note that u, v and w correspond to the x, y, and z body axes of the air-
craft. In order to simplify the above expressions, the ejection velocity
of the bomb, the target velocity, and the steady wind velocity have all
been assumed to be zero. With the aid of the Euler transformation matrix

as defined in chapter two, RT and Gv may be written as:

v
RT = RT [cos§ (cos¥sinesin® - sinycosd) + sin?cososinﬂ (3-9)
v
Gv = G cososin® (3-10)
DTN is expressed as:
2 2
RP - RR
B Dry = ———— (3-11)
TN
2VT

(Ref 2:26)
and needs no further defining since it is already in terms of the
geometry inputs.

The term Qw is defined as:

& s (3-12)
(Ref 2:22)

vhere Av’ the acceleration in the lateral direction may be written as:
F

A T
A, = —2+ 9 e (3-13)
m v m

Since the engines are aligned along the x axis,

=2 v -
A, = — + g, (3-14)
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For the steady state flight condition where the aircraft is assumed

to be in coordinated flight with zero sideslip:

Ay, = %,

9. coseosin¢o (3-15)

The last undefined term in the roll rate command equation if RD2

which is expressed as:

RDz = Rp sin X (3-16)
(Ref 2:19)
It should be noted that this fire control bombing law contains the

error for the nominal conditions. This error may be expressed as:

Error = pro - DTNono (3-17)

The terms defining the nonlinear fire control equation are

summarized in Table II.

Linear Fire Control Law

In order to study the effects of the perturbations on the System;
the equations can be linearized so that frequency response analysis
may be used. To accomplish this, the variables which are responsible
for causing a change in the roll rate command must be determined. The
perturbations of interest are the ones which change the velocity vec-
tor. These are: u, B, a, P, 'y ¥, 0, ¢, GDT and GR' Also, as these
state variables change, they produce a change in the time of fall and
the heading angle X. These changes may be denoted as tg and X respect-
ively. Since RT is of a large magnitude, even close to the release

point, it has been assumed to be a constant. Also, due to the large
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F values of RT and h, y has also been assumed to be unaffected by per-
) turbations. Finally, the magnitude of Rp is independent of the time
l of fall to a first order of approximation. (Ref 2:17).

As Tf and X cannot be considered constants, it is necessary to
define these pafameters since their perturbations will have an effect
on the solution. The equation which governs the time of fall of the

bomb for a vacuum is:
- i 1 2
h = Tf + % gc Tf (3-18)

where Z is the initial vertical velocity in the earth fixed coordinate
reference frame. Using the Taylor's series expansion and retaining

only the linear terms yields:
b Ah = 2 Tfo + Zo te +gc Tfo te (3-19)

Since we assume ah is equal to zero, tg may be written as:

-2 T¢
o M smeiamnt (3-20)
ZO § gC Tfo
where i is determined from the following relationship:
X U
' & B (3-21)
il [7] V. sin @ :
JA VTO sin a
or, Z° = - Uo sineo + VTo sina, €0S6 _COS¢ (3-22)

Again, using the Taylor's series expansion the linearized equation for

( z is:
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z2=u (-sineo) + B(VTo cosoosin¢o) + u(wo coseocos¢o) -
O(U0 coso_ + wo sinoocos¢o) - .p(w0 coseosin¢°) (3-23)

The angle A is defined as the angle between the velocity vecter and
RP‘ or:

->

-»>
VT . RP = VT Rp cos A (3-24)

The roll rate command equation may now be linearized by taking the
Taylor's series expansion of the equations for: Tf, Xig pr, DINs s
RDz’ and P.. Their respective values for each of the perturbed varia-
bles are defined in Fig. 21. (Elements (14,1) through (20,5)).

The roll rate command is then passed through an integrator to
obtain a bank angle steering bar. This step is accomplished since the

literature refers to roll task models where the bank angle is being

controlled and not the roll rate.
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Table II
e
|
Summary of Nonlinear Fire Control Law
Fixed g K v olo T R h A
Parameters l ¢ i 0 1 To L o ‘ fo l To l ‘ o
Input Dp =1 - Kp/p ¥ 1
State A g
Variables . 2
G=.5 DP 9 Tf
B il 2
RR = DP gC Tf
Y p _ifh
y = sin |—
Ry
0 — _1/G cos y 2
i | Ry = Ry cos | tan” |————— )| -{ G -
Rr-G siny/
¢ ———
2 2 _1f G cos vy g
RT sin |tan .
RT-G Sln*(/

Rr = Ry cosy (cosy sino sine - sinv cose) +
v
RT siny coso sine

Gv = G cososine
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Table II (Continued)

Summary of Nonlinear Fire Control Law

Fixed ' 9% | X (VY1 e, |Te (Rp |h |}
Parameters , l g l ? l T i ol "o l g l 1 ¢
Input
3;i§§bles g, €0sO sind cosa
Q =
W
Vr
B oA
RDz = Ry sin X
e .2 1
=2 % {z + 20 h)"
¥ —— T, =
- gc
Y
1(VT ﬁp)
Q
. o, Orn ¥
) Sr—— ¢ R
D2
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IV.  Jurbulence Response Model

To determine the aircraft response to wind gusts, it is necessary
to represent the atmospheric turbulence by mathematical models. This
can be done by representing the wind gusts as input power spectral
densities (PSD). It is assumed here that the turbulence is isotropic,
homogeneous and of a stationary nature for altitudes above 1750 feet
AGL. (Ref 3:419-421). The input PSD can then be represented as:

2

=7, (w)| D (4-1)

e 4
where Ti (w) is the transfer function describing the shaping filter which
transforgs white noise of intensity D into colored noise representing the
wind gusts for that particular direction. The PSDs for the wind gusts
along the lateral and vertical axes are represented by oy and by while
the PSDs for the wind gusts angular velocities about the roll, pitch, and
yaw axes ave represented by ¢pg’ ¢qg, and ¢r . For the purpose of this
analysis, the intensity or rms value of the white noise (D) may be assumed
to be unity.

The Dryden spectral forﬁ of the turbulence will be used in this
analysis since it is a simpler model. For flying qualities analysis,
the Dryden model yields essentially the same results as the more
complicated VonKarman model (Ref 3:422). The Dryden form for the
continuous random models are:

2
L w
2
VL, 1+3(v")
°vg (w) = T

[*]

Vpn 1+Lw)22
o v
Vr

0o

(4-2)




|
L

"

2
2 Lw w
Oy Lw[1+3(‘r‘T ) ]
oy (w) = T % (4-3)
g Yo ¢ () ¥ “ww
{ o
T0
2 . (nL 1/3
oy (0.8 b
¥p (w) = ~ (4-4)
9 Ve [ 1+ (4b ;
0 mV
;
2
w o Gy (w)
¢q (w) 5 3 ~7 (4'5)
g V ['1 +(4b w) ]
(o]
T
[0}
w oV (w)
¢p  (w) = d (4-6)
g MNICEDE
o "VT (Ref 3:459,460)
o
vhere of = The root-mean square intensity of the wind gusts.
Li = Scaling factor for the wind gust.
w = Frequency in radians/second.
b = Wing span of the aircraft.

Since the ug has little effect on high speed aircraft due to
their high momentum, ¢Ug is not considered in this analysis.
For the clear air turbulence model, the scales for the Dryden
form are: :
= L, = 1750 feet (4-7)
(Ref 3:444)

L, = Ly

for altitudes above 1750 feet above the terrain. The root-mean-square
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intensity o, is defined as approximately six feet per second for
altitudes around 2500 feet above the terrain. The intensities o

and o, may then be obtained from the following relationship:

2 2 2
g g g
v“ . L. X (4-8)

(Ref 3:435)
This results in the three intensities being equal or = 6 feet/second.

Noting that q_ and w_ are correlated, it is possible to represent

g 9
¢, as:
9
by () = 1Tq (Gu) I+ oy (0) (4-9)
w) = w . w -
qg qu wg
S
Tﬁ}
where T, (8] = et (4-10)
qg 1 + 4bs
wVT
[0}
Likewise, ¢, and ¢, are correlated, where ¢rg may be represented as:
g g9 ;
o () = 1T @) 1° * oy (w) (4-11)
w: jw . w -
"g g ‘g
o
1, :
where L (s) = ——— (4-12)
g 1 + 3bs
¥y (Ref 3:459-460)
o]

Since the equations describing the basic aircraft are in terms of a

¢.d g, it should be noted that:

2
¢, (w) =T | " @ (4-13)
ag ag wg
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; 2
) g (w) - lTBg’ ' ¢vg (4'14)

where T =71, = — (4-15)
To (Ref 3:421)

The three power spectral densities, &y + by and ¢p , which are the

g

uncorrelated inputs to the system are plotted in figures 7 and 8.
Since o, is equal to %y and LV is equal to Lw’ ¢, 1S equal to ¢wg.
To analyze the response of a system to an input PSD, it is necess-

ary to obtain the output PSD which is:

sl
PSDy,r = 16 (Ju)|” - PSDy, (4-16)

where G (jw) is the open loop transfer function of the system being
analyzed. G (jw) is determined by replacing all the linear and
angular velocities in the aerodynamic terms of the aircraft equations

with the following:

Up= U+ Ug Pp =P * Pg
= = +

BaA 8+Bg Q= 9 qg_

aA=a+ag rA=r‘+rg

These wind gust components are then treated as inputs to the system.

In matrix form, the system equations may be written as:
(] [”] = [8,] Frg + [81] 8g +[2] o +[ 8] pg +

[.] ag +[ 8] 1, (4-17)

where [A] - Matrix which defines the system components.

33




[R] - The vector representing perturbation variables.
[Bi] - The vector which represents the inputs to the system.
] (See Appendix D for a more complete explanation).

For a wind gust [Bé] is zero. Also, since Bg and rgs and % and 9

are correlated, they may be combined as:

[B]= [a1 - Teg + Bs Trg] ;[32 ; Tag + By - qu] +[33] (4-18)

for the power spectral density inputs L and ¢p respectively. To
simplify the description for these combined inputs, the wind gusts which
are related to the ¢y inputs will be called lateral gusts, while the L3

inputs will be referred to as longitudinal gusts and the ¢_ inputs will

p
be annotated as P gusts or roll gusts. The combined effect of these three
gusts will be referred to as a composite gust. The value of the composite
gust may be calculated by summing the squared values for each of the three
individual gusts and then taking the square root of the sum. Figure 23 in
Appendix D presents the B matrix as defined in the computer program used for
this study. These wind gust inbuts originate in the force and moment
equations of the aircraft and the flight control equations where fAy

and fAz are fed back into the pitch and yaw axis equations. Figure 24 in
Appendix O represents the B matrix where the flight controls have been

modified for the automatic fire control system. The P parameter which

controls the sequence of the inputs is also defined in Appendix D.
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V. Pilot Model

Background

In recent years a great deal of work has been done in an attempt
to represent the human pilot by an analytical model. These pilot
models are used in conjunction with system models to form predictions
or explain the behavior of the closed loop system where the pilot
closes the loop. Systems Technology, Inc. has been prominent in
developing different pilot models and the reader is referred to
reference 4 for a thorcugh discussion of the topic. ‘The general model

developed in reference 4 is given in its simplified form as:

[T de 1
L & : (5-1)
P Ty do+ 1/ \ Ty du+ 1

-<
n

(Ref 4:17)

where Kp = Pilot gain

e=J9T = Transport delay due to basic latencies such as

TL Jow + 1
Tij+1

1
e First order neuromuscular lag terms.

nerve condition, data processing, etc.

Pilot adjustment parameters and equalization
characteristics the pilot will adopt to suit

the task.

This model can be simplified still further by combining the transport
delay due to basic latencies wﬁth the neuromuscular system lag term.

This combination is often referred to as the effective time delay, g
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These simplifications lead to the more commonly used model:
TL s +1
¥, n K| e} o706 (5-2)
P P TI s +1
(Ref 5:234)
where jw = s for continuous random Tike inputs.

Crossover Model

The pilot-vehicle models are most useful for compensatory track-
ing tasks where the pilot acts upon a displayed error due to some random
input. The transfer function describing the controlled element is
Y. (s) while the pilot's control action which is linearly correlated
with the input is described by Yp (s). In order to minimize the error,
the amplitude ratio of the open loop frequency response, |Y0L| = YPYc A
should be very large over the frequency of the input band width and very
small outside this range. (Ref 5:233).

The pilot attempts to achieve this conditionAby adopting suffici-
ent lead or lag equalization so that the slope of IYOLI lies very close
to - 20 dB/decade in the region of crossover frequency, we This crossover
frequency occurs where IYOLl = 1.0 or 0 dB. For small tracking errors,
we should be greater than the input frequency, ws . The pilot can adjust
this crossover frequency by adjusting his gain, KP’ This leads to the
“two parameter crossover model which can account for most of the signifi-
cant open loop data trends in the important crossover frequency region.

The crossover model is:
: mce-fes
Yo (8) =Yp Y. = = (5-3)




near mc.“ (Ref 5:234). Here, e is equivalent to the pilot or loop
gain while Ty represents the lead or lag induced by the pilot. If the

form of Yc is known, Yp can be determined from:
o Tat :
e S S (5-4)
In reference 5, typical aircraft control tasks have been determined
where:
€.

i §

: (5-5)

s(Ts + 1)
represents the roll angle being controlled by lateral stick inputs

(Ref 5:236). Yp can then be written as:

_TS
Y =K (T + e 5-6
p=K (T s+le (5-6)

This indicates that a typical system would show a - 40 dB/decade slope
in the region prior to the crossover frequency. The pilot then adds
enough lead to make the slope in this region - 20 dB/decade. :

In reference 6, an analysis was conducted where the roll task was
studied with regards to pilot models. In this same report, it was deter-

mined that the pilot model could be represented as:

-.3s
= 55 + o
Yp Kp (.53 1)e (5-7)

for the roll task which consisted of attempting to maintain a fixed bank
angle in a turbulent field (Ref 6.12).
The pilot model represented in equation (5-7) is the model used in this
thesis. The reasons for this choice are:

1. The same task is.being accomplished.

2. The inputs to the system are modeled as turbulence.
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The pilot gain is determined by placing the crossover frequency at

approximately four radians per second for an open loop controlled

system with a - 40 dB slope prior to the crossover point (Ref 5:237).

System Application

The bilot model can be added to the system as shown in figure 9.

¢
-

Flight Pc

YP Controls + |—={ FCS ES
+ Aircraft

V|-

éc

Fig. 9. Closed Loop System with Pilot Model

The reference angle ¢, may be set equal to zero since ¢c represents the

perturbations about this reference bank angle. With this simplification

the pilot's horizontal stick inputs can be written as:

Fas = Yp (9, = o)

.3
=|Kp (.55 + 1)e * Pe
s

where ¢ is equal to pc/s.

(5-8)

-

- . A Sy ¥




With these inputs, the primary roll axis equations in Appendix C can

now be written as:

Pe -3
5y (23.87) + 5[k (.55 + De™ 5] = 0 (5-9)
Per. . .0019s + .0074
p(.0625) + sp(2) + E[K (.55 + W™ * | | —5 7| = 0 (5-10)

For the basic aircraft, the pilot model will be attempting to null the
perturbation roll angle ¢. The primary roll axis equations will be the

same as the above except that%;i is replaced by ¢.
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VI. System Evaluation and Results

The preceeding chapters along with the appendices develop the
equations which define the system and describe the computer program to
solve for the frequency response. The purpose of this chapter is to
evaluate those areas which will indicate how the system responds to
random inputs and to compare these responses for different configurations

of the system.

Form of YC

The first item to be considered is the form of the transfer
function Yc for the complete system including the fire control system.
Figure 10 shows the Bode plot asymptotes for the basic aircraft and the
complete system where the input is an aileron deflection of unit magnitude.
The output is be for the complete system and ¢ for the basic aircraft.
Recaliing from chapter 5, the pilot must adjust his lead or lag to
achieve a -20 dB/decade slope for the combined YP Yc response for a good
portion of the region prior to the crossover frequency. He then adjhsts
his gain to place the crossover frequency somewhere around 4 radians/
second. For the basic aircraft, all the pilot needs to do is adjust his
gain since this system, which already demonstrates a -20 dB slope, needs
no further equalization. For the complete system the pilot must not
only adjust his gain but he must also add some lead to reduce the
-40 dB/decade slope to approximately -20 dB/decade. The pilot model
which was chosen in chapter 5 is capable of producing the desired

slope of -20 dB/decade by adding the .5 seconds of léad time. This only
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leaves the pilot gain

over frequency.

to be adjusted so as to achieve the desired cross-

60 4 -~ — — - Basic Aircraft
Complete System
— 40 ]
s0)
e
o
2
[
o<
3 20 |
3
-~
‘a
&
o | <
% @ , ; ,
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Fig. 10. System.Response to a Unit Lateral Input

Pilot Gain

The pilot gain for this system is measured as pounds/radian.

As the pilot gain is 1ncrea§ed. the crossover frequency increases

resulting in a larger bandwidth. The pilot gain for the different

configqrations and different trajectories is determined by increasing
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the open loop system gain to achieve a crossover frequency of approxi-
mately 4 radians/second. The pilot then adopts this gain so as to
maintain the same crossover frequency for the closed loop system.
Table III shows the required pilot gains to achieve a crossovér
frequency of approximately 4 radians/second. It should be noted that
for the basic aircraft, the pilot gain is independent of bank angle.
However, for the case where the pilot is following the command bank
angles as displayed on the HUD, the pilot gain increases as the bank
angle increases. This characteristic does not have any significant

influence on the pilot rating, since it is easily compensated for by

the pilot.
Table III
Pilot Gain
Flight Condition Ko for ¢ Kp for gc
Straight and level 25 5
Level turn 25 80
Descending turn 25 80

- we = 4 rad/sec

RMS Values for b¢ and ¢

In order to analyze the bank angle system response, three types
of trajectories were considered:

1. Straight and level flight (the aircraft heading remains

aligned with the target while maintaining a constant altitude

of 2500 feet above the target).
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2. Level turn (the initial aircraft heading is 30° off the
target at a slant range of 12,000 feet while maintaining a
constant altitude of 2500 feet above the target).
3. Descending turn (the initial aircraft heading is again 30°
of f the tﬁrget at a slant range of 12,000 feet and in a shallow
descent of épproximate]y 10°).
With random wind gusts as inputs, each of these trajectories aré evalua-
ted to determine the rms values for ¢. and ¢. This is done for the
following configurations:

1. Basic aircraft (no pilot and no fire control system), see

| Table IVa.

; 2. Basic aircraft with pilot closing the loop by trying to null

the ¢ perturbations, see Table IVb.

3. Aircraft plus fire control system (no pilot), see Table Va.

4. Aircraft plus fire control system with pilot closing the loop

by trying to null the ¢ perturbations, seé Table Vb and Vc.

! 5. Fire control system output signal fed directly to the F-15
flight controls, see Table VIa and VIb.

Tables IV, V and VI summarize the rms values for ¢ and d¢ which are in

degrees. Comparing Table IVaand Table VC»it is interesting to note that

in two of the three cases, the perturbed bank angle rms values for the

closed loop system actually increased over the open Toop system even

though the pilot was able to essentially null the perturbed error

signal. Table IV indicates that the pilot is much more successful at

reducing the rms perturbed bank angle values by trying to null ¢ instead

of ¢¢c. When o4, for the automatic system is compared to oyc for the |

manual system, it is obvious that the pilot is better able to null the B |
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error signal than the flight controls. However, the perturbed bank
angle is generally greater for the pilot than the autopilot. As a
final observation, it can be noted that the open loop U¢c is extremely
large inferring the system will direct large bank angle commands if the
perturbations are allowed to go unattended. The probable cause for the
high degree of sensitivity for. the straight and level case is the
denominator of the bombing equation (Eq. 3-5) becomes very small as A

goes to zero.

Table 1V

Bank Angle Response for Aircraft without Fire Cdﬁtro] System

a. G¢OL - RMS Value for Open Loop Perturbed Bank Angle

Type Gust Straight & Level Level Turn Descending Turn

| Lateral 1.33 1.70 1.47
| Vertical .01 21 13
P 1.33 1.67 1.63
' Composite 1.93 2.41 2.27
! - SgeL " RMS Value for Closed Loop Perturbed Bank Angle

Type Gust Straight & Level Level Turn Descending Turn

Lateral .43 57 .49
Vertical .0 .01 .01
P .18 .19 .19
Composite .47 ; .61 .53
( RMS Values are in Degrees.
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Table V

Bank Angle Response for Aircraft with Fire Control System and Pilot

- RMS Value for Open Loop Perturbed Command Bank Angle

a. U¢COL
Type Gust Straight & Level Level Turn Descending Turn

~ Lateral Limit 7.96 14.16
Vertical 3.44 3.84 3.33
P Limit 34.44 30.25
Composite Limit 39.03 38.86

b. °¢CCL- RMS Value for Closed Loop Perturbed Command Bank Angle
Type Gust Straight & Level Level Turn Descending Turn
Lateral §.1¢2 .03 Ak
Vertical .01 .01 .01
P .64 .04 ; .04
Composite. 5.15 .05 11

c. 0¢CL- RMS Value for Closed Loop Perturbed Bank Angle
Type Gust Straight & Level Level Turn Descending Turn
Lateral 5.83 2.19 3.16
Vertical .01 .15 5 |
P .08 .09 .09
Composite 5.84 By 3.16

RMS Values are in Degrees.
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Table VI
Angle Response where Fire Control System

is Connected to the Flight Controls

a. &¢c - RMS Value for Perturbed Command Bank Angle

Error Analysis

The distance

for determining if

result in an error.

difference between

Type Gust : Straight & Level Level Turn Descending Turn
Lateral 6.02 2.89 3.28
Vertical .01 .19 .19
P o3 .25 .24
Composite 6.05 2.95 3.36
b. oy - RMS Value for Perturbed Bank Angle
Type Gust Straight & Level Level Turn Descending Turn
Lateral 4.81 .17 2.76
Vertical .01 .17 .13
p .10 26 .25
Composite 4.83 2.19 2.78

the bomb misses the target is an excellent measure

a bombing system is of any use. Since the solution

for this fire control system is being continually updated, only the

perturbations injected into the system at the time of release will

This error or miss distance is related to the

the magnitude and orientation of the perturbed

velocity vector and the nominal velocity vector. Since the miss

distance is measured in the earth fixed coordinate system, it is
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! advantageous to use the Euler transformation matrix as follows:
¢
X ]
Y [T]-l Ve sing
: = sin
| ~ e
: JA V: sina
| To
| N
i where X, Y and Z are total velocities in the earth fixed reference frame.
; The X, Y and Z equations may be written as:
: X = U (cosy cose) + Vg sing (cosy sino sine - siny cose) +
i o]
| Vi sina (cosy sino cos¢ + siny sing) (6-1)
(o]
Y=uU (siny coso) + Vy sing (siny sino sine + cosy cose ) +
o
Vo sina (sin¥ sino cose - cosy sing) (6-2)
[0}
Z=1U (-sino) + Vs sing (cose sins) + Vy sina (coso cose) (6-3)
o (0]
where the above variables include the steady state and perturbed quan-
tities. By using the Taylor's series expansion and retaining enly the
linear terms, the expressions defining the perturbation values of X, y
and 2 may be determined.
The lateral error may then be written as
& =y (te + tg) (6-4)
0
and the longitudinal error may be written as
e, = X (tfo + tf) U te (6-5)
Neglecting the products of the perturbations, the lateral and longitud-
{ inal errors may be written as:

BB e e
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ey = y tfo (6'7)
e =X tfo +U te (6-8)

The total error may be written as:
e = (e? xe?)t (6-9)

: y X
Again using the random wind qusts as inputs, power spectral density

analysis can be performed to calculate a rms miss distance based upon
the pfeceedinﬁ equations. Tables VII, VIII and IX show the average miss
distances for the different trajectories and different configurations
defined in the last section. From these tables, it can be seen that:
1. The P wind gust component does not produce significant miss
distances.
2. The lateral wind gusts are mainly responsible for the lateral
errors for straight and level flight.
3. The vertical wind gusts are mainly responsible for the longi-
tudinal errors for straight and level flight.
4. The lateral wind gusts have a large effect on the longitudinal
error for tﬁrning flight since a lateral perturbation causes the
velocity vector to be perturbed in the vertical plane as well as
the horizontal plane.
5. The vertical wind gusts have a significant effect on the lateral
error for turning flight since a pitching perturbation causes the
velocity vector to be perturbed in the horizontal plane as well as
the vertical plane.
6. The miss distances are significént]y reduced when the aircraft
is flying in a descending turn because of the reduced time of fall

of the bomb.
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Table VII

Error Analysis for Aircraft without Fire Control System

a. ¢

(Pilot Nulls ¢)

- RMS Value for Longitudinal Error

e
Type Gust Str:ight & Level Level Turn Descending Turn
Lateral «3 18. 7.
Vertical 101. 54. 41.
P .2 7. 2.
Composite 101.0 59. 42.

b. o - RMS Value for Lateral Error
Type Gust Straight & Level Level Turn Descending Turn
Lateral 8. 6. 3.
Vertical L. ol. 15.
P 2. 9 1.
Composite 9e 56. 16.

€. aeT - RMS Value for Total Error
Type Gust Straight & Level Level Turn Descending Turn
Lateral 8. 19, 8.
Vertical 101. 64. 41.
P 2, 9. 2.
Composite 102. 71. 42,

RMS Values are in Feet.
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Table VIII

Error Analysis where Pilot Nulls dc

- RMS Value for Longitudinal Error

e
Type Gust S:raight & Level Level Turn Pescending Turn
Lateral 7. 101. 40.
Vertical 101. 45. 39.
P i | 1. e
Composite 101. 111. 56.

b. Lo~ RMS Value for Lateral Error
Type Gust Straight & Level Level Turn Descending Turn
Lateral 91. §7. 34.
Vertical G+ 39, 14.
P 3 o 2
Composite 91. 69. 37.

£, ceT - RMS Value for Total Error

Type Gust Straight & Level Level Turn Descending Turn
Lateral 9l. 114. 50.
Vertical 101. 53, 39.
P .4 8 3
Composite 137. 128. 64.

RMS Values are in Feet.
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Table IX
Error Analysis where Fire Control System

is Connected to the Autopilot

a. o, - RMS Value for Longitudinal Error

ex

Type Gust Straight & Level Level Turn Descending Turn
Lateral 13. 127. 73.
Vertical 104. 45, 39.
P 0. 4. : 1.
Composite 105. 135. 83.

b. e@es RMS Value for Lateral Error
Type Gust Straight & Level Level Turn Descending Turn
Lateral 75. 56. 35.
Vertical 1. 28. 8.
P 0.1 2. :
Composite 75. 63. 36.

c. aeT ~ RMS Value for Total Error
Type Gust Straight & Level Level Turn Descending Turn
Lateral 73. 137. 76.
Vertical 104. 47. 39.
P 0.3 4. 1.
Composite 128. 147. 87.

RMS Values are in Feet.
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Since it is difficult to tell exactly which perturbations are responsi-
ble for the miss distances, a computer run was made for the level turn
case to determine the significant perturbations. Table X is a listing
of the rms values for each perturbed quantitywhich enters into the
error equation. For the lateral error, B and y are the two main contri-
butors to the miss distance while t_ is the major contributor to Tongi-~

f
tudinal error with u contributing about 20%.

Table X

RMS Values for Error Parameters (Level Turn)

Variable Lateral Gust Vertical Gust P Gust
9 (ft) 1.67 2.29 .01
og (degq) .48 .0 .0
Ty (deg) .04 .34 .0
o, (deg) .27 33 .0
oy (deg) .39 o I .01
o (deg) 2.00 .14 .08
ope (sec) .15 .05 .0

Pilot Workload

The last area to be considered to determine if the pilot is
capable of manually accomplishing the bomb run is to determine the
Cooper-Harper rating for the task. The Cooper-Harper rating is a
function of performance, pilot lead and aircraft response. Reference
7 derives an equation which assigns a number to this pilot rating for

the roll task being considered in this study.




e —
e —

PR = R, (Perf) + R, (T|) + Rg(ﬁ) +1 (6-10)

Wd
(Ref 7:16)
where PR = Pilot Rating
R, (Perf) = Performance Contribution
= 1.31 + -1
U¢c GBg
R, (T ) = Pilot work Toad due to Tead time.

«, 7697
. L)

3.25 (1-e

w
R3(-—2-) Ratio of undamped natural frequency of numerator

quadratic of ¢/6A and undamped natural frequency

of the dutch roll oscillation.

w
6.66 1 -2
“d
For the F-15 aircraft, m¢/wd is equal to 1.04 for the flight conditions

used in this report. For the pilot model described in chapter 5, the
pilot must generate a lead time of 0.5 seconds. The lateral wind gust
defined in chapter 4 sets 98g equal to .52 degrees. The last parameter
required to solve for the pilot rating is " These rms values are
tabulated in Table V where the pilot attempts to null the command bank
angle ¢.. For the descending turn case, oc is equal to .0115 degrees.
The pilot rating for this run is determined to be 2 where system charact-
eristics are defined to be good and pilot compensation is not a factor

to achieve the desired performance. For the straight and level traject-

ory where o & is equal to 5.15°, the pilot rating is determined to be

]
8.5. This rating indicates there are major deficiencies in the system

and that considerable pilot compensation is required for aircraft
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(Ref 3.19).

control.
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VII. Conclusions

If a pilot is to be considered capable of releasing a weapon
in a turn, he must be able to act upon the controlled element in
such a way so as to substantially reduce the error signal without
caus%ng an undue work load upon himself. The transfer function Yc
indicates, that with sufficient gain, the simple, single axis pilot
model which was chosen in chapter 5 is able to accomplish this roll
task. The pilot gains encountered in this study are not excessive
and should not be a factor in determining the pilots workload. The
.5 seconds lead time and the .3 seconds pure time delay are well within
the normal response times for a pilot.

The pilot model is very effective at nulling the errors in ¢,
due to wind gust inputs. In fact, the pilot mcdel does a better job of
nulling the error signal than the automated fire control system which
ties in directly to the flight controls. While reducing the error
signal d¢> the pilot tends to generate a larger perturbed bank angle
than the automated system. This indicates that the pilot inputs are
not as smooth or efficient as those through the automated system.
However, it should be noted that the miss distances, as a result of the
larger perturbations in ¢, are small when compared to the miss distances
caused by y, 8, and te.

The miss distances for the fully Automated system and the manual
system are comparable. However, it should be noted that for the basic

system, where the pilot is attempting to null ¢ instead of ¢, the miss
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distances are substantially reduced. This indicates that the

wrong error signal is being controlled by the fire control system.
Also, the miss distances for the bombs which were released in a
descent are much-smaller than those from a level flight condition.
This is due to the fact that the time of fall of the bomb is shorter
which is directly proportional to the miss distance. It may also be
assumed that even larger miss distances may be expected for a bomb
which is released in a climb. One other method that may be used to
reduce the miss distance is to reduce the release velocity which is
directly proportional to the miss distance.

The equations used in this study should be restricted to turning
flight where X is not equal to zero. This is the major reason for
the large pilot rating for the straight and level trajectory where the
system becomes too sensitive. Otherwise, the Cooper-Harper rating for
the system indicates that it is a relatively easy task for the pilot.
If the straight and level case is disregarded, the data obtained in
this study indicates that the pilot is capable of performing the task.
This finding is substantiated by the people who have recently flown the

General Electric simulator which uses the "Firefly" bombing law.
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Appendix A

Stability Derivatives and Basic Aircraft Data

The following stability derivatives are based upon flight -

conditions of

.6 Mach at 10,000 feet altitude for the F-15 aircraft.

These values are for body fixed axes.

*

*k

*k

*k

*k

%B=-.8w5

o
i
—

C, = .32 - .904q,

= - .086

o
1}

.1312

Cig = - .09741 - .2517a,

Cypy = - 28
Cy, = -048 + 6.66a

Cyg), = <0373

Coppr ~ 04269

Cogq = 00327 - 00878,

*  Derivative obtained from Reference 8 for F-15 aircraft

** pDerivative obtained from Reference 9 for YF-15 aircraft

6l




% T
' e N .2961
wh Cm& = - 1.2
PG -7
q
w C = - .688
"HT
* €, = .1834 - .467q
8 (o]
b Cnp = - .03
* Cnr = -,250
* €, = .00458 - .0416a
SA 9
L - e
- 0229
* ¢ = - ,086
néR
* =
CLa 3.782
Cpla) = .020 - .09054 + 2.3254°
Note: These derivatives are only valid for trim angles of attack less
than 80,
Values for a are in radians.
Stability derivatives are non dimensional, therefore, control
inputs must be in radians.
The following data was obtained from Reference 8 and represents a
typical configuration for the F-15 aircraft.
M = 1085, slugs
( S = 608, ft’
= , ft
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k b= 42.7, ft
¢ = 16.0, ft
i 2
I, = 25,274, slugs-ft
s 2
Iy = 155,746, slugs-ft
I, = 175,516, slugs-ft’

I, = - 805, slugs-ft

These moments and products of inertia are for body axes.
For the purposes of this report the following values were
considered to be constant:

p/po = ,971
VTo = 665, ft/sec for .6 Mach
Kg = 2.4 X 10'6 ft -' for low drag MK83

9. = 3.2, ft/sec’

§ = 510.5, 1b/ft’
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Appendix B

Aircraft Equations of Motion

near Aircraft Equations

upon

where

The general force equations of motion for the aircraft are based

e aqy
oy m dVT dVT o +>
ma = =m + aey X VT = F
dt dt (B-1)
m = Mass of the aircraft
eqvy
= Acceleration in an earth fixed reference frame
dt
3V
——— = Acceleration in an aircraft fixed reference frame
dt .

- Uj + V] + Wk

a€J = Angular velocity of the aircraft reference frame relative

to an earth fixed coordinate system
= Pi+Qj +Rk

Vp = U7 +V] +Wk

Fa = Aerodynamic forces

~

= Fp i+ Fa, d * Fak
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It should be noted that i, j, and k are unit vectors for the body

axes of the aircraft. With the aid of the Euler transformation matrix

['T] (see Chapter 2), the body forces, FB’ may be determined as

follows:

fg=n[7][0 o ol T

A

- mg. sino i + mg coso sine j + mg . cosO cosd k

where 9c is the acceleration coefficient due to gravity.

o

Also, FT

Thrust forces

P V8 By der Bpl ik

el x v

(QW - RV) i + (RU - PW) j + (PV - QU) k

Using these definitions, it is possible to write the general force

equations of motion as:

. Fa F
U+ Q- RV =- g, sino+ X+ X

m m
: R
V+ RU - PW =g coso sine + Y +

m

. FAZ
W+ PV -QU-= g, COSQ cos® + __+__

m

Fr

e 4

m

Fr,
m

(8-2)

(8-3)

(B-4)
(Ref 10:2.24)

The rate of change of the angular momentum, as seen by an

observer in inertial space, is equal to vector sum of the external

edi  adH A
— ae; XH=M
dt dt
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>
where H = Angular momentum vector

Ixx -Ix‘y -Ixz P 5

«lid i PR

ey L FIR

a—b
dH
—— = Rate of change of angular momentum in the aircraft
dt
reference frame

= (IxxP - Isz) 1+ (Iny) h (IZZR - szP)

x>

where the xz plane is a plane of symmetry and Ixy = Iyx yz 2y

ae - iy
B XM= L, P+ (I, - 1) GR] 7+ [(1,, - 1) PR+

Lo (P - B)] §+[1, R+ (1 - 1) PQ] &

>

M= My + i

e PN

MA=LA

-~de

+ My j+ Nk

-te )

- -~ -~
MT = LT tM g NI k
Combining the above equations yields:

Ixx P - Ixz R - Ixz PQ + (Izz - Iyy) QR = Lp *+ Ly (8-6)

. 2 2
lyQ* (L - Izz) PRI, (PT - RY) = My + My (8-7)

L R-Lg Po(l - L) PO+ 1, QR=Ny+ Ny (B-8)
(Ref 10:2.10)

n
—
n
—
'}
o

.




r These six equations of motion (equations B-2 thru B-4 and B-6

| thru B-8) contain eight unknowns which are: U, V, W, P, Q, R, o, 9.

To correct this problem, the three kinematic equations may be
derived with the aid of the Euler transformation matrices (see

Chapter 2).

ae, .

Yol

oCe-C

[ [e1[+] o] +[#] o]

0 -sine o
COoS¢  €O0SOsSind )
-sind®  Cc0sSOCOS® ¥

L0 o

n
OO

Solving the above linear set of equations for ¢, 0, and ¥ yields:

b ¢ =P + Q sing tano + R cos¢ tano (B-9)
0 =0Q cose - R sine (8-10)
v = (Q sine + R cose)/coso g (B-11)

(Ref 10:2.22)

In the development of the previous equations, the following
assumptions apply:

The earth fixed coordinates are considered to be inertial

coordinates.

The aircraft coordinate system is body fixed with the origin at

the center of gravity.

The mass of the aircraft is constant.

The angular momentum due to spinning rotors has been neglected.

The xz plane is a plane of symmetry.

( The aircraft is a rigid body. \
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In order to solve these nine aircraft equations of motion, it is
cEL0, R

geometry equations (see Chapter two), values for ags b and 0, were

necessary that Uo, Vo, W s eo, and ¢obe known, From the

0 0o

determined by solving for the required trajectory of the aircraft. =

Knowing a s Uo and No can be obtained from

i

U

o

VTocos a (B-12)

W

(o]

VTosin a (B-13)

Also for coordinated flight with zero sideslip, Vo = FA = 0.

Equations B-2 through B-4 and B-6 through B-10 may be used to solve the
remaining eight unknowns (Po, Qo, Ro, FAX, FAz’ Lps MA’ NA) for steady
state flight conditions. P , Q , R can be obtained from equations

B-3, B-9 and B-10 as follows:

el
1}

Ro tan ¢ (B-14)

o
1]

- Ro (tan¢osm¢otanoo + cos¢otaneo) (B-15)

g. sing cose
il (o ) ) (B-15)
+ i +
U+ W (tan¢,os1n¢qtaneo cos¢otaneo)

Linear Aircraft Equations

These nine, coupled, nonlinear, differential equations describe
the general motion of the aircraft. Since this study is interested
in the aircraft dynamic frequency response about some equilibrium
state, the perturbation technique is appropriate. Using this approach,
the equations may be linearized and Laplace transformations used to
study the frequency response. This can be accomplished by:

(1) Considering the eight state variables (U, V, W, P, Q, R,
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0, ®) as being composed of some equilibrium (steady state)

value and some perturbation value.

be written as:

U= Uo+ u paiEtp
Vel ty Q=0+tq
W=W+w R = R°+ r

o]

- The thrust and aerodynamic forces and

These variables can then

moments may be expressed as:

Fa, = FAXO + fa Fr, = FTxo + fr
FAy s FAyo + fAy FTy = FTyo + ny
Fag = FAzo 879 FTz - FTzo v,
La = La, * % Ly =Ly, *+ o
L T S o il s mT.
NA = NAo +ny Ny = NTo + ny

Where the steady state values are den
and the perturbed state quantity is r
symbol.

(2) Def{ning the perturbation angles

[

({0 1]

1 cosy

R

sing = ¢ sing

R

oted by the subscript (o)

epresented by Tower case

¢ and ¢ such that:

In general, this relationship holds for angles less than R

(Ref 10:2.33)
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(3) Assuming that all products and cross products of the pertur-
bation variables may be neglected when compared to the magni-
tude of the perturbations themselves or by using the linear terms
of a Taylor series expansion about the nominal conditions.

(4) Noting that the steady state equations of motion and kine-
matic equations which are embedded in the perturbed state equa-
tions have already been satisfied and therefore can be eliminated
(Ref 10:2.33).

With these basic assumptions, the linearized force equations are:

f f
. LR
u-Vr-Rv+Wgq+Qw=-g_ ocose +——+ —— (8-17)
o o o [¢] C o m m

+ + - - =~ i ing +
v Uor Rou wop Pow 9¢ esme° sm¢°

f f
¥ oy (B-18)
g. ¢cos6 cos¢ +—— + L -
(o4 0o 0o m . m
W - qu - Qou + Vop + Pov =B esineo cos¢, -
fAz ffz.
9c ¢cose°sin¢° + —;r + -;:— - (8-19)

(Ref 10:2.33)
For this analysis, the perturbations due to thrust are assumed to be
small and have been neglected. Also, for normal flight conditions, the
aircraft is assumed to be flying a trajectory that will result in a
reliable release without any inputs to the controls. This assumes
the aircraft is in coordinated flight where V° is zero.

f
The value-—%l may be determined from the following equation:

FAx =C, a5 (8-20)
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where, €, = €| (a) sina - Cj (a) cosa = 3.7825 sing - (.020-.0905q +
2.3253°) cosa (Ref 8 :19,20)

This equation may be linearized by using the Taylor's series expansion

limited to linear terms where:

aF oF
fa, = it..* (ll) AR
afu U A
(U}) IR
(6] o
aof qg S aC C, S 3q
where’__&l = A + & LSS
afu u d(u
i
0 o o
o -~
=2qS Cx
BFAX qs aCy
8(—; p: 0 3
Wi T (3.782a sina_ - .020 cosa_ + .0905a, cOSa -
m m U (o] o] 0 o o}
(o]
2 q Sa
2.325q_ cosa ) + ——;:—(3.782 sinao + 3.782q  cosa  +

.020 sina_ + .0905 cosa. - .0905a_ sina_ - 4.65a cosa +
o o o o 0 o
2.3254 > sina ) ' (B-21)
o (o]
Combining 1ike terms and using the flight conditions referenced in

fA
appendix A, —X may be written as:
m

f ’
=, u [.85 (3.782q sina_ - .020 cosa_ + .0905a cosa -
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2 :
2'325"0 cosao)] +q [286 (3.802 sina, - .86800°COS(1° +

0905 cosa, - .0905a, sina_ +2.325a " sina )]  (8-22)
The value for -t%z- may be determined using the same metho-d.
Fa, = Czds (8-23)
where, €, = - € (a) cos a - Cp (a) sina

- 3.7823 cosa - (.020 - .09055 + 2.3253°) sina

]

Using the Taylor's series expansion,

f F F
AZ=aAZ (—u.)+aAZ a
m a(g) U/ 3
UO o 0
u q S aC,
=2qSC — + —_— a
! Z
U aa
(o] (o]
f
ﬁ =y [.86(-3.7820.o cosa, - .020 sinao + .0905a° sinmo -
m

2.3250 * sina,)] + o[286(-3.802 cosa, - .868a sina, +

09050, cosa + .0905 sina, - 2.325a " cosa )] (B-24)

f
j may be determined from:

I BT C pb C rb
m om 2u 2u Spr
o o
B-25
i GR) (B-25)

(Ref 10:4.113)

= 286. [ - .85955 + .00321p + (.0103 - .029a,)r-
086 6pp + .1312 &g ] (8-26)
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Combining equations B-17 and 8-22, B-18 and B-24, and B-19 and B-26

and also collecting like terms yields:
ll[85 (3.782« sina - .020 cosa_ + .0905a cosa - 2.325q > cosa ) -
(] 0o o o [¢] 0 0
s] +8(665 R ) + a[286(3.802 sina_ - .868a cosa, + .0905 cosa, -
) ‘ - S
09054, sina_ +2.325a," sina)) - 665 Q;] -q (W) -

6 (32.2 cose ) = 0 (B-27)

-u (RO) - g(245.8 + 665s) + a(665Po) +p (No + .918) + r (2.946 -
8.249, - U)) - o (32.2 sineO sin¢o) + ¢(32.2 coso cos¢ ) -

syp (28.6) + 5p (37.52) = 0 (B-28)

u[q, + .86 (- 3.7820 cosa_ - .020 sina_+ .0905a sina -
(6] (] o 0 0o
2.325¢ 2 sina )] - 8(665p ) + u[;as (- 3.802 cosa - .868a Sina_ +
0 o (o) (¢] 0 (o]
5 2
.0905a_ cosa_ + .0906 sina, - 2.326a " cosa,) - 665;] +q(U) -
o (32.2 sing cos¢°) - ¢ (32.2 coseos1n¢°) =0 (B-29)

It should be noted that in the preceeding equations Vo is equal to
zero and s represents the Laplace transform variable.

The linearized moment equations may be written as:

(B-30)

ya+ (I-1,) (Pr+Rp)+ 1, (2Pp-2Rr)=m+m  (8-31)
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|l

Lrel pt (Iy <L) (P, q+Q, p)+ Ix (Q, r + R, q)

+n (B-32)

s T My

(Ref 10 :2.33)
The same assumptions apply here as in the force equations, that
is, the perturbations due to thrust are assumed to be small and Vo = 0.

The perturbed rolling moment may be written as:

pb rb

A= G S b(Cva g + Czp —;E + Czr :;I + CgaA Sp * CQGDT GDT +
o (o]
C

8 (B-33)

0)
(Ref 10 :4,113)

E,(SR

Again, using the flight conditions from appendix A:

i

1p = 13.25 X 10° [(- .09741 - .2517a0) g - .0077 p + (.00154 +

.2138a0) r+ 0373 5y + 0427 Spr* (.00327 - .00878a0) GR] (B-34)

The perturbed pitching moment may be determined as follows:

=55 | u ac qc
Mp=qgSc (G — +6 e e T S e
i L ST LR T
[0} o 0
=206
Cm5HT GHT) (B-35)

(Ref 10:4.113)
where C, is negligible for mach numbers below the transonic range.

u .
my = 4.96 X 10° (- .2961u - .0144q - .0445q - .688 §y7) (B-36)

The perturbed yawing moment is:

My =aShb (an % Cnp 'SE; * c"r-gz; s CndA Sp * cnGDT Spr *
Crg GR) (B-37)
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ny = 13.25 X 10° [(.1834 - .d67ao)g - .000963 p - .0080 r +
(.00458 - 08160 ) s, + 0229 spr - oge GR] (B-38)

After combining the terms for each variable, and dividing through by

6
10 , the threé angular momentum equations are:
-8 (1.29 + 3.335ao) - p (.102 + .0253s + .0008 QO) - q (.0008P0 +
.0197 Ro) + r (.0204 + 2.833y - .0008s - .0197 QO) *t 6y (.494) +
o

§pr (.5656) + Sp (.0433 - .116a0) =0 (B-39)

-a (1.47 + .0717s) + p (.0016 Po e L80 Ro) - q (.221 +,1557s) +

r(.150 P - .0016 R ) - 5. (3.416) = 0 (B-40)

7 ¢
g (2.43 - 6.187q0) - p (.01276 + .0008s + .130 Qo) +q 130 P x
.0008 Ro) +r (- .1063 - .1755s + .0008 Qo) + 5A (.0607 -

.551q0) * Spt (.303) - SR (1.14) f 0 : (B-41)

The three Tinearized kinematic equations are:

sin¢o cos¢ tane
q +r -ys +0 (Qo sing_+ R cosg )|+
coso_ cose coso, " 9

coS¢ sing
4’(00 - - R 0>=0

\ coso, s coso, (B-42)

q (cos¢o) -r (sin¢g -80S -¢ (Qo sing, + Ro cos¢;) =0 (B-43)
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RS TR

sing,
. - B4 + +
P+ q (stn¢0 tdngo) ¢ r (LOS®O tanoo) 0<QO cos2e
0
cos¢,
R, COSZO * ¢ (Qo cos¢, tano - R sind tane, - s) =0 (B-44)
(0]

The nine linearized aircraft equations are summarized in Table XI.
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Appendix C

Flight Control Equations

Since this study is based upon the frequency response of the
aircraft, linearized flight control equations must be included in the
system model. The F-15 flight control system is basically linear with
only a few appropriately placed limiters, deadbands and gain schedulers.
Because this study is an examination of the dynamic response about some
nominal flight condition, most of these nonlinearities can be either
avoided, neglected or linearized.

The actuators for the control surfaces are depicted in figures
11 through 14 (Ref 11 :25,26). Since these actuators are capable of
responses of up to 20 radians per second, they have not been included
in this analysis. The reason.for this is the primary frequency range
of interest is below ten radians per second. The simplified block
diagrams for the pitch, roll and yaw axis are presented in figures 15 ,
16 , and 17 (Ref 11:29-32). It should be noted that all the inputs

are in pounds force and all the control displacements are in radians.

F-15 Flight Controls

With these assumptions and clarifications, the primary pitch

axis control laws may be written as:
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Aileron
Input

Rudder
Input

———

20
s + 20

Fig. 11.

SA

Aileron Actuator

20

s + 20

Fig. 12.

Rudder Actuator
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Pitch Mech

Input
+
20
)
+ s + 20 HT
Pitch Elect
Input
Fig. 13. Horizontal Tail Actuator
Ro11 Mech
Input
+
20
2 [
& s + 20
Rol11 Elect
Input

Fig. 14. Differential Tail Actuator
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Pitch Elec Input

1 5 Fa 3s
- | Fes (——) (——) +| —Z + q (12.42) (——-) +
3.73/ \5+s mg. 3s+1
} (30+3s 8
s q (.68) ) - 1.5(1+—>(—> (c-1)
30+s 57.3 '
F, 1
-F..(.1)(2) -—= +q5s (.5)] — +
B ™ mg. 3.75
1 5 F 3
{f F (—-——) (——-) Y . B q (12.42) (——i-)-+
ES \3.73/ \54s mg, 3s+1
30+3s 1 1.5 ' 1
s q (.68) 1.5(1+—>(.2?} —-Fpq(-1)(.6464)(2)p —
30+s s s 57.3

w

Pitch Mech Input

(c-2)
From Fig 13, it can be seen that:
Pitch Elec Input + Pitch Mech Input = &,; (c-3)
3 2 :
.0023s + .048s + .0526s + .0105
Sui & oF +
HT ES : 53 + 552
3 )
Fp, [-0786s +.8816s° +.835s +.2356
SR +
mgC s3 4 3052
.1603s" +4.798s> +3614s% +40.245+8.94
35 + Gls” + 30s

F
where-—ﬂi =y [.0267(-3.782aoc05ao - .0205inao + .0905a°sina° -

mgc

2.325a . sing i]+ a[8;885(-3.802c05a - .868q sina *+
0 (V] o o o]

10905050, + .0905sina, - 2.325q * cosa )| (c-5)

From Fig. 16, the roll axis flight control equations are:

82

rq



Fas = 23.87 5, (C-6)

1 1
F ——1) - p| (.0625) = c-7
[ AS(1+.33> (57.3) ?] st *0Te ke il

1478
.24) (10)[— |(—]= c-8
Wty )C13><2) DTy e

The two differential tail inputs (GDT and Spt ) may be summed
; ' ELEC MECH

together to obtain the differential tail displacement (see Fig. 14 ).

8 +65 =23 (C-9)
OTerec OTmecw o7
.0019s + .0074 o
F - .0625p = 2 & 2
g DT

The primary yaw axis flight control equation can be obtained from

Fig. ¥ ..

1\/10 Fa 2s X s
Fon (-5) --)(-- + | —y (.00537) + r(————) - {aP *pa ) (._..) ;
57.3/ \10+s m 2s+1 SRR T

s+.5 ( 1 (
.88) + Fop (.5) —= &, (C-
( >( L L e S

S

F
where __5Z= 286 [-.85958 + .00321p + (.0103 - .029u0) r-
m

086 spr + 1312 6, | (C-12)

.0087s + .174 1.109s + ,555 .84P s + .42P
Frp i - *
s + 10 S $ ¥l
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(.84a - .0041) s + (.42a - .0062)s - .0021
P = 2 +
R L

3
(.15u0 -3.4)s +(.22a ~1.76)52 #(.11a_ -.04)s+.019q -.0065)
» 0 0 0 i

3 2
4s™ + 4s + s

.1107s+.0553 .83075-.0845
D R e i | iverona (c-13)

Firefly Flight Controls

The "Firefly" automated system has been studied, in order to have
a baseline with which to compare the manually operated system. Figures
18 , 19, and 20 depict the F-15 flight control laws which have been
modified for the Firefly configuration. Referring to Fig. 18 , the

augmented pitch axis flight control equation may be written as:

1 32.2 5 30+3s
Pitch Elect Input = | -Fcd + gl — .
3.73) \ 665 5+s 30+s

F 1
Pitch Mech Input = {|-Fro(.1)(2) S s T BY L e #
mg,. 3.75

1 5 Fa 3s
- Fes | —ll=—}1 * —£ +q (12.42) { —] + (C-2)
3.73/ \ 5+s mg. 3s+l

30+3s 1 1.5 1
s q (.68) 1.5(1+-—) (.2) ——-FES(.I)(.6464)(2) —_—
30+s \ § S 57.3

e ——r——— . A &




b B

D R SR D S em—

1b in
b " .| 6464 2
ft :
i 1 T
12 sec ] deg
91
1 2.
3.73
+ ¥
. 15
by S
in
5 . %
5+ s 9 «QE_Z%Z .2 57.3
Pitch
= d Mech
9 1.5 €9 Input
+
(e R
30+3s s
30+s Pitch Elec
Input
2 g + 1
i a, ft
- - 3 anam B
+ +
3s
3?"_1 .68
12.42 ¢ 4 rad .
sec q rad
y sec

Fig. 15. Primary Pitch Axis Control Laws (F-15)
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By summing the electrical input and the mechanical input, the pitch

axis equation for the flight control is:

.0023s> + .0136s> + .0196s + .0105

Syt = -F :
) S 5e? 4 o3

Fa, [ -0166s" + .049s + .2356
R - +

mg,. 3052 +s°

.158s° + 3.06s° + 13.82s + 9.94

3 5 (C-15)
3s” + 91s” + 30s

For the aileron input there is no change from the basic F-15 flight

control system. Therefore:

FAS = 23.87 8 (C-16)

However, the output from the fire contrcl equation, p., is fed
into the roll axis of the differential tail. Figure 19 shows the p.
input plus the slight change in flight control configuration. This

diagram leads to the following equations:

RS 5 \|/ s+2
Roll Elect Input = Fas o | 5 ey | S s (.365) (C-17)
1+.3s/\57.3 5+s J\ s

1 e
Ro11 Mech Input = FAS(.24)(10) —_— (c-18)

57.3/\ 2

Recalling that:

Rol11 Mech Iﬁput + Roll Elec Input = 2 GDT (c-19)
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2
.0019s” +.0127s+.0128 {.3655+.73 1.825s+3.65
- wp{ vt |4y Ll g%
AS s + .3sz \\ S e bs + s° oT
(c-20)

The augmented yaw axis flight control equation can be obtained from

Fig. 20.

.0087s+.174 1.035s+.5182 .78s+.39
Fon =8 +of [—— ]+
, s.+ 10 s he TR -8 %

(.78a0-.oo39)s2 +(.39a_ -.0058)s-.0019
s + 5

3
(.10, -3.41)s” +(.21a, -1.755)s” +(.105a  -.0376)s+(.0175a, -.0063)
r

\ 4s® + 4s” + s

.103s+.0517 .776s-.0789
oL R (C-21)

+ 8
DT ¢ s
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1
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( 1 Input
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fes & - -1
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. —
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32.2
32.2
665
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30435
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Input

wlw

Fig. 18. Augmented Pitch Axis Control Laws (Firefly)
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Appendix D

Computer Model

The computer program "FRQRSP" is a general purpose frequency
response program which can be used to evaluate a system model and plot
amplitude and phase response of a linear transfer function over a
specified frequency range. It is also capable of solving a set of
simultaneous equations by the Gauss Jordan elimination method
(Ref 12:17). Additionally, the program is set up to perform spectrum
analysis. The evaluation of the system is accomplished by first
defining a function G(s) where s is the Laplace transform variable.
The transfer functions in this report have been defined as:

1. The open loop response of the system (¢ and ¢c) to a lateral

stick input. -

2. The open loop response of the system (¢ and ¢c) to wind gust

inputs.

3. The closed loop response of the system (¢ and ¢c) to wind

gust inputs (pilot in the loop).

4. The closed loop response of the system (¢.) to wind gust

inputs (automatic fire control system).

In order to model the system for the computer program, it is necess-

ary to set up the following complex matrix equation:

[#]{#] -[¢]
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o

R

SRR AT

vhere [A] - Represents tﬁe system components which consist of the
aircraft, the flight controls, and the fire control law
(Figure 21 provides a listing of the matrix elements while
figure 22 depicts the position of the non zero elements in
the matrix).
[R] - The unknown vector representing the system variables.
- [“ Saparye ¥ i SRty % % "oz Pc]T
[ B] - The vector which represents the external inputs to the
system such as wind gusts and lateral stick inputs (see
figures 23 and 24).
The abbreviations used to define the A and B matrices in the computer
program (Fig. 21, 23 and 24 ) are listed below in terms of the sym-
bols used in this report.

Fixed inputs:

ALAMD = PI = =
DK = Kp RHO = o/p
E=b RTQ = RTo
GC = 9. TFP = Tfo
H=h V1P = VTO
K3 = K
Ranges:
GP = G,
RPP = RPo
RRQ = RRo
RTV = RTv
R2 = R2
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|
i
p ’ Velocities:

Uﬂ - UO : Pﬁ = Po
v -0
Wp = Ho RP = Ro

Bombing Law Components:

CPWﬂ - pr
o RDZp = RDzo
DTND = D
T, WOMEGAD =
(o]
PCP = PCo
| Angles:
!
i |
b ; Ap = a, FP = ¢,
LR - =
| BP =8, P =y,
é - e Yo 8 eo
i Trigonometric functions:
A ; SAP = sina, CAp = cosa_
| SBp = sins° CBp = CosB
SFP = sing CFp = cosg
i SGP = siny0 cGp = cosy
2 SLP = sina CLP = cosa
i . ¢
| SSP = siny, €SP = cosy
STP = sine° ‘ cTp = coso

To determine the system variables in [R], the A matrix must be inver-
C‘ ted. This procedure uses pivoting in order to maintain an accurate }

i
t i solution. Note that the ICOL statements following each element place
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the element in the correct column for that row.
The parameter P(i) is used to correlate the inputs with the

correct data. For this program, the P parameters are defined as:

P(1) - Pilot gain.

P(Z) - Longitudinal input (not used).
P(3) - Lateral input.

P(4) - Horizontal wind gust input.
P(5) - Vertical wind gust input.

P(6) - P wind gust input.

P(7) - System gain.

To obtain the frequency response, the user supplied complex
function G(s) 1is evaluated for a region of frequencies defined by
the input data. The frequency is reported in both radians per second
and hertz in tabular form, however, the Bode plots are in hertz. The
amplitude of G(s) is reported as magnitude and decibels where decibels
are defined to be 20 10910|G(s)|. The phase of.G(s) is reported in
degrees as the arctangent of the imaginary part divided by the real
part (Ref 12 :4).

For the PSD analysis, the user must again supply the complex
transfer function G(s) where the input PSD is a real function in terms
of radians per second or w. The results of the PSD analysis consists
of a tabulation of the input and output PSD in both magnitude and
decibels where the dB values are defined as 10 log;,|PSD|. The program
2lso tabulates and plots the cummulative input and output power which
is the square root of the input and output PSD magnitude values inte-
grated from the starting frequency to the current frequency. When the

program completes the evaluation of the input and output PSD values




g over the specified range, the final cummulative power values are

reported as the root mean square (RMS) values (Ref 12 :5).
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 BEST AVAILABLE COPY

NT7INE A IN FULL MATRIX FORM

NTIZNSTIIN A(2),20)
COMIPLEX A,S .
S IS THT LAPLAZTE TRANSF(RM VARIABLE

AlL,1)=0,86%(3,7T32%A0*S/ ~.G20%CAQ¢+.UT5*AN*CA0-2,326*A(+*+*2"CA0)~-S
CTTl0L(L,) =1

A(1,2)=5585,%9. 3 TCOL11,2)=2

A01,3)=236,%(35,302*SAC-,36A*A0ORCA0+,09054CA0-.090%*A0*3A0+2,325*
CA)**2*SA0)-665.%N0 3 ICOL(1,3)=3

AlLy4)==-HC 3 ICOL(1,0)=5 G

Al1,5) ==32.2%CTQ0 T ICOL(L,%)=38

A(2,1)==RC ? TCOL(2,1)=1

A(?2,2) ==(205,3+5H5,23) SICCL(2,2) =2
£(2,3)=552,.P] STCOL(T,2) =3

Al2,h) =WC+.913 T ICOL(2,4)=b
A(7,5) =2,9L5-3,204L*A0-UC 3 ICOL(2,5)=6
A(2,K) ==32,2%*35TO+SFO € ICO0L(2,6) =38
A(2,7)=32,2YC7)*C"0 3 ICOL(2,7)=9
A(?,8) =-24.6 FICOL(2,3) =12
A(2,9) =37.52 ¥ ICOL(2,9)=13

A(341) =004 ,5F (=3,782°AC*CA0-.020*SAGH+,CAT5*AC*SA-2.325*A0**2*SA0,
) S IZ0L(Z,1)=1

A(?,2) ==h65,420 FICOL(3,2)=2

B(343)=236."(-3.302%CAC-.3R5+A0*SA0+.,09CS*AG*CAD+.1335*SA0-2,325"*

CAI**2%CA0) -65747S ¢ ICO0L(3,3) =3
Al3,4%)=U0 STICOL(3,y4)=5
A(3,5) ==22,243T)*CFQ 3 ICOL(3,5)=38
A(3,5)==32,2%CT3*SFG 3 1CO0L(3,6)=9
Af{"y1) ==1,2)=7,726%43 7 TCOL(4,1)=2
Al g2)==,402=,02334S=,0.68*Q0 $ ICOL (hy2)=l
Alhy3)==,0058420~-,0197%*5¢ SICOL(h,3)=5 x <
ACs,6)2,020542,333%A0-,(038°S=.0197%0Q0 3 ICOL(4y%)=5
\ ACey5) =403 . $ICOL(N, %) =11
{ RCsyB) =.5956 $ ICOL(4,6)=12
: Al y7) =.0H33-,116%A0 3 ICOL(Nh,7)=13
A(T,1)==1,47=,1717%S $ I60L(S5,1)=3
A(3,2)2,0045723+,150*R0 3ICOL(5,2) =N
A(3,3)==,221=-.1557*S $ ICOL(5,3)=5
A(59M) =160 P0~,301H%CC SICOL(5,6)=6 !
A(3,5) ==3,%15 _f I%0L(3,5%)=10
Al 1) =2,43-6,127%A0 § ICOL(H,1)=2
i A(592) ==,C127%=,3308%S=,120+0y g ICOL(6,2)=h
A(5,3)==4132%204,2009°RC SICOL(5,y3) =5
Al ) ==,1752-,1755%S+,1532+0) $ INOL(6,L)=6
A(3,5) =,0007-.551*A0 3 ICOL(Ay5) =11
Al5,%5) 2,263 i £ ICOL(6,6)=12
A(3,7) ==1.14 ? ICOL(6,7)=13

e

€ Fig. 21. Elements of the A Matrix ‘ :
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A(7,1)=50/CT) 3 ICOL(7,1)=5%

At7,2)=0F0/CT0 § ICCL(Z,2)=H

A(?,3) ==S FICOL(7,3)=7

AC7,0) =(TAN(T3) /C0TG) *(0C*SFI+R0*3FQ) $§ ICOL(7,0)=3

ACT43) =)0 CFC/CTG-RO*SFL/CTS 3 ICOL(7,35)=9

Ati,1)=3F0 ¥ TCOL(3,1)=5

Aly,2)==-SFO0 § TCOL(3,2)=6

Ay, 3 ==S 3 ICOL(8,3)=8

A(3,4)==NC*SFi+P0*CFO0 3 ICOL(8,L)=9

A, 1) =1, T ICOL(9,1)=Nh

A, 2)=35F0*TANI(TT) SICOL(9,2)=5

A1, 3) =2F0*TAY(TD) 2 ICOL(9,3) =6

AC),5) =20%SFL/NT)+*2+RC*CFG/CTO**2 3 ICOL(9,H)=3

A, n)‘WJ‘FFG’*‘W(TO)-PL’FFG‘TAH(TO)-S 35 ICOL(9,5)=3

A(LT58)= 02H7%(=-3.,732*A0%CA)-,020%SA0+,G205%A0*SA3=-2,326%A(**2%
TSAJI*( A785¥5%+ 7+ B8BLE*S**2+,835%S+.2356)/2(S**3+30.,73%*2)
G § 100.(1051)=1

A(L2,2)= 7,337 (=3,8]2%CAC-.353*AC0*SAJ+,CIIS¥AG*CAI+,1305%SA0~
$24325%A3*%2%CAY)* (sC786*S**3+,3816%*S**2+ 83545+, 2?)5l/(3"3t30.*
CS*2=2) 2 ICOL(10,2)=3

ACE33) =0 tAGT Tr 2444 ,7C8+S* 3435 1 L*S*#24460.24*S+3.I0) /7 (3.7S+%3
COL "F* 2480 +%5) $ ICOL(13,3)=5

AL ,h) ==1, 3 ICOL (1),4)=10

A{L1,1) =223.37 ° ¢ ICOL(11,1)=11

ACLLy2) =2 (La/3) 2 (P(1)*¥(.5#5+L ) *CEXPL-.3*S)) 3 ISJ.(11,2)=20

A(12,1)=.0625 2 ICOL(12,1)=4

a(12,2) =2. 3 ICOL(12,2)=12

AC12,3)= (L7 " 2(1)* (52S+LO)PCEXP(=.3*S)*((,0013?S+.0074)7/ (3%
fS+L.)) FI3C0L(12,3)=2¢C

1.109*S5+,555)/°¢ i ICCL(13,1)=2
«3LPPIESH L L22P() /(S+L) $I%0L(13,2)=3

—~ o~ o~

= (.5% AQ-.0081)-S*22+(.42%AN~,3062)*S=-,0021)/7(5%*2+3)
oLt13 =h

\"‘y‘)=((.1436‘ﬁ’-‘ Ll")‘?“’*l 22LJ3*A0-1.7TH)*S**24 (. 1122%A0 -
Cel97) %5+, 0187%A0=.0966)/ (4SS **3 L, ,¥S23245) 3 ICIL(13,4)=5
ACL13,5) =(.113725+,0553)/S § ICOL (1%X,5)=12

A(L2,5) =(.83u7%5~,L845)/S $ ICOL(13,6)=13

A(Lly1)=~STG TICOL(1L,1)=1 |

A{1%,2)=2 VTO*OTS*SFO SICOL(L4%,2)=2 =

AC)1 G,y2)= HO"CTO*CFO FICOL(LH,3)=3

AlLyyu)= =UC*TI-UI*STE<CFG SICOL(L1byb)=A

A1%,5)=2 =ACG*CTN+SFY TICCL(L%,y5) =9

AlLayn)= (~UX*STIHVTC*SAQ*CTL*CFLUrGO*TFCIZTFC  3I22L (Lt yR) =1k

Fig. 21. (Continued) Elements of the A Matrix
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A(L5y1)=CA0  (=o5*STCPOK*RHO*TFI**I*CC) +SAG* (L S*CTI*CFIPOK*RHD
GTE Y+ 3850 $ ICOL(19,1) =1

A(15,2)=7R0% ((CS0"STO*S“C ~SSIYCFO)®PTO*CGC+CTCP*SFG*ATI*SGU=.5%
GECTSRSEGEDRYGO=TFI*%2) $ ICOL(15,2) =2 y

A{LS43)==-SA0*(0S24CTQA*RTO*CCO~-STO*RTO*SGC+,54STJ*DP* 55 *TFI*Y2) +.
CCAT=((RI0*STL*CFI+SSI*SFOI*RTI*COA+CTC*CFE *RTE*SGC-5CTO*CFYI* DP*

GG TEI**2) € ICCL(15,3)=2
A(LT,n)=CA0* (-SSG CTO*PT0"CGO) +SAQ* ((~-SSO*STAI*CFQA+350*SFURI™RTG*
eeH1) :ICOL(15,4)=7

A(1S5,5)=CAC* (-OSP=STIMRIGACGU-CTO*RTG*SGO+,54CTC NI C*TFY*%2) +
CSA)R(GSC*CTO*CFG*RTG*COL-STU¥CFO®RTC* S50 +.5%STO*CFQ*DP*SC*TF(+*2)

I 1%,5) =9

ALi543)=SA0* ((-CSA*STE*SFG+SSI*CFO)*RTI*CGI-CTO*SFI*TO*SGL+,5¢
CETIrSERLOPRGCETFO*%2) S ICOL(153,€)=9 3

A(L5,7) =(CA0*STG-SAQ*CTG*CFJ) *(OP*GCTTF O~ S5*0K*RHIPSSHYTG T=0*42)

T (15, 7) =1L

' A(15,3) =PPC*SLO ¢ ICOL(15,3)=15
i ACL591) =(=eS*IK*RUO*TF (>*2+4GC) *CADB*CT *SFO S ICH.(15,1)=1
i Al16542)=~SAL® (RTG-CHA* (CSA*STI*SFI-CESC CES)+RTO*SGI*STY*SFi~.5%0P*
! CGEETENCRIXCTA*SEQ) 5 ICOL(1R,2)=3 g
I A(1553)=-CAI*(RTI*COO* (SSCESTO*SF U4 CSC*CFQ)) $ I20.(16,3)=7
! ACLB 4 ) =CAS® (RTT*CGL* (CTI*CTA*SFO) -RTT*SGO*“STC*SFG+.5"DO>*GC *TF**2
| CE*STO2TFQ) $ ICCL(16,4)=8
ACL6,5)=CLO* (2T 0+CGC*(CSC*STU*CFO+SSC*SFO) +RTG*SGE*STI*CFa~,5*0pP*
CORorTFO*¥2%CTG2CEQ) 2 ICOL(16,5)=9

! 8(15,0) =2CAS*(-NP*GCATEC*GII*SFO+ S*OKPPHOYVTG®GCET=E%*2*CTOXSFO)
TR (LE,R) =14

j | A(1Bs7Y ==1, T ICOLI16,7) =16
! A(1741)==PPOR52/ (2 RYT(*%2) ~DP+*28TF(#32/2 ,4YTORTE]828 0PN A IHO*
er=3 5. TCOL(17,1)=8

| A(L7,2) ==NO3s2¢yTQ>TECAVTA*TFO**2*0P*IKIRHO*VYTG £ ICOL(17,42)=1h

§ ACL7T52) =-1, 3 OICOL(17,2) =17
AC18,1)=-CAT*23%,%,8596/yTQ S ICOL(18,1)=2
ACL2,2)=CAT 235 .% ,0C321/VT9 $ ICOL(13,2)=b

' BCL3,2)=0ARY233.5(,C102-.C29%A0)/VTC t ICOL(13,3) =6
ACL3,3)=CACY (=GC=STO*SFL) /YTO 2 TCOL(13,H) =3
ACL3,5)=0A0% (3340 C*CFG)/VTO ¢ ICOL(LB,5)=9

| ACL3,5) =CAL®240.% (=o0 86D /VTG 3 INCL(13,6)=12

| Af13,7) =CAR*?3%,",1312/VT0 3 I°0L(18,7)=13
ACL3,3) ==1, § ICOL(12,8)=13

! A(19,1) =PPI*CLO -2 ICOL(19,1) =15

{ A(19,2) =-1, 2 I50L(19,2)=19

! A(20,1) =X0/2)2) $ ICOL(20,1)=16

14 3 AC?] ,2)==¢0*UN"TGAG/RD20 2 TCOL(25,2)=17

5 AC5,3) ==X0*)THI/RN2G ¢ ICOL(20,3)=18

| AC20,45) ==K3I%(5OUI=0TNS? HOMEGAY) /RN2G**2 2 I23L(20,y%) =10

i A(20,3) =-1, $ ICOL(20,%)=20

O Fig. 21. (Confinued) Elements of the A Matrix :
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BEST. AVAILABLE COPY

N(1) =-((286.%(3.80*SA0~-.858"A0*CA0+,0905*CA0-,0995%A0*SA0+2,325%A0
C»x28SA0))/VT0)*P(5)

BU2)=((+2L5,8) /UT0=(2.9%6=8.294%A0)* ((~=S/VTD)/(L.+(3.*E*S)/(PI*
CVTI))))I*P(h) =-,913%D(6) "

AT == ((286.*(-2.30*CAC-,368%A0*SA0+,0905%A0*CA2+.0305*SA0~2,325%
CAQ**2*CAQ))/VTO) *P(35) .

Bla)=((+1.2343,335%0A0)/VT0=-(.020642.833%AC)* ((=S/VT0)/(L.+(3.*E
C*S) /7 (OT*VT0)))) *P(L) +,102%P(6)

AU5) = (L. 47)ZUTO0=(=a220 ¢, 0717)*C(S/VTO0) /(14 (4*"*S)/(PI*VTO
n)))) *P(3) i 2

R(5)==((2.63=H,19*A0)/VT0-(=-.1063)*((-S/VT0)/(1.+(3.%E*S)/(PT*
CVTI))I)II®R(L)+,01276%PLE)

ﬂl!ﬁ):(.ﬁC?"f“TO.Uhl‘""2*.0526‘3*.0135)/(9"3*5.‘5”2)'P(2)
C+((=3,385%(=3.302“CA0=-,862*AJ*5A0+,0935%A)*CA0+,.0705%S40-2,325%A0
C2323CA0) 2 (L078h*S**3+,3°1A®S**24,835%S+,27F6H)/(S**3+30,%5%*2))
C/YT0)*2(5)

A(L1)=1.*P(3)

R(12)=(.0012°S+,207%).7(.3*St1,)*P(3)

BlL3)=(((~(1,11*S+.555)/S)/YT3) + " ((,013-,037%A0)*S+(,007-,019*AQ0))
C/S)*((=S/VTO)Z(1.+(3,%E*S) 7 (PI*VIQ)) NI *P () +((.076*5+4,002)75)*P(6)

Fig. 23. Elements of the B Matrix (Basic F-15)

.

"\

ML) ==((286.,7*(3,80*S40-,863*A0*CA0+.0305*CA0=,0005*A0*SAN+2,325%A0
C*%24SA0)) /VT0) P (5)

B(25=((+2065.8) /VTD=(2,946=8,290%A0)* ((=S/VT0) /(1. +(3,3E*S)/(PT*
CVTI))))I*P(4) =, 913%P(5H)

N(3)==((2865.%(-3,30%CA0~,568*A0*SA0+,0905%A0*CAD+,0I065*SA0-2,325%
FAY“®2¢CAT})/VTO)*P(35)

B(5)=((+1,29+3,335%A0) /VT0-(.0206+42,833%A0)* ((~S/VTC)/(1.+(3.%E.
C*S)/(PTI*YT0))) ) *P(4) +.102*P(6)

AU5) 2 ((+1.47)/VT0=(=4220 ¢, CTL7)*((S/VTO) /(Lo + (U *E25) /7 (PL*VTO
€)X )*P(5)

D(5) =2 (24636419440 /VTO=(=41063)* ((=S/VIG)/(Lov(3,4E%S) 7 (PL*
CVTG))) )P () +,01276%P(H)
“B(10)=((=8,885% (~3.802%CA0=.358%A0*3A0+,00C5%A0%CAG+,0905%SA0
g;?.sgs‘ao--z'cnc)*(.0156‘5”2*.cu9'8*.2355)/(33.*%'*2*3'*3))/VTo

.O( ) .

W A(11)=1,4P(3)
B(12)=(.0019%S+,007%)/(.3%*S+1.)*P(3)
AEL3) = (((=(1.034S+.52)/S)/VT0+((4012=.C35%A0)*S+(.006=,017%A0))/S
CI*C(=S/VTO) /(1 o+ (3*E*S)/(PT#VTE)))) *2(4) +((o0033%S+,0019)75) *P(H)

Fig. 24. Elements of the B Matrix (Automatic Fire Control System)
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Joel Dana Walton was born in Dillon, Montana in September, 1944.
He enlisted in the U.S. Air Force in 1965 and spent one year as an air
traffic controller prior to attending college at the University of Arizona
through the Airman's Education and Commissioning Program. He graduated
with a B.S. degree in Aercnautical Engineering in January 1969 and then
attended Officers Training School (0TS). Upon graduation from QTS he

entered Undergraduate Pilot Training at Williams AFG, Arizona, and graduated

in June, 1970. After attending the Forward Air Controller (FAC) course at
Eglin AFB, Florida, he was reassigned to Pleiku AB, Vietnam, as a FAC in
the 0-2A aircraft. Upon his return to the states in November, 1971, nhe was
assigned to Fairchild AFB, Washingtoin, as a pilot in the B-52 aircraft.

He spent a four year tour as a pilot and instructor pilot prior to entering
the Air Force Institute of Technology in June, 1976.

Permanent.address: Box 123
Dawson Creek, B.C., Canada
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