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Preface

In searching for a thesis topic I found that there is
a great interest within the Air Force Flight Dynamics Lab-
oratory at Wright-Patterson AFB in the concept of self-
repairing flight control. This concept not only holds prom-
ise for a more efficient and cost effective fighting force,
but also has the potential for saving the lives of many
pilots. It is hoped that the results of this thesis can be
of use to the Flight Dynamics Laboratory in reaching the
goal of designing self-repairing flight control systems.

There are several people who deserve thanks for provid-
ing guidance, expertise, and their time in helping with this

(h thesis effort. These people include: my thesis reader,

Dr. Robert Calico, of the Air Force Institute of Technology:
Mr. Brian VanVliet of the AFTI/F-16 Program Office; Captain
Mike Masi of the Flight Dynamics Laboratory; and Lieutenant
Brian Mayhew of the Foreign Technology Division (a recent
graduate of the Air Force Institute of Technology). I would

especially like to thank my advisor, Dr. John D'Azzo, and my

sponsor, Mr. A. Finley Barfield, for the excellent help and
guidance they provided.
Finally, I would like to pay tribute to my family. My
wife, Tammi, supported me throughout the thesis effort and .{;w
spent many hours in helping to prepare the final draft. Our .

three month old son, Allen, has been a joy and has provided
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.. many happy diversions form the thesis work. I wish to

express my love and thanks to both of them.
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AFIT/GE/ENG/84D-28
Abstract

Two linearized models containing coupled aircraft
i equations are developed for the AFTI/F-16. The first is a
model of the healthy aircraft with all control surfaces
intact, and the second is a model of the aircraft with a

free-floating right horizontal tail and all other surfaces

| |

operational.
The multivariable design technique of Professor Brian
- Porter and the computer program MULTI are first used to
design control laws for the healthy model. The control laws
are tailored to perform seven maneuvers at four flight con-
i (‘- ditions. Maximum maneuvers are commanded to yield maximum
: control surface deflections.
The same control law designs are then applied to the
i model with a failed right horizontal tail, and the perfor-
mance is evaluated. Some maneuvers require modifications to
the designs or lowered maximum maneuver requirements to
avoid overshooting the deflection limits of the operational
control surfaces.

Simulation responses are presented for both the healthy
and failure aircraft models. Generally, when the right hor-
izontal tail fails, the left horizontal tail assumes primary
pitch control and the flaperons take over complete roll
control. The flaperons, rudder, and canards deflect to
counter the rolling and yawing moments produced by the left
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horizontal tail deflection.
l The design process used in the study is applicable to
other control surface failures. Recommendations are pre-

- sented for future study.
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MULTIVARIABLE CONTROL LAW DESIGN FOR THE AFTI/F-16

WITH A FAILED CONTROL SURFACE

I. Introduction

I-1. Background

In recent years much attention has been directed
towards the design of flight control laws which maintain
aircraft stability after a control surface failure. This
topic is of special interest to the Air Force because its
aircraft may be required to fly in hostile environments
where ground fire, air-to-air missiles, or other hazards may
damage control surfaces. More specifically, the Air Force
Flight Dynamics Laboratory at Wright-Patterson Air Force
Base has bequn a program which stresses the need for control
laws that can handle surface failures in future aircraft
designs.

The concept behind the flight Dynamics Laboratory's
program is called "self-repairing flight control". This
concept promises benefits to the Air Force by improving
safety for the pilots and by increasing aircraft availabil-
ity in wartime. With self-repairing control an aircraft
will be able to continue its primary mission, or take on a
secondary mission, even with damaged control surfaces or
failed actuators. Self-repairing control will greatly

reduce the need for field maintenance, and allow deferment
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of repair of minor damage. Self-repairing therefore
increases aircraft availability and increases the possible
number of sorties for each plane. Additionally, the concept
will reduce the cost of aircraft systems by reducing the
amount of hardware redundancy needed for safe flight
(13:141-~146).

As can be expected, self-repairing flight control is a
broad concept that involves several engineering disciplines.
Much work must be done in order to develop a self-repairing
flight control system that performs the following necessary
tasks. First, control surface failures must be detected and
isolated in some way so that the system knows which surface
has failed. Second, a way must be found to estimate the
extent of the damage or failure. For example, damage to a
surface can range from a small hole to complete destruction
of the surface. Severe damage may threaten the safety of
the pilot while slight damage may allow continuation of the
mission but with degraded aircraft performance. Third, the
flight control system must do something to minimize the
effects of the damage. The system must at least keep the
aircraft stable so that the pilot can fly back to friendly
territory. Finally, the system must somehow inform the
pilot of what has happened and what is the new status of the
system (13:147).

Before too much time, effort, and money are spent on
the first, second, and last tasks listed above, it is impor-

tant to ascertain that the aircraft is capable of handling
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control surface failures in the first place. Advanced

i - aircraft designs, such as the AFTI/F-16, have Control
Configured Vehicle (CCV) capabilities which enhance combat
effectiveness by allowing the aircraft to perform unconven-

. tional maneuvers such as fuselage pointing and translation. o

The maneuvers are accomplished by the use of additional
control surfaces, like canards, and by independent operation

of left and right elevators and ailerons. 1In this way

"

surfaces which previously could only affect longitudinal
movements can now affect lateral motions, and vice versa.

> With these CCV capabilities, other control surfaces can ';“$

o

apply the forces and moments needed for stability when one

"

surface is missing or damaged.

While CCV capabilties offer outstanding payoffs in -

»Y.
o~
9

combat effectiveness and survivability, design of flight

control laws for such aircraft becomes more difficult 3
i because of a large number of required feedback loops and the ,“%
multiple input/output nature of the problem. Design is
further complicated when considering the loss of a control Z;ﬁ:
surface because of cross-coupling between the longitudinal
and lateral aircraft equations. The multivariable, high-
gain, error actuated design technique of Professor Brian
Porter from the University of Salford, England, is of

interest to the Air Force Flight Dynamics Laboratory as a

technique for handling CCV designs. Professor Porter's

design method is outlined in Appendix A.
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I-2. Problem

Loss of a control surface may cause instability and
degraded performance in modern air superiority aircraft
unless the flight control system is designed to handle such
a change in the aircraft's configuration. The purpose of
this research is to present a technique for evaluating the
performance of an aircraft after a control surface failure

has occurred. Control laws are developed for a healthy

aircraft model using the Porter technique, and then new 1

control laws are designed, also using the Porter technique,

to provide maximum performance with a particular surface - 1

' 3

failure. B

I-3. Scope ]

el

‘. The control surface failure considered in this study is R

a free-floating right horizontal tail half. The failed
surface is assumed free-floating so that it does not create
forces and moments on the aircraft. Although this investi- T “1
gation is limited to one control surface failure, the ﬂ{;i
modeling and design procedures used can be applied to other '1;:
failed surfaces. :
Aircraft performance is evaluated at four flight
conditions: subsonic (0.6 Mach at 30,000 feet), transonic
(0.9 Mach at 20,000 feet), supersonic (1.6 Mach at 30,000 ; 3

feet), and landing approach (0.3 Mach at 30 feet). These

flight conditions are chosen because they sample a variety fl;h
of points in the aircraft's flight envelope. Seven - 4
3

4 e
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maneuvers are considered in this study for the evaluation of
aircraft performance. The maneuvers are: g-command, pitch
pointing, longitudinal translation, roll, sideforce, yaw

pointing, and lateral translation. These maneuvers are des-

cribed in detail in Chapter IV,

I-4. Assumptions

For most preliminary designs using linearized pertur-
bation equations the longitudinal and lateral equaticns of
motion are considered to be decoupled. However, in this
study the lateral and longitudinal equations are coupled
from the start because an unsymmetrical control surface
failure causes cross-coupling between the two sets of
equations.

The engine thrust model, discussed in Chapter II, is
assumed to be a first order lag and is included only to hold
the forward velocity constant during maneuvering. Although
two vertical canards are present on the AFTI/F-16, the
canards are considered to be one surface in order to simpli=-
fy the designs. The remaining assumptions are similar to
those used in a recent thesis by Mr. Finley Barfield (4:6)

and are listed below.

* The aircraft is a rigid body with constant mass.

* The atmosphere is fixed with respect to the earth.

* The earth's surface is an inertial reference frame.

* Linearization about an operating condition is valid
for preliminary aircraft models.

5
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* perodynamics are constant for Mach and altitude.

The constant mass assumption is valid because the
system responses occur over a relatively short period of
time. Thre rigid body assumption is valid as long as the
resulting design bandwidths sufficiently limit noise due to
structural interactions. The other assumptions greatly
simplify the design and are widely accepted in preliminary
design efforts. Further investigations can take into ac~
count the effects of noise and wind gusts, but these effects

are not considered in this study.

I-5. Approach

The AFTI/F-16 is chosen for this study because some
control laws for the healthy aircraft have been developed in
Barfield's thesis (4), and because most of the needed infor-
mation on the aircraft is readily available from the Flight
Dynamics Laboritory (l). Two linear models, one for the
healthy aircraft and one for the aircraft with a failed
right horizontal tail, are developed for the AFTI/F-16 and
placed in state space form.

Control laws are designed, using the Porter technique
and the computer program MULTI, for the healthy aircraft
model at the four flight conditions. The designs are
tailored to the maneuvers performed at each flight condi~-
tion. The designs are then applied to the failure model,
and the aircraft performance is evaluated. If necessary,

the control laws are redesigned to achieve optimal
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performance and to keep surface deflections within the

appropriate limits.

I-6. Overview

v
P
[ RV Y W L

Appendix A summarizes the theory of the multivariable

design technique of Professor Porter, and Appendix B lists
the equations used in developing the aircraft models. The
3 actual models used for each flight condition are given in
h: Appendix C which also presents data files used with the
computer program MULTI.

Chapter II begins with a description of the AFTI/F-16

aircraft and developes the healthy and failed models used in T
this study. Actuator and thrust models are also discussed

in Chapter II. Chapter I1I describes in detail the process

(‘- used in designing the control laws for this study, and T
Chapter IV describes the maneuvers considered. '

The simulation responses for the transonic flight A

condition are presented in Chapter V, and the simulation :;1

responses for the remaining flight conditions are given in
Appendix D. Chapter VI concludes the study with a general ﬁji

discussion of results and recommendations for future study. - -
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II. Aircraft Description and Models

I1-1. AFTI/F-16 Description

The AFTI (Advanced Fighter Technology Integration)/F-16
aircraft, shown in Figure 2-1, is an F-16A air superiority
fighter modified to be a testbed for evaluating new tech-
nologies (3:1). The modifications include: addition of
two vertical canards mounted on the engine inlet; modifica-
tions to the functions of existing control surfaces by
allowing independent motion of the trailing edge flaps and
independent motion of the horizontal tail halves; and
addition of a redundant, digital fly-by-wire flight control
system. The AFTI/F-16 is not an operational fighter, but
the technologies tested on it will be employed in the Air
Force's future Advanced Tactical Fighter (ATF) aircraft.

By design the unaugmented aircraft is statically un-

stable in the longitudinal axis for subsonic flight. This

Figure 2-1: The AFTI/F-16
Source: (1)
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.....................
A P N P Y T R P T P TP B A A O PR

| RN




AN PRI S Fht eIt Vet S I St e AR I SR v FElaten AAdh EUesatuiL i MM MG I e suy L T Lol RSV Mt i e acnl e eSult s ot adne

is because the center of gravity is located behind the

aerodynamic center of the aircraft. The instability, mani-

fested by an unstable short period root, allows the aircraft

to withstand higher load factors and reduces drag. Also,

the Dutch roll mode of the aircraft is lightly damped. It -

is the primary purpose of the flight control system to sta-

bilize the aircraft longitudinally and improve the Dutch

roll damping (4:29-31). B
Like other fighters in the Air Force inventory, the

AFTI/F-16 can perform conventional maneuvers, such as pitch-

ing longitudinally, rolling laterally, and turning with zero -
sideslip (coordinated turn). AFTI/F-16 pilots can also
command maneuvers that require decoupling of the aircraft's
(‘» forces and moments which cannot be commanded in conventional —
7 fighters, like pitch-pointing, yaw pointing, and lateral and
longitudinal translation. Conventional and decoupled E;:
maneuvers can be blended to give the AFTI/F-16 a versatile ;LQ
inventory of maneuvers.
The control surfaces used in maneuvering the aircraft
are shown in Figure 2-2. The surfaces that this thesis is

concerned with are shown in heavy black and include the left

and right horizontal tail halves, left and right flaperons,

the rudder, and the left and right canards. The horizontal
tail halves can deflect symmetrically as elevators to pitch
the aircraft, or deflect asymmetrically to augment rolling.
Similarly, the flaperons also have a dual function. They
can deflect symmetrically as flaps or asymmetrically as

- 9
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+8DF is defined as: Gfr down, 6f2 up
+8DT is defined as: 6er down, Ge2 up _
Figure 2-2: AFTI/F-16 Control Surfaces and Definition of
Positive Deflections _
Source: (1)
10
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ailerons for primary roll control (4:29). For the purposes
of this study, the canards are considered to be one surface
that provides sideforces on the aircraft. Actually, the
canards can also be used in a snowplow configuration as a
speed brake. The rudder is used for yawing as on conven-
tional aircraft. Fiqure 2-2 defines the positive direction
of surface deflections.

The AFTI/F-16's maneuvers are tailored to primary "“
mission tasks which are divided into four major configura-

tions of the flight control system. The first configuration

is the normal mode which is used for takeoff, cruise, land- e
ing, and air refueling. The second, air-to-air gunnery
mode, lets the pilot command precise pointing to targets and
(; evasive maneuvering. The air-to-surface gunnery mode, the ;;—4
third configuration, provides pointing for strafing ground
targets as well as evasive maneuvering for greater surviv-
ability. The last configuration of the flight control i
system, air-to-surface bombing mode, allows the pilot to o
precisely control the aircraft's velocity vector for accu-
rate bombing (3:4). This study investigates the design of
control laws for the air-to-air gunnery mode.
The many advanced technologies incorporated into the

AFTI/F-16 set it apart from conventional fighters. Lessons

learned through the use of the AFTI/F-16 testbed will aid

the Air Force in developing its next generation of fighter &Zt

&; aircraft.
p

- 11




II-2. Aircraft Models

Reference 4 is the main source of information for the
development of the aircraft model for this study. The
aircraft is modeled by a set of first order differential

equations in the state space form
x = Ax + Bu (2-1)

The state equations are derived from the aircraft equations
of motion which consist of forces at the center of gravity
(CG) and moments. The detailed derivations of the state
perturbation equations are given in Reference 4.

Equation (2-2) is the state space model for the healthy
aircraft, where the primed terms are dimensionalized deriva-
tives in the body axis. The equations used for calculating
the primed derivatives are listed in Appendix B. The body
axis reference frame is chosen for the design because all
accelerations and rates measured for feedback signals are
sensed in the body axis, and because pilots desire to com-
mand body accelerations and rates that they can feel (6:10).
Figure 2-3 defines the body axis as well as positive
directions of forces, moments, and angles.

For the healthy aircraft model of Equation (2-2) the
surfaces are defined as follows:

Get is the total elevator Where both horizontal tail

halves deflect symmetrically

Gft is the total flap where both flaperons deflect
symmetrically

ORI,
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o Source: (1) L
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1

8a is the combination of differential flaperon (§DF)
and differential tail (§DT) deflections

8r is the rudder deflection

8c is the total symmetrical canard deflection

The aileron deflection, §a, demonstrates that the dif-
ferential tail augments the flaperons in rolling the

aircraft. The equation governing the aileron deflection is
a = §DF + 0.25(8DT) (2-3)

where 0.25 is an arbitrary constant corresponding to the
reciprocal of a gain on the differential horizontal tail
actuators. If the constant is decreased the actuator gain
increases, which increases the contribution of the differ-
ential tail in rolling the aircraft. The reason for model-
ing the aileron in this way, and not splitting the flaperons
and tail, is due to a lack of necessary feedback signals.
This is discussed in detail in the next chapter.

Equation (2-4) is the model for the aircraft with a
failed right horizontal tail half. 1In this model the flap-
erons and tail are split with the control surfaces defined

as follows:

de, is the left elevator (left horizontal tail half)

L deflection

dfr is the right flaperon deflection

sz is the left flaperon deflection

§r is the rudder deflection

8§c 1is the total symmetrical canard deflection

15
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A simple model for engine thrust is included in both
j - the healthy aircraft and failure models to prevent the
aircraft velocity from bleeding off during maneuvers. It is

assumed that the thrust is aligned with the x-axis so that

I no moments are created, and that the engine response is
modeled by a simple first order lag, 1l/(s + 1). .‘
Table 2-1 lists thrust data for each of the flight 1;1
: conditions considered in this thesis. The dimensionalized - ?
derivative, XéT’ is calculated by subtracting the thrust i i
required to trim the aircraft from the maximum thrust avail- _ E
- able at a given flight condition, and then dividing by the ;ﬂwi
N mass of the aircraft. For example, at 0.9 Mach, 20,000 feet 1 51
?i Xgp = (16'5222?735932'6) g?ﬁggs - 19.254 feet/second? jfif
T —
The change in thrust, § T, is measured in pounds of thrust. ?f
| TABLE 2-1 MM
by Thrust Data .3 ;
! Flight Condition| Maximum Thrust Trim Thrust XéT -
ii (Mach/feet) (pounds) {pounds) (feet/secz)
;' 0.3 / 30 19,000 4,449.7 22.291
:4 0.6 / 30,000 9,000 2,110.7 10.555 : 14
Ei 0.9 / 20,000 16,500 3,932.6 19.254 ’ _£
A 1.6 / 30,000 20,500 15,780.8 7.230 R
» - -
l Source: (1) B
17 ‘E




I1-3. Output Vector

An output vector, y, must be added to the models of
Equations (2-2) and (2-4) in order to command maneuvers.
The output vector used in Reference 4 is also chosen for
this study because the vector elements are naturally com-
manded by the pilot when performing maneuvers, and because
all the outputs can either be accurately measured or easily
calculated from other measurements, which is necessary for
feedback signals. The three longitudinal outputs commanded
are forward velocity, pitch rate, and normal acceleration at
the pilot's station, and the three lateral outputs are yaw
rate, roll rate, and lateral acceleration at the pilot's
station. Six outputs are regquired since there are six
control element inputs in the aircraft models. Forward
velocity is chosen as an output because it is directly
affected by thrust.

The output vector is added to the state space aircraft
models with an output matrix, C, and a feed-forward matrix,

D. The aircraft models then take the form

X = Ax + Bu

Y = Cx + Du (2-5)

Because forward velocity, pitch rate, roll rate, and yaw
rate are already state variables, they are easily added to
the models by placing ones in the appropriate positions in
the C matrix. The normal and lateral accelerations, how-
ever, are linear combinations of state equations and require

18
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some derivation. Reference 4 is the source of information
&] for deriving the acceleration equations.

An expression for the acceleration along the z axis at

the center of gravity is found from the aircraft force

- equation -
X F = m(W + pV - qU -~ gcos8cos¢) (2-6)
: z

: CG
k: thus
[ F
i Zog .
» A = —— =W + pV - qU - gcosBcos¢ (2-7)

z m

é. CG

Equation (2-7) is written as a perturbation equation

(o A =20 +Z. +Zq+Zu+ (2 + (2 £ 2-8
Zeg o & * qq aY ( Get)éet ( éft)é & ( ) |
where j 
_ as _
Zu m Cz (2-9)
a
_ gSc -
Z& = 30m CZ. =0 (2=-10)
a
gqSc
A = -
Zq 2Um Cz (2-11)
q
4 & ]
. 2y = w0 G2 (2-12)

» u §
& z. =98¢ (2-13) ‘
Get m ZSe
" t o
- 19 i
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Zéf = C (2-14)

The two control surface derivatives, Zde and ng , are for
t

the healthy aircraft model. For the failed right elevator

model the control surface derivatives are Zde ' Zsf , and

L

Z where
sz

Z = 0.5 2 (2-15)
(2-16)

Equation (2-8) gives the acceleration in the z direc-
tion at the center of gravity, but the normal acceleration
at the pilot's station is desired. Normal acceleration is

in the minus z direction

A = - A (2-17)

and acceleration at the pilot's station is determined from

A = A —(2)(pr-<.q)-(2)(rq+é)
np nCG X Y

+ (2 (% + g¥)  (2-18)

where zx, ly, and zz are distances in the body axis from the

center of gravity to the pilot's station. Assuming small

MMM IS

values for ly and lz, and a small contribution from lateral
terms, Equation (2-18) reduces to

A = A + (zx)q (2-19)
P CG
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or, from Equation (2-17),

A = (g)q - A (2-20)
np X ZCG

Substituting Equation (2-8) and the state equation for

g into Equation (2-20), the normal acceleration at the

pilot's station is given by

Anp = (zxMé)e + szMl'1 - zu)u + (zxM& - Za)a
+ (zqu - Zq)q + (lstet - Zset)cet
+ (g‘XMéf‘_ - Zsft)‘sft + (zXMéc)ac (2-21)

where the primed terms are defined in Appendix B, and Ly is
equal to 13.95 feet for the AFTI/F-16. Similarly, for the

failed right elevator model
- 1 [ - "
Anp = (zxMe)e + (lxMu Zu)u + (2XMa Za)a

(MG = 2g)a + (R My, = Zgg )62,

(2 M, -2 Y8f_ + (R M. - 2 )8 £
X sfr Gfr r X sz Gft [3

+ (ExMéc)Gc (2=22)

The equation for the lateral acceleration at the

pilot's station is developed in a similar manner where

21
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Ay = AYCG (lx)(pq r) (zy)(p +r7)
+(lz)(qr - p)  (2-23)

can be reduced to

A = A + (R )é (2-24)

For the healthy aircraft model the lateral acceleration at

the pilot's station is given by

Ayp = (lxNé + YB)B + (szé + Yp)p + (lxNé + Yr)r
(2xNéa + YGa)Ga + (lxNér + YGr)Gr
+ (lxNéc + Yﬁc)sc (2-25)
and for the failed right elevator
Ayp = (ngé + YB)B + (lxNé + Yp)p + (szé + Yr)r

+ (R _N! + Y )6e, + (% N, + Y )8 £
X sez sez L X 6fr Gfr r

* (széfz * Ydfg)afl * (szér * YGr)Gr

+ (széc + Ysc)ac (2-26)

where the primed terms are defined in Appendix B, and the Y

derivatives are given by

- g8 -
v, =2 cys (2-27)
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y =38P, (2-28)

- 95b -
Yr 20m CY (2-29)
r
v, =B (2-30) =
Ysa
v, =B (2-31)
Ysr
v, = Bc (2-32)
Ysc
YGe = = 0.5 (0.25) Y6DT (2-33) T—“
1 .
str = 0.5 YGDF (2-34)
- Y., = -0.5¢Y (2-35) —_—
\e sz §DF )
Equations (2-21) and (2-25) are used to form the state T
space model of the output equation for the healthy aircraft -
= given by Equation (2-36). The output equation for the fail-
ed right elevator model is given by Equation (2-37) which
b contains Equations (2-22) and (2-26). -

f The output state equations include a feed-forward

5 matrix, D, but the design technique does not allow for the

feed-forward matrix. The D matrix is eliminated by includ- -
ing actuator states in the state space models. Reference 2
gives a fourth-order actuator model for all of the control

surfaces (2: A-19, A-20):
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(20.2) (144.8) (71.4) 2
(s + 20.2) (s + 144.8)[Sz‘+ 2(0.736) (71.4)s + 71.42] (2-38)

For this study, Equation (2-38) is approximated by a second-

order model:

(20) (72) (2-39)
(s + 20) (s + 72)

As shown in Figure 2-~4, the frequency response of the
second-order model agrees closely with that of the fourth-
order model for frequencies less than 50 radians/second.

In order to add just one state to the model for each
actuator, the simplified actuator model is split up with the
20/ (s + 20) portion included in the state space aircraft
model and the 72/ (s + 72) portion added to the model exter-
nally with the program MULTI. The new actuator inputs are
marked with a subscript, i, for "intermediate." Equation
(2-40) forms the new state space model for the healthy air-
craft. The new actuator inputs and an intermediate thrust
input have been added to the original models in order to
eliminate the feed-forward matrix. Equation (2-41) forms
the new model for the aircraft with a failed right elevator.

The next chapter discusses in detail the design proce-
dure using the two aircraft models developed here. Problems

encountered in the design process are also discussed.
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III1. Design Process

The aircraft models used in this study are developed in
% Chapter II. Equation (2-40) is the model for the healthy
aircraft, and Equation (2-41) is the model for the aircraft
with a failed right elevator. This chapter describes how
control laws are designed for the two models using the com-
puter program, MULTI. Appendix A outlines the theory behind
the design process, while this chapter describes in detail

the practical aspects of the design.

III-1. MULTI
Because the multivariable design method of Professor
Porter involves the manipulation of matrices and vectors, a

computer program can be a great aid to the designer. MULTI

-
®;

is an interactive program made up of approximately 70

numbered options that allow the user to perform a digital,

multivariable design (8:2). The program is currently

running on a CDC CYBER computer with the NOS operating
system. Writing of MULTI was begun by Douglas Porter in 1981
as part of his thesis research at the Air Force Institute of
Technology (10). Several other AFIT students have made

modifications and additions to the program, and improvements

RIS
e

are still being made.
The latest additions to MULTI were written by Major

Terry Courtheyn as part of his AFIT thesis requirements (5).

St T
P TPy W o

o
2

His additions include the formation of an open-loop transfer

)
P

]
P}
T ]

s a A g »

< function matrix and a conversion routine to change
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simulation responses from radians to degress. The unit
conversion routine is used extensively for the designs in
this thesis.

Reference 8 is the MULTI User's Manual which describes
the use of MULTI and all of its options; however, the
designer should be aware of subtle details that are not
discussed in the manual. These details are discussed later

in this chapter when needed.

III-2. Plant Zeros

For this study, the plant consists of either one of the
aircraft models (Equations (2-40) and (2-41)). Before the
plant is entered into MULTI the system zeros are checked for
the presence of decoupling zeros and the locations of
transmission zeros. The check is made by using another
interactive computer program called ZERO (7:85-136). If no
decoupling zeros are present, the system is completely con-
trollable and observable as required by the design method.
As discussed in Appendix A, the transmission zeros are not
altered by output feedback and must be located in a stable
region of the complex plane.

For the plants of this study the program ZERO indicates
that there are no decoupling zeros present; therefore, the
plants are cémpletely controllable and observable. However,
the system has four transmission zeros located at the
origin. Because the presence of four transmission zeros at

the origin implies the system is unstable regardless of

33
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output feedback, more discussion is required on this point.
As pointed out by Barfield (4:83-85), the four trans-

mission zeros are located at the origin because of assump-

tions made in forming the aircraft models. First it is

assumed that

T e

q =8 (3-1)

and

‘v—a"'

p =29 (3-2)

The two integrations implied by these equations account for

two of the transmission zeros at the origin. If g and p
were commanded with step functions, © and ¢ would ramp to
infinity, thus some of the system responses are unbounded
for bounded inputs. However, for any practical maneuver, g
and p are commanded with functions that resemble pulses
more than steps so that @ and ¢ reach steady-state values.
The remaining two transmission zeros are accounted for
by two other assumptions made in the model development. The
acceleration along the z axis at the center of gravity is
given by the same equation (Equation (2-8)) as the & state

equation. The normal acceleration at the pilot's station is

therefore equal to a linear combination of & and é. As with
the g and p inputs above, a bounded command of An can yield
unbounded responses for the a and g states. Simi?arly, the 25}
lateral acceleration at the pilot's station is a linear com-

bination of B and r, so if Ay is commanded by a step, the
P
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B and r responses ramp to infinity. 1In practice, though,
acceleration commands resemble pulses which yield steady-

state values for the other system responses.

I11-3. Entering Actuator Models into MULTI ﬁﬁ?

As discussed in Chapter II, a second-order model is

P

used for the control surface actuators. Part of the second-

order model is included in Equations (2-40) and (2-41) in

lan A el

order to avoid having a feed-forward matrix in the aircraft

models. The remaining portion of the actuator model is

implemented using MULTI Option #4 (8:6) and is external to
the plant.

MULTI Option #4 requires an external model for every -

control input. Because the first-order thrust model is
already included in the plant, a transfer function of -
1000/ (s + 1000) is used for the external thrust model for

Option #4. This external thrust model approximates unity.

The controllable and observable plant information and -
external actuator models are stored in data files for use by
MULTI Option #9 (8:7). The data files for this study are

listed in Appendix C.

III-4. Measurement Matrix

The plants used in this thesis are irregqular as de-
scribed in Appendix A. It is therefore necessary to feed
back the derivatives of certain states through a measurement
matrix, M. The measurement matrix should be chosen such
that its nonzero elements are as sparce as possible and so
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that FB, when formed, has full rank. The measurement matrix
is also required to yield stable transmission zeros for the ; !
system.

As mentioned in Chapter II it would have been desirable
to model the healthy aircraft with left and right differen-
tial tails and left and right flaperons rather than the

combinations used in Equation (2-40). It would have then

been possible to model a failed surface by eliminating that
surface from the state equations. Modeling in this way o
would greatly simplify the interperation of control surface ; L
responses when comparing healthy and failed aircraft f
simulations.

The problem in trying to model the healthy aircraft .: ;
with split tails and flaperons is that there are not enough ;“f
independent feedback sources in the plant. The healthy
model would have required seven inputs and seven outputs,
and CB would have had a rank deficiency of five. The <y
measurement matrix would then be required to feed back five
independent derivatives of states. Because the lateral
acceleration, L — is a linear combination of the a and g
equations, ; andpé cannot be fed back together through M. 134
Similarly, because AY is included in the output vector, é
and ; cannot be fed back together. Also, because 6 and ¢

are dependent on q and p respectively, 8 and ¢ cannot be fed

back through M. With these limitations, only four independ- S

.““/' ,'.'/‘...

ent derivatives of states are available to be fed back
through M instead of the required five. -
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Modeling the healthy aircraft as in Equation (2-40)
reduces the number of inputs and outputs by one, and the
rank deficiency of CB is four. Keeping in mind the limita-
tions described above, the four derivatives fed back through
M are G, é, é, and é. These derivatives are easily measured
or calculated from aircraft sensor output signals. The same
derivatives are also fed back for the failed right elevator

model. The measurement matrix used with both the healthy

and failed aircraft models is

0 0.1 0 0 0 0 0 0 ,

0 0 0 0 0 0 0 0

0 0 0 0.1 0 0 0 0 -
M = (3-3) -

0 0 0 0 0 0 0 0 .

0 0 0 0 0 0 0.25 0 -

0 0 0 0 0 0 0 0.25
The choices of the nonzero values are somewhat arbitrary, e

but the values are less than one in order to avoid large
gains in K, and K, which may cause instabilities. Also, the
locations of the transmission zeros due to the measurement
matrix are approximately equal to minus the reciprocal of
the matrix elements. From Equation (3-3), two transmission
zeros are added near -10, and two more are added near -4 on

the real axis.

11I-5. Design Parameters

Appendix A describes the formation of the gain - -
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matrices, K, and K

r] measurement matrix, M, and the design parameters, a, L, and

1’ for an irregqular plant. After the [{g

,} €, have been entered into MULTI, the program calculates the :§£$
gain matrices. There are no rules that tell how to choose f}hJ
any of the design parameters. The design of control laws
reduces to a trial and error process; however, the design
steps discussed below help speed up the process.

Because the longitudinal and lateral equations of the
healthy aircraft model (Equation (2-40)) are coupled only by
the M&c term, which always has a small value, the equations

are considered to be decoupled for purposes of choosing -

design parameters. The designs of Reference 4 were achieved

for separate longitudinal and lateral aircraft models.

‘; Since the healthy aircraft model in this thesis is essen- —

A}
lala

< tially decoupled, the design parameters used in Reference 4

PRLINLISL IS

are used as starting points for the designs of this thesis. -

.. . oe
. .
T oo
' B
5 .
PR PN
S o

- When designing a control law for a longitudinal maneuver,

.
PN

.
the 0 values (elements of the diagonal weighting matrix, I) ’1ﬁ
o

-.‘ 1

corresponding to lateral quantities are held constant, while o

0 values corresponding to longitudinal quantities are varied
with successive trials. Similarly, when designing for lat-
eral maneuvers, longitudinal 0's are held constant while ffi
lateral O's are varied. el

- For preliminary design trails the ratio of proportional

2 to integral control, &, and the weighting matrix multiplier,

€, are set to one while the diagonal weighting matrix

elements are varied. The 0 values are adjusted so that the

% 38
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system is stable and the corresponding elements of the
output vector, y, closely follow the input commands.

If satisfactory responses cannot be achieved by chang-
ing the elements of [ alone, a is varied while holding the
other design parameters constant. Increasing the value of a
tends to shorten the settling time of the system responses.
Originally, the a parameter in MULTI was implimented as
the reciprocal of the definition in Appendix A, which meant
that the proportional gains, 50, were changed while the
integral gains, 51, were held constant. It is desired,
however, to hold 50 constant while varying 51; therefore,
the MULTI program has been modified to do this.

During the design process the weighting matrix multi- E7Tj
plier, €, is useful for finding the maximum gain values that —
still permit stable operation. It is normally set back to
one, with the o's adjusted accordingly, for the final

designs. —

III-6. Design Simulation

PUEDS PP

Each design iteration is checked with the simulation
routine in MULTI. Before a simulation can be run an input -
command vector, v, must be supplied to MULTI. The elements

of the input command vector are the same as those of the

s 4A iaa "- . ‘L“ 4.4 'A -

output vector, y; therefore, -

r 49, A r Po r}T (3=-2) .J

v = {u, A R
n Yp “":

p

The command inputs can be either ramp or step commands but

39 R
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cannot be left floating. Because each element of v must be
commanded, some calculations are necessary when performing
certain maneuvers. The maneuvers considered in this study
are described in the next chapter along with the development
of the corresponding command vectors.

It is extremely important that any control law design
results in stable system responses. It would have been
faster and less costly in computer time to check the closed-
loop transfer functions of the system responses for stabil-
ity before running a simulation; however, the factoring
routine in MULTI Option #6 (8:6) becomes error prone when
transfer functions are creater than fifth order. Large
systems, like the ones in this study, may in fact be stable
even though Option #6 indicates poles in the far right half
plane. It is suggested that the problem be corrected in a
future research effort.

After running a simulation on MULTI, stability is first
checked by examining the figures of merit of the output re-
sponses. Large peak values in the figures of merit usually
indicate an unstable system. Attempting to plot an unstable
response with a MULTI plotting routine may lead to a fatal
error and loss of data due to an arithmetic overflow. 1If
the peak values are close to the commanded steady state
values, the system may be stable. The time responses of the
system's states and outputs are then plotted for the time
interval desired and checked for diverging ramps or oscilla-

tions. It may be necessary to increase the time interval

40
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and rerun the simulation to ensure that instabilities do not

become evident after a longer period of time.

I11-7. Final Designs

The trial and error design process ends when desirable
system responses are achieved. Desirable responses are

those the that reach a steady state value quickly without an

excessive overshoot and are free of oscillations. Control

surface responses must remain within the rate and maximum S

deflection limits shown in Table 3-1. To avoid exceeding

the rate limits the input commands are ramped to steady

state values rather than stepped. The duration of the ramp o
is determined by examining the control surface responses.

The ramp time is increased until all the surface responses

are within their respective rate limits. .

When an acceptable control law is finally achieved for E»ti
a maneuver using the healthy aircraft model, the same design é;g;
parameters are tried for the same maneuver and flight condi- jﬁj

tion using the failed right elevator model of Equation
{2-41). New gain matrices are calculated because the
control surfaces are represented differently in the failure .

model than in the healthy aircraft model. Changing the

. '
Lo e
PRI
PP P ST §

gains implies that the aircraft must be able to detect a
failure and then reconfigure the flight control system

accordingly. If the new gains result in unacceptable re-

.
[
AR
alat s ot ea

sponses for the failed system, the design parameters are ot

oo 4

varied until acceptable responses are finally achieved. 1If - .-

2k
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o
AR Table 3-1
n V Surface Position and Rate Limits -
o Position Limit No Load Rate Limit o
v Surface (degrees) (degrees/second) Rt
- <
F Elevators t 25 60 )
Flaperons x 20 52 1
: Rudder * 30 120 o
F Canards t 27 100 B
E' R
ﬁ Source: (4:93) A
L
control surface limits are exceeded, it may be necessary to ;;]
redefine the maximum maneuvers that the aircraft can perform Z-:;'.,f:j
with the failed surface. 'j:vf.'-‘-j-\'j
(o The next chapter describes in detail the maneuvers s
. 9
= considered in this study. j
ol
- 4
p
it:;:ﬂ




I SN S S R A I S - b e I AR AP D A A AR ARl SR Ty L .Y ey

3 S

IV. Maneuvers

Chapter III discusses the design method used in
developing control laws for the aircraft. Each control law
is tailored for a specific maneuver at a specific flight
condition. This chapter describes the maneuvers considered
in this study and discusses the development of a command

vector, v, for each maneuver.

IV-1. Longitudinal Maneuvers

The three longitudinal maneuvers considered in this
thesis are: g-command (constant-g pullup), pitch pointing,
and longitudinal translation.

The g-command, or constant-g pullup, maneuver is used
to climb from wings level flight. The pilot commands a
constant normal acceleration that he feels with his body,
and the aircraft pitches and climbs while generating the
constant acceleration. The flight path angle, Y, changes as
the pitch angle and angle of attack change, and is governed

by the equation
Y = 9 - (4_1)

The command vector, v, for the g-command maneuver in-
cludes a step command on An in order to achieve a constant
normal acceleration at the gilot's station. Because none of
the elements of v can be left floating, the pitch rate, q,
must also be commanded with a step. The magnitude of the

step is developed as follows (4:107). For trimmed, wings
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level flight Equation (2-7) can be written as
Az = ay - qU (4-2)
CG

Substituting Equation (4-2) into Equations (2-17) and (2-19)

Anp = qU - aU + (lx)q (4-3)

For constant acceleration and pitch rate commands, the value

; of a reaches a constant and thus & and q equal zero:;
therefore
- 1 g ; -
) An {(g) = [U (ft/sec)] 32.2 fi/sec| ¢ (radian/sec) (4-4) e
) p
' The magnitude of the step command on g is then given by . f]
T
32.2
qa =5 A, (4-5)
] .- p it |
. (¢ T
A step command on A, and q implies mathematically that ]
P .
the commands are applied for infinite time. For a practical i
i maneuver, the commands are cut off after a finite time; -1
- 1
therefore, the simulation responses are observed for only a ;
x few seconds. R
;» As with the rest of the maneuvers in this study, the
B change in forward velocity, u, is commanded to zero. Also, :
when performing a longitudinal maneuver, the lateral g
;‘ elements of v are commanded to zero. »
. L
o Although not attempted in this study, the g-command ]
3: maneuver can be combined with the roll maneuver, discussed )
. later, to perform a coordinated turn. The pilot still )
P - 4
- commands a constant normal acceleration, but the direction -
= ;
J L
- lg
e R R i T R G



of the acceleration is at an angle equal to the roll angle
with respect to a flat earth reference frame.

The pitch pointing maneuver is used to precisely aim
the fuselage of the aircraft longitudinally at a target.
The maneuver gives the pilot a great advantage in air-to-air
combat. When performing a pitch pointing maneuver, the air-
craft pitches without changing its flight path angle. From
Equation (4-1) the angle of attack must be equal to the
pitch angle. Also, for a pitch pointing maneuver, no normal

acceleration is developed.

It is desirable to command pitch angle to demonstrate a
pitch pointing maneuver; however, pitch rate, g, is an
element of the command vector and 8 is not. The pitch rate

is therefore commanded with a pulse. The integral, or area, -

of the pulse determines the pitch angle commanded. All

aa s

other elements of v are commanded to zero.

Like the g-command maneuver, pitch pointing can also be

combined with a roll maneuver. This combination is wvaluable

o

for air-to-air combat, but is not attempted in this thesis.

It is suggested, though, that the combination of maneuvers
be investigated in future research.

The longitudinal translation maneuver involves the
development of a constant normal velocity without changing

the aircraft's pitch angle. The flight path angle does S

.
(P GIPY

change and, for wings level flight, is equal to the change

v
A
IR

in angle of attack. The longitudinal translation maneuver

is useful in air-to-air combat and air refueling.

. - -J
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In order to command a constant normal velocity, the
normal acceleration, An r is commanded with a pulse. The
integral of the pulse determines the steady state value of
the normal velocity. The other elements of v are commanded

to zero.

IV-2. Lateral Maneuvers

Four lateral maneuvers are considered in this study.
They are: roll, sideforce (flat turn), yaw pointing, and
lateral translation.

The roll maneuver involves developing a roll rate about
the aircraft's velocity vector without accelerating lateral=~-
ly or normally and without changing the fight path angle.
The reason for rolling about the velocity vector and not the
aircraft's x axis is due to the modeling of the aircraft in
the body reference frame (4:36). At high angles of attack,
rolling about the x axis results in large sideslip angles.

In order to properly command a roll about the velocity
vector, two problems arise. The first problem involves
commanding sideslip, 8 , to zero, when it is not an element
of the command vector, and, at the same time, commanding yaw
rate, r, to the proper value. As developed in Reference 4,
an estimate for sideslip rate is derived from the y axis
force equation

F = m(Q + Ur ~ pW) - gm cos®sin¢ (4-6)
Yce

Rearranging Equation (4-6) and dividing by mass, m,
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F
Yei
m

= U(B + r - pa - 2 cosesing) (4-7)
Solving for B and inserting Equation (2-24)

Ty A
U U

-~ r + pa + % cosf sind (4-8)

For constant roll rates, r is zero. The equation that
approximates sideslip rate is finally written by neglecting
the gravity terms in Equation (4-8)

A
y

3 = P _ -
B8 i r + pag (4-9)
The lateral acceleration in Equation (4-9) is commanded to
zero; therefore, for the roll maneuver Equation (4-9)

becomes
B = pGT - r (4~-10)

To overcome the problem of commanding 8 to zero, the command

and output vectors for the aircraft models are changed to

T

v=y={u A ,q A, , P (r-rpag)l (4-11)

p Yp

The output matrix, C, in Equation (2-40) then becomes the
matrix in Equation (4-12). A similar change is made for the

output matrix in Equation (2-41). By then commanding
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(r - paT) to zero, B, and therefore B, is commanded to zero
also. The roll rate, p, is commanded with a pulse so that
the steady-state roll angle is equal to the integral of the

pulse.

€= (4-12)

The second problem stems from neglecting the gravity
terms in Equation (4-8). If the steady-state roll angle is
less than ten degrees, the approximation is valid, but for
large roll angles a change in the model is required. As the
aircraft rolls, the direction of gravity changes with
respect to the aircraft body axis. In order to maintain a
constant altitude, the normal and lateral accelerations must
combine to cancel gravity. Unfortunately, to command the
accelerations properly requires sinusoidal inputs to the
command vector. At this time, MULTI does not allow for
sinusoidal commands. To overcome this problem, the Y$ term
in the aircraft models (Equations (2-40) and (2-41)) is

replaced by zero. By doing this, the lateral equations in

the models do not include a roll angle term; therefore, the
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orientation of the gravity vector is not taken into account
ii when rolling the aircraft. With this change, acceptable
roll maneuver responses are achieved.

The sideforce (flat turn) maneuver is used for changing
i. the heading angle of the aircraft without developing a roll
angle or sideslip. To command the maneuver, the lateral ac-
celeration is commanded with a step function. The yaw rate,
*: r, is also commanded with a step function, but a with magni-
| tude determined by the acceleration command and aircraft
velocity. The equation governing the r command magnitude is
developed from Equation (4-9). Assuming that no sideslip or
roll angle is generated with the maneuver, é and p are set

to zero and Equation (4-9) becomes

r = —/—— A (4-13)

where the proper unit conversion is included as in Equation

(4-4). The command vector for the sideforce maneuver con-
sists of step commands on lateral acceleration and yaw rate,
and the remaining vector elements are commanded to zero.

The yaw pointing maneuver is similar to pitch pointing, - .4
but in the lateral direction. Yaw pointing is used to aim 1;;?
the fuselage laterally at a target without rolling or accel- ?ﬁﬂ
erating laterally. Equation (4-9) is used in forming the - 1
command vector for this maneuver. By commanding the lateral

acceleration and roll rate to zero, Equation (4-9) reduces

to




B= -r (4-14)

A desired sideslip angle, or pointing angle for this
maneuver, can be developed by commanding r with a pulse of
the opposite sign. The command vector for the yaw pointing
maneuver therefore consists of a pulse on r and zero com-
mands on the other vector elements. The area of the pulse
on r determines the pointing angle commanded.

Lateral translation is similar to longitudinal trans-
lation, but in the lateral direction. When commanding this
maneuver, it is desired to develop a constant lateral
velocity without rolling or yawing. To perform the maneu-
ver, the lateral acceleration is commanded with a pulse.
The integral of the pulse approximates the lateral velocity
developed. The other elements of the command vector are set
to zero.

Table 4-1 summarizes the command vectors for the
maneuvers considered in this study.

The next chapter discusses the simulation responses of
the maneuvers described in this chapter at the four flight

conditions.
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Table 4-1

Maneuver Commands

COMMAND VECTOR ELEMENTS
Longitudinal Lateral
Maneuvers u An q A p r
Y
P P
G-Command 0 step 3%43 An 0 0 0
(Constant-G P
Pullup)
Pitch 0 0 pulse 0 0 0
Pointing
Longitudinal 0 pulse 0 0 0 0
Translation
1
*
Roll About 0 0 0 0 pulse 0
Velocity A
Vector Ny
Sideforce 0 0 0 step 0 2%42 A 0]
s (Flat Turn) Yp -
(. Y
Yaw Pointing 0 0 0 0 0 pulse o
Lateral 0 0 0 pulse 0 0
Translation
=9
» Y
Actually commanding r - pPaq for roll maneuver. -
. e
]
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V. Design Responses

This chapter presents the simulation responses for the
control laws developed in this thesis. Chapter III des-
cribes in detail the process used in designing the control
laws, and Chapter IV discusses the maneuvers considered.
Appendix C lists the data used in the aircraft models for
each flight condition. The four flight conditions consider-
ed in this study are: transonic flight (0.9 Mach at 20,000
feet), subsonic flight (0.6 Mach at 30,000 feet), supersonic
flight (1.6 Mach at 30,000 feet), and landing approach (0.3
Mach at 30 feet). This chapter lists the resonses for the
transonic flight condition only. The simulation responses
for the remaining three flight conditions are presented in
Appendix D.

The main concern for this study is that the control
surface responses are within the rate and angular deflection

limits listed in Table 3-1 for both the healthy and failed

right elevator models. The command vector elements, listed

in Table 4-1, are therefore commanded with magnitudes that
yield maximum control surface deflections in order to deter-
mine the maximum capabilities of the aircraft. 1In some
cases large roll and pitch angles are generated which con-
tradict the small angle assumptions made when developing the
aircraft perturbation equations. Although this invalidates
the linear aircraft models, a general idea of the control

surface deflections needed to perform the maneuvers is
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obtained. The commanded magnitudes are decreased from the
maximum values if a large angle of attack or sideslip is
generated.

For each of the flight conditions, when simulating a
longitudinal maneuver the elements of the diagonal weighting
matrix I corresponding to lateral quantities are set to the
values used in the sideforce maneuver design. Similarly,
when simulating a lateral maneuver the elements of L corre-
sponding to longitudinal quantities are set to the values
used in the g-command maneuver design. This is done because
all elements of I affect the gain matrices K, and K; and
because the sideforce and g-command maneuvers are conven-
tional maneuvers.

This chapter is divided into seven sections correspond
ing to each maneuver at the transonic flight condition.

Each section includes tables that list the design parameters
and simulation response plots generated with the program
MULTI. Appendix D is organized in a similar manner.

Air-to-air combat often begins in the transonic region
of the flight envelope. Because of this, the transonic
flight condition (0.9 Mach at 20,000 feet) is an important
condition for demonstrating the maneuverability of the
aircraft. Because of a relatively high dynamic pressure
(§ = 552 1bs/ft?) at this flight condition, the control sur-
faces are extremely effective in maneuvering the aircraft,

and designs at this flight condition are fairly easy.

-
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V-1. G-Command Maneuver

[

».' . .

F' : Tables 5-1 and 5-2 list the design parameters for the
1

. g-command maneuver for the healthy and failed right elevator
:b models. As shown in the tables, the same design parameters,

ﬁi a, £, and €, are used for both aircraft models.

[ Figures 5-1 through 5-7 show the simulation responses

[ for the g-command maneuver. For this maneuver the healthy

:: aircraft longitudinal responses change very little when the
! right horizontal tail fails. Also, the healthy aircraft

o lateral responses are zero and are very small with the

o failed model. For these reasons Figures 5-1 through 5-3

give simulation responses for both the healthy and failed

aircraft models.

a4
MRS

G; The maximum normal acceleration commanded (9g) is
' limited by the flaperon deflection, as shown in Figures 5-4
:i and 5-5. A comparison of Figures 5-4 and 5-5 shows that,

for the failure case, the left elevator deflects approxi-

mately twice the amount required when both tail halves are

working. Figure 5-5 indicates that the flaperon deflection

is slightly asymmetric for the failure case. This asymmetry

. compensates for the rolling moment created by the left _-’
= elevator deflection. Also, Figure 5-7 shows that the rudder D
: and canard compensate for the adverse yaw caused by a '75%
T

difference in drag between the left and right halves of the

aircraft.




Table 5-1

G-Command: Healthy Model, 0.9 Mach at 20,000 Feet

Sampling Time: T = 0.02 second

@ = 1.0
€ = 1.0
L = diag {2.0, 0.1, 2.35, 1.0, 2.3, 1.0}
— —
0.0 -0.2267E-03 ~0.3534E-01 =-0.1370E-02 0.5821E-04 0.1407E-02
0.0 0.8425g-03 ~-0.5018E-01 0.8348E-03 ~0.3546E-04 -0.8572E-03
K 0.0 0.0 0.0 0.6581E-02 -0.7018E-02 <-0.1200E-01
=0 - 0.0 0.0 0.0 0.2548E-01 0.1858g-02 -0.5830E-01
0.0 0.0 0.0 0.2794E-01 <-0.1187E-02 =-0.2870E-01
0.1039E+01 =0.1555E-02 0.1944E+00 0.8464E-03 -0.3595E-04 =-0.8691E-03
— —
K =
Ky =X
-
Input Ramp Time: 0.4 second
Command Vector: "j
u = 0.0 o
An = 9,0 g (step) e
p ==
q = 0.3105 radian/second (step) SRR
AY = 0.0 el
p = 0.0 B
-—
r = 0.0 o
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- Table 5-2

G-Command: Failed Model, 0.9 Mach at 20,000 Feet

Sampling Time: T = 0.02 second

a = 1.0
€ = 1.0
L = diag {2.0, 0.1, 2.35, 1.0, 2.3, 1.0}
e - 4
0.0 -0.4529E-03 -0.7062E-01 -0.2750E~02 0.1285E-C3 C.2833E-02 :
0.0 0.7775E-03 -0.6031E-01 0.8910E-02 -0.9049E-02 -0.1590E-01 i
K 0.0 0.9072E~03 -0.4008E-01 =0.7235E-02 0.8970E-02 0.1417E-01
-0 0.0 -0.4018E-04 -0.6264E-02 0.2640E-01 0.6243E-03 -0.6018E-01
0.0 -0.4012E-05 ~-0.6256E-03 0.2804E-01 -0.1310E-02 -0.2888E-01
0.1039E+01 <-0.1554E-02 0.1946E+00 0.8576E-03 <-0.4007E-04 -0.8835E-03
— —
(o
K, = K
=1 " =0

Input Ramp Time: 0.4 second

Command Vector:

u = 0.0
A = 9.0 g (step)
g, o]
g = 0.3105 radian/second (step) 2l
SO
v\ -" .
A = 0.0 .:jf._ .
Yp B
P = 0.0
- r = 0.0
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Figure 5-1: 0.9M Healthy/Failed G-Command -- Flight Path
Angle, Pitch Angle, and Forward Velocity
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Figure 5-2: 0.9M Healthy/Failed G~Command -- Angle of
. Attack, Roll Angle, Sideslip Angle, and Yaw Rate
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Figure 5-5: 0.9M Failed G-Command -- Left Elevator and
Flaperon Deflections

59




rﬁ,_‘w-.‘-.....-..x....._ —— T TV AN PR I UL e e e e e Ste Jvan J0e e e
J
P_.

o
o
3
S8 o7
[
w
o
co
c:u
o]
o
>
’2]
Jo
©
o)
[ o]
._‘G
-0
~o
o
[+
z
g §a,8r,8c
%.cc v.cs 2.cc B v ce .CC e.cc 3.2 520
TTME. SECCNOS

Figure 5-6: 0.9M Healthy G-Command -- Aileron, Rudder, and
Canard Deflections and Thrust
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Figure 5-7: 0.9M Failed G-Command -- Rudder and Canard
Deflections and Thrust

60

LI - ;o . . o e e e A e N L e T TR .--'.-' . . NN
et e, RS P T e e e, Je e e ORI S ” - A U N SN
WRPLIENR PEPIPIPY SN PP PR S I I S S T Nt N S R TR IO, D S S e A A A A




T ——

s

Dl S i S A8 e B et M St Bt T ———— e —

V-2. Pitch Pointing Maneuver

Tables 5-3 and 5-4 give the design parameters for the
pitch pointing maneuver. As with the g-command maneuver the
design parameters a, L, and € are the same for the healthy
and failed models.

The simulation responses for the pitch pointing maneu-
ver are given in Figures 5-8 through 5-14. For the same
reasons discussed in the g-command maneuver section, Figures
5-8 through 5-10 give simulation responses for both the
healthy and failed aircraft models. The failure model
requires that the left elevator must deflect approximately
twice the angle of the healthy elevator deflection. Also,
for the failure model, the flaperons deflect asymmetrically
to counter the roll induced by the failed right horizontal

tail, and the rudder and canard deflect to compensate for

adverse yaw.
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Table 5-3 L

Pitch Pointing: Healthy Model, 0.9 Mach at 20,000 Feet

Sampling Time: T = 0.02 second

a = 2.0
h
€ = 1.0 B
o
L = diag (2.0, 3.0, 2.35, 1.0, 2.3, 1.0} ]
. 4
— — 1
0.0 -0.6B00E-02 ~-0.3534E-01 =-0.1370E-02 0.5821E-04 0.1407E-02 -
0.0 0.2527E-01 -0.5018E-01 0.834BE-03 ~0.3546E~-04 ~0.8572E-03 ;
K 0.0 0.0 0.0 0.6581E~02 ~-0,7018E-02 <0.1200E-01 :
=0 0.0 0.0 0.0 0.2548E-01 0.1858E-02 ~0.5B830E-01 ;;‘;ﬂ
0.0 0.0 0.0 0.2794E-01 ~-0.1187E-02 ~0.2870E-01 !.._J
0.1039E+01 -0.4666E-01 0.1944E+00 0.8464E-03 =-0.3595E-04 -0.8691E-03 j‘:
v . :.‘
— — e
0.0 -0.1360E-01 ~0.7068E-01 ~-0.2741E-02 0.1164E-03 0.2814E~02 - <
0.0 0.5055E-01 -0.1004E+00 0.1670E-02 =-0.7092E-04 -0.1714E-02 .
K 0.0 0.0 0.0 0.1316E-01 ~-0.1404E-01 -0.2400E-01
-1 0.0 6.0 0.0 0.5095E-01 0.3715E-02 =0.1166E+00
0.0 0.0 0.0 0.5589E-01 =0.2374E-02 =-0.5739E-01
0.2077E+01 =-0.9331E-01 0.3888E+00 0.1693E-02 =0.7190E-04 -0.173BE-02
Sp— e—

Input Ramp Time: 0.2 second

Command Vector: R
u = 0.0 e
A_ = 0.0 )
np o
= 0.03491 radian/second (1 second pulse)
Ay = 0.0
p
P = 0.0
r = 0.0
62
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Table 5-4 s

Pitch Pointing: Failed Model, 0.9 Mach at 20,000 Feet ——

Sampling Time: T = 0.02 second

a = 2,0
€ = 1.0 .
£ = diag {2.0, 3.0, 2.35, 1.0, 2.3, 1.0} S
[ —
0.0 -0.1359E-02 -0.7062E-01 =0.2750E-02 0.1285E=-03 0.2833E-02
0.0 0.2332g-01 -0.6031E-D1 0.8910E-02 -0.9049E-02 -0.1590E-01
K 0.0 0.2722E-01 =0.4008E-01 =0.7235E-02 0.8970E~02 0.1417E-01
=0 0.0 ~0.1205E-02 -0.6264E-02 0.2640E-01 0.6243E-03 -0.6018E-01 — e
0.0 ~0.1204E-03 -0.6256E-03 0.2904E-01 -0.1310E-02 =-0.2888E-01 .t
0.1039E+01 -0.4662E-01 0.1946E+00 0.8576E-03 -0.4007E-04 -0.8835E-03 s ﬁ‘:
o — RO
=
v p—— )
‘ o 0.0 ~0.2718E-01 ~0.1412E+00 ~0.5499E-02 0.2569E-03 0.5665E-02
0.0 0.4665E-01 =0.1206E+00 0.1782E-01 -0.1810E-01 -0.3179E-01
K 0.0 0.5443E-01 ~-0.8017E-01 -0.1447E-01 0.1794E-01 0.2834E-01 )
-1 0.0 -0.2411E-02 =-0.1253E-01 0.5280E-01  0.1249E-02 -0.1204E+00 B
0.0 -0.2407E-03 =-0.1251E=-02 0.5607E-01 =0.2620E-02 -0.5777E-01 -m-«
0.2077E+01 ~0.9324E-01 0.3892E+00 0.1715E-02 -0.8013E-04 =-0.1767E-02 [
| il “
4
Input Ramp Time: 0.2 second
: Command Vector: o
o8 u = 0.0 SR
= RS
A = 0.0 U
n ,
i P -
g = 0.03491 radian/second (1 second pulse)
L‘:- A = 0.0
< ¥p
P = 0.0

0.0
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V-3. Longitudinal Translation Maneuver
i - Tables 5-5 and 5-6 give the design parameters for the
v longitudinal translation maneuver. Once again the design
é parameters a, I, and € are the same for the healthy and
i failed models.
| The simulation responses for the longitudinal transla-

tion maneuver are given in Figures 5-15 through 5-21. As
: discussed in the g-command maneuver section Figures 5-15

through 5-17 give simulation responses for both the healthy

and failed aircraft models. The maximum longitudinal
; translation command of 0.9g for one second, which yields a
‘Q normal velocity of approximately 29 feet/second, is limited
; by the flaperon deflection.
i (o As with the previous two longitudinal maneuvers the :--:
- 7 failure model requires that the left elevator must deflect ) E
:E approximately twice the angle of the healthy elevator L;i;
i deflection. Also, for the failure model, the flaperons --1
;i deflect asymmetrically to counter the roll induced by the 2,1
Ei failed right horizontal tail, and the rudder and canard :k;
;i deflect to compensate for adverse yaw. ‘bj
= -
]
3 .
: =
- o
3 ]
';:j 68 0
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Table 5-5

Sampling Time: T = 0.02 second

= 1.0
€ =1.0
L = diag {2.0, 2.0, 2.35, 1.0, 2.3, 1.0}
]
—
0.0 -0.4533E-02 =0.3534E-01 ~0.1370E-02
0.0 0.1685E-01 =-0.501BE-01  0.8348E-03
0.0 0.0 0.0 0.6581E-02
K =
) =0 0.0 0.0 0.0 0.2548E-01
0.0 0.0 0.0 0.2794E-01
L:i.10392~o1 -0.3110E-01  0.1944E+00  0.8464E-03
-~

Input Ramp Time: 0.2 second

)
| Command Vector:
) u = 0.0

An = 0.9 g (1 second pulse)
4 P

q = 0.0

A = 0.0

Yp

p = 0.0
)
) S r = 0.0
: 69
)

-0.

-0.

-0.
~0.

.5821E-04

3546E-04
7018E~02

.1858E-02

1187E-02
3595E-04

-0.
-0.

=-0.

.1407E-02

-0.

.8691E-03

Longitudinal Translation: Healthy Model,
0.9 Mach at 20,000 Feet

8572E-03
1200E-01
5830E-01

2870E-01

—
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Table 5-6

! ' Longitudinal Translation: Failed Model,
0.9 Mach at 20,000 Feet

Sampling Time: T = 0.02 second

3
2|
0

1.0
; e = 1.0
£ = diag {2.0, 2.0, 2.35, 1.0, 2.3, 1.0}
0.0 -0.9059E-02 -0.7062E-01 =-0.2750E-02 0.1285E-03 0.28332~02_‘
0.0 0.1555E-01 -0.6031E-01 0.8910E-02 =-0.9049E-02 -0.1S5S%0E~01
K 0.0 0.1814E-01 -0.4008E-01 <-0.7235E-02 0.8970E-02 0.1417E~01
r -
’ =0 0.0 -0.8036E-03 -0.6264E-02 0.2640E-01 0.6243E-03 =-0.6018E~-01
. 0.0 -0.8025E-04 -0.6256E-03 0.2804E-01 -0.1310E-02 =-0.2888E-01
0.1039E+01 ~0.3108E-01 0.1946E+00 0.8576E-03 -0,4007E-04 -0.8835E-03
a4 \o
; K, =
_ K, = K,
g -
E Input Ramp Time: 0.2 second ‘
v Command Vector: ]
N u = 0.0
X An = 0.9 g (1 second pulse)
® P
. - -+
q = 0.0 _
g A, = 0.0 .
p O
P = 0.0 S
b'._' . r = 0.0 ) B
SRR AP
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V-4. Roll About Velocity Vector Maneuver

The roll maneuver requires some modifications to the
healthy and failure models. These modifications are dis-
cussed in Chapter IV and are included in Tables 5-7 and 5-8,
which give the design parameters &, L, and € for the roll
maneuver. The parameters are the same for the healthy and
failed models.

The simulation responses for the roll maneuver are
given in Figures 5-22 through 5-28. For this maneuver the
longitudinal responses are very small for both the healthy
and failure models. Also, the healthy aircraft lateral
responses change very little when the right horizontal tail
fails. For these reasons Figures 5-22 through 5-24 give
simulation responses for both the healthy and failed
aircraft models.

The roll rate commanded is limited to 308 degrees per
second for three seconds in order to avoid generating too
large a sideslip angle. The large roll rate command creates
a steady-state roll angle of approximately 1000 degrees
which corresponds to rolling the aircraft 2.8 times. This
large roll angle contradicts the small angle assumptions
made when developing the linear aircraft models; however,
approximations of the surface deflections required to obtain
the commanded roll rate are obtained. This maneuver should
be simulated with a full nonlinear model in the future.

The aileron deflection for the healthy aircraft (Figure

5-27) is less than the flaperon deflections for the failure

75
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case (Figure 5-26) because the aileron deflection includes a
contribution from the horizontal tail. When the right hori-
zontal tail fails the flaperons must deflect more to achieve
the commanded roll rate. The rudder and canard deflections

are unaffected by the failure of the right horizontal tail.
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Table 5-7

Roll About Velocity Vector: Healthy Model,
0.9 Mach at 20,000 Feet

Sampling Time: T = 0.02 second

1.0

el
]

€ =1.0

|l‘1
i

diag {2.0, 1.0, 2.35, 1.0, 1.0, 1.0}

r:o -0.2267E-03 =-0.3534E-01 -0.1370E-02 0.2531E-04 0.1407E-02
0.0 0.8425g-03 =-0.5018E-01 0.8348E-03 -~0.1542E-~04 -0.8572E-013
0.0 0.0 0.0 0.6581E-02 -0.3051E-02 -0.1200E-01
50 - 0.0 0.0 0.0 0.2548E-01 0.8077E-03 -0.5830E-01
0.0 0.0 0.0 0.2794E-01 -0.5161E-03 -0.2870E-01
0.1039E+01 =-0.1555E-02 0.1944E+00 0.8464E-03 -~0.1563E-04 <-0.8691E-03
b —
K, = K

Input Ramp Time: 0.4 second

Command Vector:

u 0.0

0.0

®
-
3
o]
]

= 0.0

.

0.0

——
>0
"

p = 5.376 radians/second (3 second pulse)
r-a, = 0.0
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Table 5-8

Roll About Velocity Vector: Failed Model, -
0.9 Mach at 20,000 Feet

Sampling Time: T = 0.02 second S
a = 1.0
e = 1.0
L = diag {2.0, 1.0, 2.35, 1.0, 1.0, 1.0}
0.0 -0,4529E-03 =-0.7062E-01 <~0.2750E-02 0.5585E-04 0.2833E~02
0.0 0.7775E=-03 <=0.6031E-01 0.8910E-02 -0.3934E-02 -0.1590E-01
K 0.0 0.9072E-03 -0.4008E-01 =-0.7235E-02 0.3900E-02 0.1417E-01 .
=0 0.0 -0.4018E-04 =0.6264E-02 0.2640E-01 0.2715E-03 -~0.6018E-01
0.0 -0.4012E-05 -0.6256E-03 0.2804E-01 -0.5695E-03 -0,2888E-01
0.1039E+01 -0.1554E-02 0.1946E+00 0.8576E-03 <-0.1742E-04 -0.8835E-03
te -
.
K, = K g
=1 7 20
.4<LO.

Input Ramp Time: 0.4 second

Command Vector:

u = 0.0

An = 0.0
P

q = 0.0

A = 0.0

Yp

P = 5.376 radians/second (3 second pulse)

r-a_ = 0,0
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V=-5. Sideforce (Flat Turn) Maneuver

Tables 5-9 and 5-10 give the design parameters a, L,
and ¢ for both the healthy and failed cases of the sideforce

maneuver. The same parameters are used for both cases.

Figures 5-29 through 5-35 present the simulation
responses for a 0.8g sideforce command. The maximum value
commanded is limited by the canard deflection. As with the
roll maneuver the healthy and failed longitudinal responses - 4
are very small, and the lateral responses change very little
when the right horizontal tail fails; therefore, Figures
5-29 through 5-31 give simulation responses for both the - :
healthy and failed models.

For this maneuver the horizontal tail is mainly used to

L

“ counter the longitudinal pitching moment produced by the ca-

nard deflection although it also contributes to roll control

'
PATSTeEYY

v

AR k AN
PP v e
PSSO SN VN PYar

for the healthy aircraft case. When the right horizontal
tail fails the left horizontal tail deflects approximately ;::,
twice the deflection of the healthy elevators. The flap-
erons deflect slightly asymmetrically to compensate for the
roll created by the failed right horizontal tail. The
rudder and canard deflections change only slightly for the

failure case.
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Table 5-9

I Sideforce Maneuver: Healthy Model, -
0.9 Mach at 20,000 Feet 1
Sampling Time: T = 0.02 second Q?ﬁ
| o
a = 1.0 T
€ = 1.0 ;
L = diag {2.0, 1.0, 2.35, 1.0, 2.3, 1.0}
>
P —
0.0 -0.2267E-03 <-0.3534E-01 -0.1370E-02 0.5821E-04 0.1407E=-02
0.0 0.8425g-03 -0.5018E-01 0.B348E-03 ~-0.3546E-04 -0.8572E-03
K _ 0.0 0.0 0.0 0.6581E-02 -0,7018E-02 -0,1200E-01 . E
) -0 0.0 0.0 0.0 0.2548E~01 0.1858E-02 -0,5830E-01 " :
0.0 0.0 0.0 0.2794E-01 =0.1187E-02 =-0.2870E-01 o :]
0.1039E+01 <-0.1555E-02 0.1944E+00 0.8464E-03 -0.3595E-04 -0.8691E-03 ~"~*
| | 8
o .
- 1
; K =%

R
| Input Ramp Time: 0.5 second -]
)

-4

Command Vector:
u = 0.0 -
AR
A_ = 0.0 .
J p o
: q = 0.0 e
- A = 0.8 g (step)
- Yp
N ) = 0.0
) -
r = 0.02760 radian/second (step) -
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Table 5-10
r] Sideforce Maneuver: Failed Model, -
0.9 Mach at 20,000 Feet |
3
. -4
.

Sampling Time: T = 0.02 second
. T
a 1.0 ‘

€ =1.,0

il

H a)
i

diag {2.0, 1.0, 2.35, 1.0, 2.3, 1.0}

.
] -0.4529E-03 -0.7062E-01 =~0.2750E-02 0.1285E-03 0.2833E-0;-T
.0 0.7775E-03 -0.6031E-01 0.8910E~02 -0.9049E-02 ~-0.1590E~Cl
0 0.9072E-03 -0.4008E-01 =-0.7235E-02 0.8970E-02 0.1417E-01
-0.4018E-04 -0.6264E-02 0.2640E~01 0.6243E-03 -0.6018E-01

0.0 -0.4012E-05 -0.6256E-03 0.2804E-01 -0.1310E-02 =-0.288BE-01

PRSP

0.1039E+01 -0.1554E-02 0.1946E+00 0.8576E~03 -0.4007E-04 =-0.8835E-03
e —_ .

TR T v R -
EERA M i3
g
o
il
o o
P

(& T
Ky = K ]
4
Input Ramp Time: 0.5 second )
Command Vector: ’
u = 0.0
An = 0.0
p 4
q = 0.0
A, = 0.8 g (step) A
y ._'.\_ T
p S
o) = 0.0 "J
r = 0.02760 radian/second (step) )
85
e e e e




- - YT T T T T T DRt S Seiies mod 2l ed el Sab sad ot B s B s I e

<4

c‘

STATLS
o (42

c co
\
D
-
[+
-
[*3

-C Ccu

w

BETA (OLF) « L ONG

e

‘¢.ce AT 5 ct g.°¢ R @ rc

s
33
<

ce 4.cc 5
T'ME. SLCCNGS

Figure 5-29: 0.9M Healthy/Failed Sideforce =-- Sideslip -
Angle, Pitch Angle, Angle of Attack, and Forward Velocity

3
PO P W

.0\ -
s
- ¢ ¥
S g
Lo 3
g l T
o ' N

P
P

C.C9

£ o

ROL1 cﬂ‘N'Gl t (BLG)

1
.

Let

‘c.cC V.ot 2.ce T 6.7C RET ° c¢

P v.cc 5, e
TIME. SECONGS e

Figure 5-30: 0.9M Healthy/Failed Sideforce =-- Roll Angle -
and Roll Rate ]

86

- D S S e Tt et et e el et et et e et s B L S S o
ER T T e e T e e e . D T T T T P
" R STt e, - L PN S S e

L e N T, 0T “ o D L AP M P e e e e e e e e e e e e e e e e s T e
PRI IR I LIRS IR R IR PR TR Dy T PRI Wi DA TG Ve S W W L L S L L S L R WD VW A AT VR WISV S |




— - et r————— e e
(=] -
e
Q -
(%] o
- r :
<
c-1
W)
#
o
32
ol Ay
x P
e
Cod
-
@
(&3
o
A v.L0 7.°C BT 4.cc BT 5.¢8 7.¢C 3.r¢
TIME. SECGONGS
Figure 5-31: 0.9M Healthy/Failed Sideforce -- Lateral
Acceleration and Yaw Rate
. )
R
87
RN e T S R T S D S S 0 G




3.ce «.CC 5.2C
TTME. SECONOS

o
(%]
» t
)
(=}
o]
&
2
v
o
© 8T
Co
z
=]
v
5
[
@
o
(58]
-
w4
)
4
r Se
feel
[~
3
c.cc 6.CC 7.%C . cC

Figure 5-32:

Deflections and Thrust

0.9M Healthy Sideforce -- Elevator and Flap

te.CC
h

6.CC

DLC!
4.C0

(

c.Co

Sfr

LY EVATOR « ElAPS
-‘AKCO

Gel

o cC

.ce T

3eC ¢.5C 5 68

"TME. SEMONDS

€ cC RS [

Bkt ientlh

Figure 5-33:

0.9M Failed Sideforce
Flaperon Deflections

88

-- Left Elevator and




- A > g e M R Cadia o R gt Lalnc Cadul e R Lg Al — i - :—_-
8 .
e, e
o '“.~
o
3 e
-0 ‘..' -
o
Gl §c e
ol Sr
w
&8
GI‘_,)“ -
ce
D
v
&8
5] Sa
=
e oL
= :
g .
“.cc v.ee z.c¢ 3.og 6.cc 5.6C §.°C i.cc s o o
TTME. SECONCS N
Figure 5-34: 0.9M Healthy Sideforce =-- Aileron, Rudder, and ——
Canard Deflections -
- e
@ -
8 -.-.‘-n
2. -
8
3
" K
g3 Sc '
To
=] Sr -
=]
e} -
o -
C ey A
—u] -
(72} S
« -
-8
w51 -
=‘ - -
2 .
r L.
- . -
8 8T S
%o rv.ce z.cC 3.eC a.cC 5.60 ce 7.0%¢ s.cC =
TIME. SECCNDS T
Figure 5-35: 0,.,9M Failed Sideforce -- Rudder and Canard -
Deflections and Thrust
89
e e e e e L e




—————

V-6. Yaw Pointing Maneuver

The design parameters @ L, and € for the yaw pointing
maneuver are given in Tables 5-11 and 5-12 for both the
healthy and failed models. The parameters are the same for
both cases.

Figures 5-36 through 5-42 present the simulation
responses for a four degree yaw pointing command. The
maximum angle commanded for this maneuver is limited by the
ability to hold the roll angle to a small value. As with
the roll and sideforce maneuvers, Figures 5-36 through 5-38
give simulation responses for both the healthy and failed
aircraft models.

For the yaw pointing maneuver the horizontal tail is
used for both pitch and roll control. When the right hori-
zontal tail fails the flaperons take over the roll control
and deflect asymmetrically to counter the rolling moment of
the left horizontal tail, which deflects for pitch control.
The rudder and canard responses are not affected much by the

failure for this maneuver.
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Table 5-11 .

Yaw Pointing: Healthy Model, 0.9 Mach at 20,000 Feet

Sampling Time: T 0.02 second

a = 6.0 -
€ = 1.0
L = diag {2.0, 1.0, 2.35, 3.0, 3.25, 3.0} :
p—— —
0.0 ~0.2267E-03 =-0.3534E-01 =-0.4111E-02 0.8225E-04 0.4222E-02
0.0 0.8425E-03 =0.5018E-01 0.2504E-02 -0.5011E-04 -0.2572E-02
0.0 0.0 0.0 0.1974E-01 -~0.9916E-02 =-0.3600E-01
K, = .
=0 0.0 0.0 0.0 0.7643E-01 0.2625E-02 =0,1749E+00 "
0.0 0.0 0.0 0.8383E-01 -0.1677E-02 =-0.B609E-01 L
0.1039E+01 ~0.1555E-02 0.1944E+00 0.2539E-02 -0.5080E-04 =-0.2607E-02 ..
L _J SR
{..—. pe— — *"—-
9.0 ~0.1360E-02 =0.2120E+00 =~0.2467E-01 0.4935E-01 0.2533E-01 -
0.0 0.5055E-02 =0.3011E+00 0.1503E-01 =-0.3006E-03 -0.1543E-01 -
K _ 0.0 0.0 0.0 0.1185E+«00 =0.5950E-01 ~0.2160E+00
-1 0.0 0.0 0.0 0.4586E+00 0.157SE~01 =0,1045E+01
0.0 0.0 0.0 0.5030E+00 =-0.1006E-01 <~0.5165E+0Q0
0.6232E+01 <~0.9331E-02 0.1166E+01 0.1523E-01 -0.3048E-03 -0.,1564E-0Q1 ’_-
S P T»'
Input Ramp Time: 0.2 second
Command Vector:
u = 0.0 o
An = 0.0 -
p -
= 0.0 .
Ay = 0.0 -
r.":t P e
b oo |
L - - r = -0.05818 radian/second (1 second pulse) e
*:':' 91 .
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Yaw Pointing:

Sampling Time:

Q|
L]

(23}
o

|t
i
o}
'.l.
o)
Yo}

(2.0

0.6232E+01

-0.4529E-03
0.7775E~03
0.3072E-03

-0.4018E-04

-0.4012E-05

-0.1554E-02

~0.271BE~02
0.4665E-02
0.5443E-02
-0.2411E-03
-0.2407E-04
-0.9324E-02

Input Ramp Time: 0.2

Command Vector:

u

A

= 0.0

= 0.0

= 0.0

= 0.

0

= 0.0

Table 5-12

Failed Model,

, 1.0, 2.35, 3.0,

-0.7062E-01
-0.6031E-01
-0.4008E-01
-0.6264E-02
-0.6256E-03

0.1946E+00

-0,4237E+00
-0.3619E+00
-0.2405E+00
~0.3759E-01
~0.3754E-02

0,1168E+01

second

T = 0.02 second

3.25, 3.0}
-0.8249E-02 0.1815E-03
0.2673E-01 -0.1279E-01
-0.2170E-01 0.1268E-01
0.7920E-01 0.8822E-03
0.8411E-01 -0.1851E-02
0.2573E~02 -0.5662E-04
-0.4949E-01 0.10B9E-02
0.1604E+00 -0.7672E-01
-0.1302E+00 0.7605E=-01
0.4752E+00 0.5293E-02
0.5046E+00 =~0.1111E-01
0.1544E~01 ~-0.3397E-03

92

0.9 Mach at 20,000 Feet

—
0.8498E-02

~0,4769E~01

0.4251E-01
-0.1805E+00
-0.8665E-01

-0.2651E-02

et

0.5099E~01
~0.2861E+00
0.2551E+00
-0.1083E+01
=0.5199E+00

-0.1590E-01
—

-0.05818 radian/second (1 second pulse)
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Figure 5-36: 0.9M Healthy/Failed Yaw Pointing -- Sidesl;p
Angle, Pitch Angle, Angle of Attack, and Forward Velocity
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- Figure 5-41: 0.9M Healthy Yaw Pointing -- Aileron, Rudder,
and Canard Deflections
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V-7. Lateral Translation Maneuver

! Tables 5-13 and 5-14 give the design parameters a., I,
and ¢ for the lateral translation maneuver. As indicated
in the tables the same design parameters are used for both

| the healthy and failed aircraft models.

The simulation responses for a 0.6g lateral acceler-
ation command, which corresponds to a steady-state lateral

3 velocity value of 25 feet/second, are given in Figures 5-43
through 5-49. The maximum lateral acceleration commanded
for this maneuver is limited by the ability to hold the roll

] angle to a small value. As explained for the roll and side-

‘ force maneuvers, Figures 5-43 through 5-45 give simulation

responses for both the healthy and failed aircraft models.

) (@ For the lateral translation maneuver the horizontal
tail is used mainly as an elevator to counter the small
pitch moment generated by the canard deflection. When the

i right horizontal tail fails the left horizontal tail
deflects to approximately twice the elevator deflection of

the healthy aircraft simulation, and the flaperons deflect

) asymmetrically to counter the rolling moment of the left
horizontal tail. The rudder and canard responses are not

affected much by the failure for this maneuver.
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Lateral Translation:

Sampling Time:

3.0

’|
0

e = 1.0

]t
1}

0.

(=]
!
o © ©o o
N
o © © o o

—

0.2
0.0
0.0
-1 0.0

0.0

T

0.1039E+01

diag {2.0,

Table 5-13

0.9 Mach at 20,000 Feet

T = 0.02 second

1.0, 2.35, 2.5, 3.0, 3.

-0.2267E-03

0.3116E+01

0.8425E-03
0.0
0.0

0.0

-0.1555E-02

-0.6800E-03
0.2527E-02

-0.4666E-02

Input Ramp Time: 0.3

Command Vector:

~0.3534E-01 ~-0.3426E-02
~0.5018E-01 0.2087E~-02

0.0 0.1645E-01
0.0 0.6369E-01
0.0 0.6986E-01

0.1944E+00 0.2116E-02

-0.1060E+00 ~0.1028BE-01
-0.1505E+00 0.6261E-02

0.0 0.4%36E-01
0.0 0.1911E+00
0.0 0.2096E+00

0.5832E+00 0.6348E-02

second

g (1 second pulse)

98

25}

0.7593E-04
-0.4625E-04
-0.9154E-02
0.2423E-02
-0.1548BE-02

-0.4689E-04

0.2278E~03
-0.1388E~03
-0.2746E~01
0.7269E~-02
-0.4645E~02

-0.1407E~03

Healthy Model,

0.4573E-0.2m-1

-0.2786E-02
-0.3900E-01
-0.1895E+00
-0.9326E-01

-0.2825g-02

em—

0.13722-01—
-0.8358E-02
-0.1170E+00
-0.5685E+00
-0.2798E+00

-0.8474E-02

PR A

A
4

1
—
- b

Y
el

o cadin

PV




Lateral Translation:

Table 5-14

0.9 Mach at 20,000 Feet

Failed Model,

o]

Abende

dmdead o2

- Sampling Time: T = 0.02 second -
' - 4
—_— 1
a = 3.0 ;
<
€ = 1.0
~ L = diag {2.0, 1.0, 2.35, 2.5, 3.0, 3.25} :
o
4
- = 1
0.0 -0.4529E-03 -0.7062E-01 ~0.6874E-02 0.1676E-03 0.9206E-02
0.0 0.7775E-03 =0.6031E-01 0.2227E-01 =-0.1180E-01 ~0.5166E-01 -
» K 0.0 0.9072E-03 -0.4008E-01 -0.1809E-01 0.1170E-01 0.4605E-01 - -9
= 4
=0 0.0 -0.4018E-04 ~0.6264E-02 0.6600E-01 0.8144E~03 -0.1956E+00 4
0.0 -0.4012E-05 -0.6256E-03 0.7009E-01 -0.1708E-02 =-0.9387E-01
0.1039E+01 =-0.1554E-02 0.1946E+00 0.2144E-02 <-0.5226E-04 =-0.2871E-02
p—y - .
& — _ —
0.0 -0.1359E-02 =0.2119E+00 ~0.2062E-01 0.5027E-03 0.2762E-01 . 1
X 0.0 0.2332E-02 ~0.1809E+00 0.6682E-01 =~0.3541E-01 =-0,1550E+00 :’ ‘:
K 0.0 0.2722E-02 ~-0.1203E+00 -0.5426E-01 0.3510E-01 0.1382E+00 tf {
. -1 0.0 -0.1205E-03 -0.1879E-01 0.198B0E+00 0.2443E-02 -0.586B8E+00 :; :
I‘ 0.0 -0.1204E-04 -0.1877E-02  0.2103E+00 =-0.5125E-02 =-0.2816E+00 e
-
L-3.3116E¢01 ~0.4662E-02 0.5838E+01 0.6432E-02 -0.1568E-03 -0.8614E-02 R
d P
2
» Input Ramp Time: 0.3 second
Command Vector: o
=
u = 0.0 R
[ ] A = 0.0
n <4
P )
q = 0.0 _—
2 Ay = 0.6 g (1 second pulse) -
. p R
» P = 0.0
.
- r = 0.0 o
g 99 i
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Figure 5-43: 0.9M Healthy/Failed Lateral Translation --
Sideslip Angle, Pitch Angle, Angle of Attack, and Forward
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Figure 5-47: 0.9M Failed Lateral Translation -- Left
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Figure 5-46: 0.9M Healthy Lateral Translation -- Elevator
and Flap Deflections and Thrust
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Appendix D lists the remainder of the simulation re-
sponses generated in this study. As shown in this chapter
the transonic flight condition simulation responses show
that the aircraft is still able to perform the commanded
maneuvers when the right horizontal tail is failed.

Appendix D presents some cases where the aircraft perform-
ance is degraded when the right horizontal tail fails.

The next chapter discusses the results of this study in

general terms and presents recomendations for further study.
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VIi. Conclusions and Recommendations

In this study control laws are developed for the
AFTI/F-16 using the Porter method. Acceptable designs are
achieved for a model of the healthy aircraft with all
control surfaces operational and for a model with the right
horizontal tail free-floating. Designs are accomplished for
seven maneuvers at four key flight conditions within the
aircraft's flight envelope. The control laws consist of the
gain matrixes 51 and 50 which can be implemented in a digit-
al flight control computer. Each control law is tailored to
a specific maneuver at a particular flight condition. The

maneuvers include both conventional and CCV maneuvers.

VI-1l. Design Summary

Control laws are first developed for the healthy air-
craft model with the aid of the computer program MULTI,
which proves invaluable when utilizing the Porter method.
The transonic and supersonic flight conditions (0.9 Mach at
20,000 and 1.6 Mach at 30,000) are the simplest cases to
design because of the high dynamic pressure at these flight
conditions.

Maximum inputs are commanded for each maneuver in order
to estimate the control surface deflections required for
maximum performance. Because commanding maximum maneuvers
invalidates the small angle assumptions made in deriving the
linearized perturbation models, some of the simulation
responses are open to interpertation. A nonlinear simula-
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tion of the designs would eliminate any problems due to the
linearization assumptions.

After acceptable control laws are achieved for the
healthy aircraft model, the same design parameters (M, a, I,
and €) are used to calulate gain matrices for the model with
a failed right horizontal tail. The calculation of new gain
matrices implies that the system must be able to detect the
failure and reconfigure accordingly. The detection problem
is beyond the scope of this study, but it is assumed that a
failure detection scheme can be developed.

For most cases considered in this thesis, satisfactory
simulation responses are achieved for the failure model
without requiring further design trials. The four cases
that do require changes in the design parameters or input
command magnitudes are: pitch pointing at supersonic speed;
longitudinal translation at supersonic speed; roll at
supersonic speed; and roll at landing approach. In each of
these four cases the failure of the right horizontal tail
requires an increased deflection of the remaining control
surfaces to compensate for the loss. For these cases, if
changing the design parameters does not yield a satisfactory
result, then the maximum maneuver commanded is decreased.

In general, when the right horizontal tail fails, the

left horizontal tail assumes primary pitch control and the
flaperons take over complete roll control. The flaperons
also compensate for unwanted rolling and pitching moments
created by the left horizontal tail deflection. The
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deflection of the left horizontal tail also creates a yawing
moment due to the difference in drag between the left and
right halves of the aircraft. The rudder and canards com-

pensate for this yawing moment. .fif

,rw'vﬁ—_ .‘Ev‘rv y
L]
I

The simulation results of this study indicate, for the
linearized models used here, that the aircraft is capable of

f maneuvering with a free-floating right horizontal tail. Al-

though much work must still be accomplished before these
results are accepted in practice, the results do imply that
it is worthwhile to continue research into the effects of a
failed right horizontal tail. The procedures used in this
study are applicable to other control surface failures, such

as a failed flaperon.

Vi-2. Recommendations for Future Study

Although the computer program MULTI has proved to be a
great aid in performing multivariable designs with the
Porter method, additional improvements can still be made in
the program. As pointed out in Chapter III, the factoring
routine in MULTI Option #6 becomes error prone when large
order transfer functions are calculated. Correction of this -
problem will allow the user to check stabilty without run-
ning several time consuming simulation runs.

Even if MULTI Option #6 had the desired increased f
factoring accuracy, it is still desirable at times to check .
simulation responses over long periods of time. Currently

the plotting routine in MULTI does not generate enough data -
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points for plotting long simulation times. If more data
points are plotted then more details can be observed on the
response plots, which may indicate limit cycles or slowly
growing instabilities. This change should be readily
achievable.

The addition of a nonlinear simulation block to MULTI

is strongly recommended. Such an addition would allow for

more realistic simulations of the control law designs. A
nonlinear simulaion on MULTI is feasible because the differ-
ential equation solver subroutine (called ODE) currently
used with MULTI is capable of handling nonlinear equations.

- Other extentions of this thesis can be studied with

= MULTI in its current state. To add more realism to the
A o simulations, a computational time delay and sensor models
should be added to the models of this study. Other phenom-~
;i ena, like the effects of wind gusts and sensor noise, should
g also be studied.
The results of this thesis are a small step toward the
goal of designing flight control systems that can compensate

for battle damage or control surface failures. 1If, however,

the control laws developed in this study are simulated under

more realistic conditions and fine tuned, the results could

make a significant contribution to the self-repairing flight
jk{ control program undertaken by the Air Force Flight Dynamics

uf Laboratory.
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Appendix A: Multivariable Control Theory

This thesis utilizes the multivariable design method of
Professor Brian Porter of the University of Salford, England
(9). The design method uses output feedback with high-gain
error-actuated controllers. Output feedback is advantagous
since state variables may be difficult to measure while

system response data are more readily available.

System State Equations

Porter's method works equally well for either contin-

uous or discrete systems, but it is often easier to first

examine a system in the continous time domain. This is
- because designs can be more easily visualized in the s-plane i
than in the z-plane. A continuous time system is represent-

ed by the state space model:

X = Ax + Bu -
Y = Cx (A-1)
e
.
where R
A = continuous plant matrix (n x n) ]
B = continuous input control matrix (n x m) ]
C = continuous output matrix (£ x n)
X = state variable vector with n states _j
u = input vector with m inputs .

y = output vector with % outputs
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The system inputs for an aircraft are the control surface
deflections or actuator input commands, and the system
outputs are aircraft responses affected by the inputs.

The method does not allow for a feedforward, D, matrix.
If such a matrix is present in the original state space
model, the control inputs must be redefined as states so
that the D matrix is absorbed into the C matrix. This can be
accomplished by incorporating the actuator dynamics into the
plant model. Actuator inputs then become control inputs.

To employ Porter's method, it is desirable (but not

necessary) to partition the system state equations as

follows:
e . — F—A \ . ﬂ r— -T P-B -
- X a ta X 2
(3. 1 11, 12 1 1
’ IR D B % _____ S R DR
. !
%2 | Bar | 222 || %2 | B,
1
= C 1 C —-——--
- (A-2)
The equations are partitioned so that B, and C., are square

2 2
(m x m) and (2 x &) matrices, respectively. The method

requires that the number of inputs to the system equals the
number of outputs which means m = £, and therefore the -

dimension of B, equals the dimension of C,- It is often

2
possible to form the state equations so that B, = 0.
For the discrete case the system equations are written

as follows: T
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x[(k+1)T] = $x(kT) + Yu(KT)

Y (kT) = I'x(kT) (A=3)
where
¢ = exp(AT) = discrete plant matrix
T
y = f exp (AT)Bdt = discrete input control matrix
0
I = C = discrete output matrix

In the above equations T is the sampling period, and k

takes on integer values from zero to plus infinity.

System With Output Feedback

Figure A-1 shows the block diagram for a continuous
D) output feedback system, where v is the command input vector,
and y is the desired output vector. The blocks for the
plant are derived directly from the system state equations,
Equation (A-1). The proportional plus integral controller

has three parameters, K,, K; and g, which must be deter-

mined by the designer. The output signal of the controller,

u, is given in the following control law equation:
u = 9(502 +f§l edt) (A-4)
where ]

u is the output signal of the controller
e is the error signal at the input of the controller

50 is the proportional gain matrix
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51 is the gain matrix for the integral term )

g is the scalar forward path gain

A measurement matrix M is included in the system if the
plant is irregular. Regular and irregular plants are dis-
cussed later.

The discrete system block diagram, shown in Figure A-2,
is similar to the continuous system, but Equation (A-4)

becomes
u(kT) = (1/T)[§Og(kT) + Elg(kT)] (A=-5)

where the forward path gain g equals the sampling frequency,

(1/T). The z(kT) matrix is derived from the backward

difference equation, -
z[(k+1)T] = z(kT) + Te(kT) {A-6)
The steps to be taken next in the design method depend .

on whether or not [CB] has full rank, i.e., does it have an
inverse. If the matrix [CB] has full rank, the plant is
called "regular" and no measurement matrix M is needed.
However, if [CB] does not have full rank, the plant is
called "irregular" and M is needed to form a new matrix [FB]
(see Equations (A-12) through (A-14)) which does have an
inverse, This is explained in more detail in the next

sections. When the partitioned B matrix in Equation (A-2)

has the form
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B, (A=7)
then ?nff
’ [FB] = [F,B,] (A=9)

Regular Plant

For the system to be classified as "regular" the first

Markov parameter [CB] must have full rank. If this is true -

the gain matricies can be found from

K, = [cB] 't (A-10)

and
K, = a[CB] "I (A-11)

where

& is a constant which assigns the ratio of proportional
to integral control

|1

is the diagonal weighting matrix

The diagonal weighting matrix, I = diag (ol, Onr voe 02}'

is specified by the designer. Each g; (i = 1,...,%) deter-

mines the weighting of the effect of a particular error

signal on each control input.
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Irregular Plant

If the first Markov parameter [CB] is rank deficient,
then the plant is called "irregular". 1In this case, the C

matrix must be replaced by

[ F = [E;}F,] (A-12)

n where

f F, = [C; + MA,,] (A-13)
Py =[Gy + MA),l (A-14)

The matrix M in the above equations is a measurement matrix
which is chosen such that the matrix [FB] has full rank.

The designer chooses the measurement matrix so that it is as
sparse as possible, thus the smallest number of additional
measurements are required. Reference 12 gives an approach E{f
for selecting the measurement matrix to achieve optimal iik

decoupling. Once M is formed, K, and K, are computed by

Ky = (FB] "1z (A-15)

=
1

K, = alFB] g (A-16) -

=
[}

which are similar to Equations (A-10) and (A-11).

For irregular plants the error vector e is defined as

e=yv-¥ (A=17) O
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W=y + ﬂ;_(l (A=-18)

For step inputs the values of the rates, Xy become zero in

the steady state because they represent kinematic variables.

Asymptotic Characteristics

As the gain factor of the system, g (or 1/T for the
discrete case), approaches infinity, the system transfer

function matrix G(s) assumes the asymptotic form
r) =T + oo (A-19)
where -

i(x) is the slow transfer function matrix

i(X) is the fast transfer function matrix

The roots of the asymptotic closed-loop transfer func-
tion may be grouped into three sets: El' 52’ and 53. Table

A-1 gives the equations for finding these asymptotic roots. ——

> Sets gl and 52 correspond to the slow modes of the system, jjg
where the modes associated with the roots in 2, become

+ uncontrollable, and, for regular plants, the modes associat-
b - ed with the roots in Z, become unobservable as the gain

A increases. Set Z,, the infinite roots, are associated with

‘. the fast modes of the system which become dominant as the

gain increases.

The roots in set Z, correspond to the transmission

zeros of the system which are not altered by output feed-
back. Since infinite gain cannot be implemented, and is not

A-9
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Table A-1
Asymptotic Equations for Zero-B, Form
System represented by: N
. - b B
| R
X Mij R || B e A
N R e R e and y = [91 H QZJ oTTT ‘
1
X3 Bar g B2 (% B, : X,
Continuous Case Discrete Case -
(s-plane) (z-plane)
Gain Factor = g Gain Factor = 1/T
I =c,al - a"is f(a) =c ar - a7t
Eo (AL, = Ay) "By - Sorly ~ Ay) "By
IO = I, + 9C,B,K0) "19C,B K, IOV = Ly = Ly + C,BoKo) TICB K L
Finite Roots N :
= = = - ‘1 = " .. “t
L Z) = Uaky + K] = 03 Z) = UAL, -1 ¢+ TKyT K | = Q) ——
(o - - ge . e g- -
Zy = UL, - A+ Ap0C Ell =0} 2= {Illn-m = TAy; * Ay50, Ell = 0}
Infinite Roots o -
Zy = UIaL, 9C,Bo Kyl = Q) Zy = {lX_I_m P S 929250| = 0) .
where -
= i
- -1 ] RIS
X Ky : ] e
LY I%
NI Tk T = e
3128 Bo By 1 Ayt MG G -
]
By ® |cccmoeeee
- '
4,5, -
Regular Design Irregular Design e
' ' .
-1, TS VS T S S-S | R
o " [50 Ky E 9 ] € - [gzzz K Ky i € - CE, .F.'l] RS
A-10 -
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diag{

where the 9 (i

matrix, I.

The MULTI User's Manual

operation.
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desirable, the closed-loop roots of the system tend to
migrate toward the transmission zeros. This may adversely
affect the system stability if the location of these zeros
is in the unstable region. Reference 11 gives a procedure
for locating the transmission zeros of a system.

As the gain increases the system output responses
become increasingly decoupled. The asymptotic closed-loop

transfer function for the continuous case has the form

gol 902 gcz

T(A) = diag{ , Peser } (A-20)

A+goy )\+g02 X+goz

For the discrete case the form is

[0} g (o}
1
, 2 _ ..., — 1y (a-21)
A-1+cl A-1+02 X-1+o£

1,...,£) are determined by the weighting

The computer program MULTI is of great value in

reducing the time required to achieve a satisfactory design.

(8) describes the program and its

11111
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Appendix B: Dimensionalized Derivatives

This appendix lists equations for the dimensionalized
derivatives used in the aircraft models. These dimension-
alized derivatives are inserted directly into the state
space models of Equations (2-2) and (2-4). Reference 4 is
the source of information for the equations. In the equa-
tions, )b denotes that the coefficients are expressed in
the body axis reference frame. The stability axis to body

axis conversion equations begin with Equation (B-57).

Longitudinal Derivatives

Xg = - g coség, (B-1)

X! = % (Cyx )y (B-2)

X' = %g (Cy )y (B=3)

X! = gi—g (Cy )y — Uag (B-4)
q

Zg = - % singq (B=5)

z, = j% (€, )y (B-6)
mU u

z; = %—g— (Cza)b (B=7)

z' =1 + %—:—;—2 (Cz )b (B-8)
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y a .
- _ > v‘%
' Sc gic__ '
My o= 3= (c )y ¢ 3 (€| 2 (B-10) <
y u y a -]
e - '-.u
— M —
Sc Sc b
M = 22C ¢y, o+ (C_.) z' (B-11)
Iy My b _ZUIy a b o
§Sc2
1
4
Lateral Derivatives 3
- .;;.J
g cos@, B
Yo = —g— (B=13) .;:j
S
‘e y! = §_S_ C ]
/ o = o5 ! Yb)b (B-14) iy
- vy =3 ey vag (B-15) S
e 2muU P D
; -
» ’ -
E y' = 9§97 (C, )y - 1 (B-16) ‘
q 2mu®  Yr
qSb I__ gSb -
XZ
— (C, ), + — (C_. ) Ny
I, 2D o1, ng'b -
Lé = 5 (B-17) -
(1_.)
1 + .__)(_z_. ’
(T (1) -
o
=
. ._.‘1
o
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. 3sb? 1, qsb? .
4 — (Cg )y + — (€, )y
. 201 P I 2U1 P :
X X Z R
: L 5 (B-18) o
; (T, (1) T
_ {
3sb? 1, asb°
Gy T (G )y
- 201, Fr 1, 21, r L
3 L. 5 (B-19)
1 + iﬁ)._
(T,) (1)
o _ -
' gSb Ixz gSb
— (C_ ), + — (C, )
Iz n8 b Iz Ix 28 b
i Ng % (B-20)
. (1) I
- = Xz
g ‘o 1 s o XE 4
(T,) (1)
. —\ 2 —0 2
g —— (Cy )y v R — ]
201, "p'® 1 2vr, Pp® 5
. N > (B-21) ]
- (I ) 1
1 + XZ
- (I.) (Iz)
’ .
> gsb? 1, Gsb? .
(C, )y * (Cp )y e
2UI r I, 2ul r .
‘ ' Z Y4 X - 1
J Ny > (B-22) o
. 1+ (Ixz) .
: (T,) (1) &
» .
5 ]
E"'." B-3 B
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Control Surface Derivatives -- Healthy Aircraft

gqs
X2 =22 (¢ )
Get m X5 o b
gs
X' = g_ (C )
Gft m X g¢ b
gs
z! = 9= (c )
5et mU z‘se b
qs
7 = 9° (C )
Gft mU sz b
_ _ ]
M =95¢ ¢ .. sc? (C_.) 7
e 1 m b 2U1 m*’'b Se
t Y de o _J t
_ > )
Sc Sc
Mi. = 322€ (¢ ) 4 c .y |z
o Gft IY me b ZUIY ma b sft
.. . .
qSc
M = 22€ (¢ )
§c IY Mo b

Note: Reference 1 is the source of information for (C
The rigid data points (2:4-55 - 4-123) are averaged for

canard deflections of 15 and 25 degrees and then flex-

iblized with altitude (2:9-17).

gs
v =322 | 0.25
§a mU [} YGDF)b ¥ (CYGDT)éJ

.- a8

Yor mo (Cyar)b
. a8

Y&C m0 (Cysc)b

.......................
-----------------------------

(B-23) _i
T

(B-24) ) :

(B-25)

(B-26)

(B=27)

(B-28)

(B-29)

msc)b'

(B-30)

(B-31)

i~

(B=32)
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gSb I._ gSb
(Cy Ny + =2 c, )y
i IX §a Ix Iz Sa
- 2
- (IXZ)
(Ix)(Iz)
where (C ) = (C ) 0.25 (C )
25a b %5pp © Yspr P
(C ) = (C ) 0.25 (C )
Nga P Nspr P Pspp P
gsb I, 9Sb
— (C ) * (C )
2 b n b
) Ix Sr I Iz 8r
- 2
(I_.)
1+ XZ
(Ix)(Iz)
gSb I, gSb
(C )+ (C )
'3 b n b
i Ix Sc Ix IZ §c
2
(I_.)
1+ XZ
(Ix)(IZ)
gsb I, qSb
(C ), o+ (C )
n b £ b
) Iz Sa Iz Ix Sa
- 2
(I_.)
XZ
L)
where (C ) = (C ) 0.25 (C )
nSa b n5DF b nGDT b
(C ) = (C ) 0.25 (C )
lsa b LGDF b 26DT b

(B=33) 2
N

(B-34) )
]

R

(B-35) )
(B-36) ,_]
)

: R

1

,

=

4
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. gsb I__ gsb
. XZ
' (c. ), + (c, )
) I, Ngy P 1, I, bsr P
., Nar = > (B"37)
: (Iyg)
L 1+
. (Ix) (Iz)
qSb I__ gSb
(C, Dy *+ == (Ce g
- I Sc I, I, §c .
ful N, o= —2 (B-38) ‘
§c 2 1
(I,
1+ ——r—
(IX) (Iz)
v - 4
4 Control Surface Derivatives -- Failed Right Elevator ) |
, X! = 0.5 (X' ) (B-39)
= e, e,

s - [R——
CI Xk, = 0.5 (X&) (B-40) |
:. - Gfr Gft :A
g :;'J
: X! = 0.5 (X%, ) (B-41) i
h‘ §£, S§f, 1
’ A
: Z; = 0.5 (Z._ ) (B-42)

L Gel 5et
b z! = 0.5 (ZLe ) (B-43) o]
. 5 §£, e
z! = 0.5 (2L.) (B-44) I?fj
(3 ¥ Gft 4
: (M} ) (B-45) 5%
Get ]
]
(Mg ) (B-46) ]
Gft '.-',;...‘
B-6 o
-
T T N s e T D




ey ,a,.{-.r,w"‘

Mse

YI
sey

Ys£

Y5t

Lée

.......

0.5 (Myz ) (B-47)
t
qs
- 0.5 (0.25) L (¢ ) (B-48)
mU YGDT b
0.5 %% (C Iy (B-49)
YspF
= |
- 0.5 L2 B-50
asb I._ gsb
—— (G ) ¥ X2 — (c, )y
I §DT I 1 §DT
-0.125 X X z
(1,,)°
1 + W—_) (B_Sl)
_ X Z —
F"—_'_ _ -
gsb I._ gSb
— €y )+ TE Che Jp
I §DF S §DF
0.5 > (B=52)
L)
(T, (1)
L |
3asb I._ gsSb
(Cy Iy + =2 — (C, )y
I §DF I I §DF
- 0.5 X X 2
(1.)?2
1+ —X2___ (B-53)
(Ix) (Iz)
e —
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T_ESb I._ gSb
T (Cn )b ¢ FE— (Cl )b
I DT 1 I, §DT
N = =-0.125
e 2
2 (Ixz)
Ly (B=>4)
L_. X 2
— . -
qSb I gSb
(C, Dy *+ =2 —(Cy )y
Iz §DF Iz IX S§DF
NGf = 0.5 . )2 (B=55)
XZ
.  —
~ B LTy
» —
qsb I, dsb
. IZ §DF IZ I §DF
t NGf = - 0.5 5
ii L (I.,) -
e 1 + —m—— (B-56)
g L_ (Ix)(Iz) ]
=
r.
A
o Stability to Body Axis Conversions )
Note: In the following equations, a § by itself
indicates that the conversion is the same for all control

surface derivatives.

- - 2. 2
(Cx )b = (CD +2CD) cos an (CL +CD) sin uT
u u o
+ (CD +CL +CL) cosaT 51naT (B=57)
() u
(C. ). = (C.-C. ) cos?q. + (C. +2C.) sin‘a :
x 'b L D T L L T
a u
+ (CL —CD -CD) cosa 51naT (B=58)
[+ u
B-8

...........

............

............................
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) T
K : (Cx )b = CL sing., (B=59) j
ﬂ q q -
=
: (Cxa)b = —CDG cosaq + CL sinaT (B-60)
N (C_ ). = (C. =C.) sin%a, - (C, +2C.) cos?® T
‘ z.'b D L T L L aq L
. u a u 4
+ (CL -CD —CD) cosa sina.T (B~-61)
o u
nu (C_ ), = = (C_ +C.) cos2 - (C. +2C.) sinza L
x zy' b L. D G D D T -
b G u N
: - (CL +CL+CD )] cosa sinc;T (B-62) . j
P’ u a i. <
o y
l. 2 .
' (C,.)y,, = =C.. cos™a (B=63) o
Zy b La T o
® (C_ ), = =C. cos =
(C, )p = ~Cq, cosen - Cy simag (B-65) .fp;
§ § § e
.l-n—q
. 4
(C_. ), = (C_ +2C_) cosa., - C sino (B-66) ;
mu b mu m T my T
(Cm )b = Cm cosa,T + (Cm +2Cm) snw.T (B-67) |
a a u 1
(Cm.)b = C . cosan (B-68) o
o o e
N
C
(C_ ). =2¢C (B-69) .
m_'b :
q mq ¥
(c_ ). =¢cC (B-70) k
me b ms -1
=
oy
B-9 B
)
o1
{
.
o e e e e R T T S T e e e




(c, ), =¢C (B~71)

Yg b YB
(C.),_=2¢C cosaT - C sin (B=72)
Yo b Y y, oooT
(C__ ) = C cosa, + C sing (B~-73)
yr b yr T yp T
: C = C B-74
§ ( Ya)b YG ( )
A
v ]
4 (C!L )b = C!. cosaq - C,  sinag (B=75)
. 8 8 8
{. (c, ). =¢C cosza + C sinza
L 'b L T n T
p P r
- (Ca, +Cn ) sinaT cosa (B=76)
r P
‘e 2 2
(Cz )b = CR. cos“aq - Cn sin‘an
r r P
+ (CJL —Cn ) sinuT Cosagp (B=77)
s) r
(Cz )b = Cg cosaq - Cn sinaT (B-~78)
$ § )
(C. ), =2¢C cosa, + C sina (B=-79)
+ nB b nB T zB T
b
| (C. ) c 2 c in%
; = cos“a, - sin‘a DR
np b np T Ly T - :1
r*. + (Cy —Cn ) sinaT cosa, (B-80) 1
.. p r . -]
3
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C cosza

= . 2
(€ )p = Cp r * Cp sin ag
r r
+ (Cz +Cn ) sinaT cosaq (B-81)
- r
h (Cna)b = Cr8 cosaT + C"G sinan (B-82) .

Note: A gquestion was raised late in the study about
consistency of units in the longitudinal stability to body

axis conversion equations that involve the terms CL ' CD P
u u
and Cm . All of the body axis aerodynamic coefficients
u
calculated with these equations should be dimensionless;

however, the stabiltiy axis aerodynamic coefficients CL ’
u
- CD , and Cm listed in Appendix C have units of per feet per
u u
second squared. These aerodynamic coefficients were taken

from Reference 4 and are also available from Reference 1.
In order to make the units consistent in the body to

L ! CD , and Cm

u u u
should first be multiplied by the trim velocity before sub-

stability axis conversion equations, C

stitution into the conversion equations. Equations (B-57),
(B-61), and (B-66) are particularly affected by the cor-

rection; however, the primed dimensional derivatives XL, Z&,

and Mé, calculated with Equations (B-2), (B-6), and (B-10),
remain small in magnitude. The designs and simulations in
this study are therefore essentially unaffected by the
correction and are still valid.

The same error exists in several references and
B-11 T
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computer programs used by the Flight Dynamics Laboratory:

however, because the terms CL ' CD , and Cm have small -
u u u “«
values, they are normally deleted from aircraft models (1). e




Appendix C: Aerodynamic Data

This appendix contains all of the aerodynamic data used
in the thesis. Reference 4 is the source of most of the fgﬁ

data; however, the primed dimensional derivatives were AR

checked with the equations in Appendix B. The thrust data
is given in Table 2-1, and the derivative Méc is calculated
i: with Equation (B-29). -

The Tables in this appendix list aircraft aerodynamic

|
Pl
4
coefficients in the stability axis, primed dimensional deri- ?”_3
Lo
vatives in the body axis, and MULTI data files for each .
flight condition considered in this study. The aerodynamic ;

i
coefficients are entered into the equations of Appendix B to |
calculate the primed dimensional derivatives. The dimen- —k

sional derivatives are entered directly into the aircraft

models, given by Equations (2-40) and (2-41). The units for

the derivatives are: radians for angles; radians per second f?j
for angular rates; feet per second for velocity; and g's for
accelerations. MULTI data files are given for easy verifi-
cation of design responses.

Table C~1 lists aircraft parameters that are common to

all flight conditions.




-

L.A
o 4
]
o Table C-1 ]
t] Aircraft Parameters Common to All Flight Conditions e
T
3
;:: 2 ‘ ‘.4- t-'
- S (wing reference area) = 300.0 ft LA
c (wing mean aerodynamic cord) = 11.32 ft .j
b {wing span) = 30.0 ft
W  (weight) = 21,018.0 lbs -
1
m (mass) = 652.73 slugs o
Ix (x-axis moment of inertia) = 10,033.4 ft2 ‘.ﬂ
Iy (y-axis moment of inertia) = 53,876.3 ft2 .;_J
o
Iz (z-axis moment of inertia) = 61,278.4 ft2 R,
1., (product of inertia) = 282.132 £t2

.................................................................
.........................
...........................

...........................................

-------------
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Table C=-2

Aerodynamic Coefficients in the Stability Axis
for 0.9 Mach at 20,000 Feet
q (dynamic pressure) = 552.11295 lbs/ft2
Vo (trim velocity) = 933.23 ft/sec
om (trim angle of attack) = 0.03246 radians
c = 0.126186 c, = 0.023766
C. (=——) = =0.000442 C. (=2——) = 0.000160
Lu ft/sec . Du ft/sec’ :
C. (<o) = 0.094812 C. (=2o) = 0.002636
L_ ‘deg : D ‘deg :
a o
SR C. o (—2—) = -1.357762 -—
r (e L& radian’ = : .
: C. (—:—) = 3.161717 —
N L ‘radian ) RS
- q
- c (==—) = 0.009578 c (===) = 0.000173 S
~s L deg * D deg *
Get set - 4
1 _ 1 S
L (geg) = 0-015718 Cp _ (Fag) 0.000351
SF, of .
t L
3 1 _ )
C = 0.0 ¢, (geg’ = =0.022052 3
) 8 - -
= C  (#%—) = =-0.000060 C. (——=r—) = 0.057563
- m, ft/sec : yp radian * b
% C_ (s%) = 0.001938 C. (==tr—) = 0.557635 q
m_ ‘deg : y._ ‘'radian * ‘
» o r -
cm.(raclim) = -1.307597 c (é) = -0.000088 .
a Y sDF El
c, (Ecll_i';ﬁ’ = -2.382199 c (%) = 0.001708 A
q Yspr 9€9 -
=
c-3 1
- =)




Table C-2 (continued)

1 1
Cm (aga) = -0.012086 Cy (aga) = 0.002377
Get §r
1 - _——
Cm6 (agg) = =-0.003280
f
t
1 1
C (=—) = -0.000495 C (=) = 0.00171e6
Mse deg Y5c deg
C (—l—) = =0.001901 C (—l—) = 0.001675
2 ‘deg - * n, ‘deg - :
B B
C P—#L——ﬁ = =0.351217 C (——l———) = =0.005541
2 ‘radian’ ~ ‘ n_‘'radian’ .
P P
C (——l———) = 0.021937 C (——i———) = =0.279120
2r radian’ * n, radian’ = :
c (=) = =0.001804 C. (s2) = -0.000160
26DF deg nGDF deg
Cl (E%—) = =-0.000997 Cn (aé—) = =0.001816
spr 9€9 §pr 9€9
C (—l—) = 0.000331 C (—l—) = =0.279120
2 deg - : n deg - :
Sr s
Cl (al—) = 0.001256 C (al—) = 0.000230
§c eg ng . eg

. P
POV

A F...._"...'
1
'y

e N
G S SR
T RITGIPEIAC I PN PR YR J




Table C-3
Primed Dimensional Derivatives in the Body Axis

for 0.9 Mach at 20,000 Feet

Xé = =32.1830 Zé = =0.001120 Mé = 0.000309
X! = =-0.012075 zZ' = -0.000022 M' = =0.000130
u u u
X' = 38.2906 z' = =1.48446¢6 M! = 4.27171
Qa a a
X! = =30.1376 zZ' = 0.994789 M = =-0.777221
a g q
Xée = 2.005930 Zée = =0.149227 Mde = =24,0581
t t t
- Xéft= 2.31681 Zéft= -0.244924 lsft= -6.47269
(e
XGT = 19.254 -—— Lsc = -0.9864
¥y = 0.034486 -_— _—
Yq = -0.343554 Iy = -55.2526 Ny = 7.2370
' = 0.03263 ' = -2.80004 N' = -0.023184
Yy 636 L, b 0.023
Y! = =0.997556 L; = 0.145674 N! = =-0,362530 ]
.': ] = - 1 = - ' = -
5 Yy p= —0.001371 Lipp= ~51-0502 Nepp= —1.25006
. k
o T
b - ' = ! = - ' = - .
: Yiop= 0.026609 L§pp= ~50.7290 Nypp= =5.13710 .
2 .o . —
;; Yy = 0.037032 Ly, = 10.3955 Ny = =5.80890
- -4
- X ¥g, = 0.026734 Ly. = 5.53185 Ny = 5.89254 :
% 2
- c-5 -
L 1
b ]
. Y
. . © Y
S )
N N R N T T A Ll T T S e T




Table C-4
ﬂ Healthy Aircraft Data File for use with MULTI Option #9 :
- for 0.9 Mach at 20,000 Feet R
|| 1
14 6 6
0001000000000 0
-32.1830 -.012075 38.2906 -30.1376 0 0 0 0 2.00593 2.31681 0 0 0 19.254
-.00112 -.000022 -1.48446 .994789 0 0 0 0 -.149227 -.244924 0 0 0 0
.000309 -.000130 4.27171 -.777221 0 0 O 0 -24.0581 -6.47269 0 0 -.9864 0
00000010000000
0000 .034486 -.343554 .032636 -.997556 0 0 .0052813 .037032 .026734 0
A 00000 -55.2526 -2.80004 .145674 0 0 -63.73245 10.3955 5.53185 0
. 00000 7.237 -.023184 -.36253 0 0 -2.534335 -5.8089 5.89254 0
00000000 =-2000000
000000000 =-200000
00000000 O00D0<=20000
00000000000 -2000
, 000000000000 -200
, 0000000000000 -1 -
® 000000
- 000000
. 000000
- 000000
. 0060000
= 000000
- 000000
- - 000000 -
a ‘e 2000000 -
" 0200000 ]
- 0020000
5 0002000 5
: 0000 200 -
» 000001 R
0100000000000 e
- .0001339 .0005813 44.8737 ~.1857 0 0 0 0 -6.09774 4.2943 0 0 -.4273 0 heled
hl 0001000000000 0 L
00000 -6.8217 -.005034 -.08623 0 0 -.9449 -1.4433 3.3276 0
0000001000000 0O0 1
0000000100000 O 1
N 3 <
Y
111111
-72
72
! 1
-72 e
72 -
1 -
-72 )
72 >
1
-72 :
72 '
1
-72
72
1 .
-1000 e
1000
1 -
N




— - TR —— AT R S S S S Bl et o et Sttt S St S

Table C-5
Failed Aircraft Data File for use with MULTI Option #9

for 0.9 Mach at 20,000 Feet

1

14 6 6

00010000000000

-32.1830 -.012075 38.2906 -30.1376 0 0 0 0 1.002965 1.1584 1.1584 0 0 19.254
-.00112 -.000022 -1.48446 .9%94789 0 0 0 0 -.07461 -.1225 -.1225 0 0 ©
.000309 -.000130 4.2717 -.777221 0 0 0 0 -12.0291 -3.2363 -3,2363 0 -.9864 0

00000010000000
0000 .03449 -.3436 .03264 -.9976 -.003326 -.000686 .000686 .0370 .0267 O
00000 -55.2526 -2.80004 .145674 6.3411 -25.5251 25.5251 10.3955 5.5319 0
00000 7.237 -.023184 -.36253 .642138 -.62503 .62503 -5.8089 5,89254 0
000000OO0O0C=2000000
000000000-200000
0000000O0COO0C=20000
00000000000 -2000
00000000CO0OCOO =200
00000000000O0CO0 -1
000000

000000O0

000000

000000

000000

000000

000000

000000

2000000

0200000

0020000

0002000

0000200

0000001
0100000000O0CGOGOO
.0001339 .0005813 44.8737 -.1857 0 0 0 0 -3.04887 2.14715 2.14715 0 -.4273 0
00010000000000O0
00000 -6.8217 -.005034 -.08623 .1818 -.2906 .2906 -1.4433 3.3276 0
00000020000000
00000001000000
N

Y

111111

=72

72

1

=72

72

1

=72

72

1

-72

72

1

=72

72

1

-1000

1000

1

N

-

-\_;.'4




Table C-6
Aerodynamic Coefficients in the Stability Axis

for 0.6 Mach at 30,000 Feet

q (dynamic pressure) = 158.81 lbs/ft2
VT (trim velocity) = 596.91 ft/sec
an (trim angle of attack) = 0.08212 radians -
3
c, = 0.439013 cp = 0.044151
C. (=2—) = 0.000158 Co (=2—) = 0.000050 .
Lu ft/sec’ : Du ft/sec . -
4
C. (=1o) = 0.073559 Co (22) = 0.008210 B
L ‘deg N : D_‘deg - : R
a a o
Cov(—1——) = =1.029896 _— ]
L& radian * -y
- -
C. (—2—) = 2.437286 — o
L _‘radian’ = : e
c (=2-) = 0.009473 c (===) = 0.000019 :
LGe deg - * DGe deg y - il
t t 4
1 ) 1 ) ;
CL._ (geg) = 0-015850 Cp._ (geg) = 0-001808 :
§f Sf -]
t t B
= 1 = -
c = 0.0 cys(deg) = -0.021995 .
C_ (=2t—v) = -0.000106 C. (=—=—) = 0.132102 :
m, ft/sec . yp radian : }
C_ (=) = 0.004356 C (—2—) = 0.536904
m, deg * Y, radian )
Cm"?E%EEE’ = -0.747194 c (a%—) = 0.000051 {é
- a Yepr ©°9 R
Flf c, (ESéIEH) = -2.859448 c (aé—) = 0.002055 :
* q Ysor 9
[
- c-8
2 1
e ‘ 3
o 1
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Table C-6 (continued)
C (=1-) = -0.010229 C. (=) = 0.003021
m deg : Y deg *
Get Sr
1 _ _—
Cma (Feg) = -0-000383
£
t
c (=1-) = -0.000463 C. (=) 0.001047
Me deg Y§e deg
c, (=) = ~0.002209 C (=) = 0.001972
28 deg * ng deg :
Co (——) = =-0.243246 C (—L_—y = -0.013813
2 ‘radian : np radian :
Cy (——) = 0.071941 C (—L—) = -0.484330
2r radian ° n, radian *
Cy (aé—) = -0.002141 c, (aé—) = 0.000035
spr 9€9 spr 9€9
c (1) = -0.001742 o (=) = -0.000940
fspr 9e9 Ngpp de9
Cy  (g25) = 0.000364 C, (3= = -0.001520
St 9 Sr 9
Cy  (s=) = 0.000138 C_ (=) = 0.001121
§c deg Ngeo deg

oLt
Lkl

A

Ak
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Table C-7

Primed Dimensional Derivatives in the Body Axis

for 0.6 Mach at 30,000 Feet

te

Xy = -32.0915 2§ = -0.004425 My = 0.000313
X' = =-0.005142 z' = =0.000109 M' = -0.000337
X' = 23.0402 Z2' = -0.526422 M' = 2.52708
X' = -48.8785 Z' = 0.997184 M' = -0.341902
x&et= 3.17035 2j, = =0.066156 My, = =5.86214
Xéft= -2.09855 Zge = —0.111711 Myp = =0.211773
Xgp = 10.555 - My, = =0.2657
Y! = 0.05376 -— -

¥y = -0.154099 Ly = -19.2246 Ng = 2.29583
Y' = 0.082387 L' = -0.893601 Nl = =0.000888
Y. = -0.998322 L, = 0.318845 N = -0.278676
Yiop= 0.000357 Lypp= —17-4468 N§pp= —0.268403
Yiop= 0.014398 Lypp= —13.5832 Ngpp= —1-50547
¥g = 0.021165 Ly, = 3.92325 Ni, = -1.96651
Yi. = 0.007335 Lic = 0.414519 Ny, = 1.51008

c-10
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Table C-8
Healthy Aircraft Data File for use with MULTI Option #9

for 0.6 Mach at 30,000 Feet

1

14 6 6

600010000000000

-32.0915 -.005142 23.0402 -48.8785 0 0 0 0 3.17035 -2.09855 0 0 10.555
-.004425 -.000109 -.526422 .0997184 0 0 0 0 -.066156 -.111711 0 0 0 0
-000313 -.000337 2.52708 ~-.341902 0 0 0 0 =-5.86214 -.211773 0 0 -.2657 0

00000010000000

0 000 .05376 -.154099 .082387 -.998322 0 0 .0039565 .021165 .007335 0
00000 -19.2246 -.893601 .318845 0 0 -20.8426 3.92325 ,.414519 0
00000 2.29583 -.000888 -.278676 0 0 -.6447705 -1.96651 1.51008 0
00000000-2000000
00000000O0O=-200000
00000000O0COS=-20000
000000000O0OC=-2000
00000000O0O0O0O =200
0000000G00O0O00O0O0 -1
0000O0O0

0000O0O0

000000

0000O0O0

0006000

000000

000000

00000O00O

2000000

0200000

0020000

00000

0000200

0000601
0100000000000 0
.0001356 .001875 10.8534 -.09592 0 0 0 0 -1.3133 1.9791 0 0 -.1151 O
00010000000000
00000 -1.862 .004608 -.08962 0 0 ~.2060 -.4596 .7902 0
00000010000000
00000001000000

N

Y

111111

=72

72

1

-72

72

1

=72

12

1

=72

72

1

-72

72

1

-1000

1000

N
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N Table C-9
Failed Aircraft Data File for use with MULTI Option #9

for 0.6 Mach at 30,000 Feet

L .
14 6 6
00010000000000
-32.092 -.00514 23.040 -48.879 0 0 0 0 1.58518 -1.04928 -1.04928 0 0 10.555

: -.00443 -.000109 -.52642 .099718 0 0 0 0 -.03308 -.05586 -.05586 0 0 0

) .000313 -.000337 2.5271 =-.34190 0 0 0 0 -2.9311 -.1059 -.1059 0 -.2657 0

. 0000001000000 0

i 6000 .0538 ~.1541 .0824 -.9983 -.00178 .0001785 -.0001785 .02117 .00734 0
000O0O =-19.225 ~.8936 .3188 1.6979 -8.7234 8.7234 3.9233 .41452 © -
000O0GO 2.2958 -.000888 ~.27868 .1882 -.1342 .1342 -1.9665 1.51008 0
00000000 =-2000000
000000000 =-2000600
0000000000 =-20000
000000000O0OCS=-2000
600000000O0O0GOC =200
0000000000000 -1
000000 -
000000
000000
000000
000000
000000
000000
000000 .
2000000 e
0200000
0020000
0002000
0000 200
000001
0100000000000°0
.0001356 .001875 10.8534 =-.09592 0 0 0 0 -.65665 .98955 .9855 0 -.1151 O o
0001000000000O0O =
00000 -1.862 .004608 ~.08962 .04816 -.05483 .05483 ~.4596 .7902 0 .
0000001000000°0
00000001000000
N
Y
111111
-72
72
1 .
-72
72
1
-72
72
1 -
-72 1
72 -
1 -1
-72 ]
72 S
1 4
-1000 S
1000
1
N - £

C~12
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Table C-10
Aerodynamic Coefficients in the Stability Axis

for 1.6 Mach at 30,000 Feet

q (dynamic pressure) = 1129.3126 lbs/ft2
Vo (trim velocity) = 1591.75 ft/sec
an (trim angle of attack) = 0.02932 radians
c = 0.060695 <y = 0.046574
C. (=2—) = 0.000027 Co (w——) = 0.000002
Lu ft/sec : Du ft/sec *
C. (=) = 0.066129 C. (=) = 0.001457
L_‘deg : D ‘deg )
G o
Co v (—i—) = =2.974699 —
L& radian ‘
C. (—t—) = 3.458724 —
L_ ‘'radian -
q
c (=) = 0.006180 c (=—) = -0.000135
Lso deg - : D deg’ :
e ey
1 _ 1 -
CL _ (gag) = 0.004004 Cp _ (geg) = 0-000565
85, 8,
1
Ch = 0.0 Cys(aga) = -0.019192
1 1 T
Cmu(m) = =-0.000046 Cyp(m) = 0.026463 '4
1 1 -
Cma (d—eg) = =-0.010705 Cyr(}m) = 0.516864 -
c '(?S%ISH’ = 0.501981 C (al—) = 0.000362 ] ;
mG YspF eg ]
c ‘EE%IEH’ = -1.889366 . (a%—) 0.000281
q Y§pT 9
- 4

C-13
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Table C-10 (continued)

1 1
c (=) = =0.008061 C., (===) = 0.000552
"ge, 9°9 Ygp de9
1
C L) = -0.001432 _—
Mge (deg)
t
1 1
c (=X-) = 0.000050 C. (=x-) = 0.001541
Mg deg Ysc deg
C, (=1o) = -0.001702 . (=i = 0.00088 '
28 deg ¢ ns deg : bl
C, (—=——) = =0.257331 C (—=—) = 0.004371
A £ ‘'radian ° n_‘radian :
1 P p
- C, (———) = 0.018261 C (—i——) = -0.246367 ]
&. zr radian ° nr radian ° -
g 1 1
c (=1=) = =0.000250 C (==—) = -0.000236 =
5 fsprp 9e9 Nspp 9€9 ]
c, (-c%) = -0.000811 c. (a-(le— = -0.000317 e
(o spr 9°9 gor “€9 T
1 1 .
C (==—) = 0.000077 C (==—) = =0.000349
lGr deg Ng . deg
C, (%) = 0.000232 c, (ai_—) = 0.000973 :
Sc 9 Sc g :.4....:
= 1
-
c-14

-

.............................................
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Table C-11

T

Primed Dimensional Derivatives in the Body Axis

for 1.6 Mach at 30,000 Feet

-
i

Y sDF

YeDT

Yér

Y&c

-32.1861

-0.030046

45,1941

-46.5132

9.40431

= =13.3021

7.230

0.02022

-0.358564

0.029374

-0.998410

0.006763

0.005250

0.010313

0.028790

L sDF

1]

Lspr™

t
L6r

-0.000593

-0.000002

-1.25100

0.995991

-0.115337

= -0.075084

-100.032

-2.46287

0.160287

-14.1689

-46.6078

4.96942

12.0662

=
n

2
|

=z
]

-0.000075

0.000802

-43.8012

-0.351737

-32.8919

= -5.85004

0.2043

7.42422

-0.005040

-0.383316

-2.37673

-3.45190

= =-3.27086

9.36290
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Table C-12
Healthy Aircraft Data File for use with MULTI Option #9

for 1.6 Mach at 30,000 Feet

14 6 6

0001000000000O00O0

-32.1861 -.030046 45.1941 -46.5132 0 0
-.000593 -.000002 -1.251 .9959%1 0 0 0O
-.000075 .000802 -43.8012 -.351737 0 O

0 0 9.40431 -13.3021 0 0 0 7.230
0 -.115337 -.075084 0 0 0 O
0 0 -32.8919 -5.85004 0 0 .2043 0

r
= 1
S

600000100600000
0000 .02022 ~.358564 .029374 -.99841 0 0 .0080755 .010313 .02879 0
[: 000GCO0 -100.032 -2.46287 .0160287 0 0 -25.82085 4.96942 12.0662 0

00000 7.42422 ~.00504 -.383316 0 0 -3.2397 -3.27086 9.3629 0
000007200 =-2000000
000000000 =200000
0000000000 =20000
00000000000 -2000
000000000000 =200
0000000000000 -1
000000
000000
000000
000000
000000
000000
000000

(e 000000

o 2000000

0200000
0020000 :
0002000
0000200
000001 N
0100000000000 0 o]
-.00003249 .0004463 42.865 .04579 0 0 0 0 -8.5483 1.1772 0 0 .08851 0 et
00010000000000 - .4
00000 -14.5086 .0004118 -.08747 0 0 -1.004339 -.90723 5.4795 0 R
0000001000000°0 S
0000000100000O0°0O R
N .
Y o
111111

NI PQI RS =a)
N N N 3 [N ] N~
L] ~ N [N N

[

-1000
1000

RIS S SRR TSI
N e NN AT AT
EAPU SN A AR RN




Table C-13
Failed Aircraft Data File for use with MULTI Option #9

for 1.6 Mach at 30,000 Feet

1

14 6 6

00010000000000

-32.186 -.030046 45.1941 -46.5132 0 0 0 0 4.7022 -6.6511 -6.6511 0 0 7.230
-.000593 ~.000002 -1.251 .995991 0 0 O 0 -.05767 -.03754 -.03754 0 0 0
-.000075 .000802 -43.8012 -.3517 0 0 0 0 -16.4460 =-2.925 -2.925 0 .2043 0

00000010000000
0000 .02022 -.35856° .02937 ~.9984 -.000656 .00338 -.00338 .01031 .02879 0
00000 -100.032 -2.4629 .0160287 5.826 -7.0845 7.0845 4.9694 12.0662 0
00000 7.42422 -.00504 -.383316 .4315 -1.1884 1.1884 -3.27086 9.3629 0
00000000-2000000
00000000CO0=-200000
00000000CO0O0~-20000
00000000O0O0CO0=-2000
00000000CGO0O0OO0-200
0000000000O0OCO0 -1
000000

000000

000000

000000

000000

000000

000000

0oo00Q0O00O

2000 00 0

0200000

0020000

0002000

0000200

000001
01000000000000
~.00003249 .0004463 42.865 .04579 0 0 0 0 -4.2742 .5886 .5886 0 .08851 0
00010000000000
00000 -14.5086 .0004118 -.08747 .1545 -.3477 .3477 -.90723 5.4795 0
00000010000000
00000001000000

N

Y

111111

=72

72

1

-72

72

1

-72

72

1

=72

72

1

=72

72

1

=-1000

1000

1

N
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The aerodynamic coefficients for the previous three
flight conditions appear in Reference 4 and were originally
obtained from Reference 1; however, in both these refer-
ences, landing approach data is given for 0.2 Mach at 30
feet with the flaperons completely deflected downward. The

trim angle of attack @, for this flight condition is 14.98

T
degrees.

For the study in this thesis it is desirable to
evaluate the aircraft's performance with the flaperons
trimmed at zero degrees and at a higher speed, which yields
a smaller %n. A landing approach condition of 0.3 Mach at
30 feet is therefore chosen for this thesis.

It is assumed that the aircraft's equations of motion
are linear for a small change in velocity; therefore, most
of the aerodynamic coefficients for the 0.2 Mach flight
condition are applicable to the 0.3 Mach flight condition.
The 1ift coefficient CL changes with the inverse of the
dynamic pressure q, and the drag coefficient Cp is decreased
times the maximum flaperon deflection, because the

§f
new trim condition for the flaperons is at zero degrees.

by CD

The trim angle of attack is calculated from the lift

and moment equations:
(C-1)

(C=2)

PO e e e TP
R T N AU OB S T
RERER ST e, . .

A et Wt . R I . PR BN R
AU PP R, AU A PO A VA VR PP B A VA WAy

1)

. ’ et
" P

v, A .
i SRS

r
, .
A STy




aq = (C=3)

The lift and moment coefficients at the zero lift line

(CL and Cm ) are not given in the either Reference 1 or 4.
0 0

These values are calculated for the 0.2 Mach flight condi-

tion by solving Equations (C-1) and (C-2) with the known

angle of attack and trim elevator deflection. Although CL
0
and Cm do not change much for a small change in velocity,
0

it is assumed that these values change by the same ratio as

the change in CL. The assumption gives a "worst case" trim
o angle of attack for the new flight condition.

The primed dimensional derivatives are calculated using

(o
the computer program CAT (Conversion And Transformation) i ]
which implements the equations of Appendix B (4:276-294). ;?ﬁ
T
1
R .1
= g
A
v ]
:;;'_ > 1
c-19 N 1
.'- B - 'ﬂ




Table C-14
Aerodynamic Coefficients in the Stability Axis

for 0.3 Mach at 30 Feet

q (dynamic pressure) = 133.163 1bs/ft> ]
Vo (trim velocity) = 334.9 ft/sec
@, (trim angle of attack) = 0.14484 radians .
CL = 0.526120 CD = 0.167204 )
1 1 4
CLu(m) = -0.000178 CDu(m—e—E) = 0.000063 - 4
. 4
C, (2=) = 0.053031 C. (x) = 0.027636 1
La deg * Da deg ‘ y
C, . (—=r—) = -0.775892 -—-
L& radian’ = : ——d
C. (—2—) = 1.428590 — s
L_‘'radian ' L
q '
C (—l—) = 0.010306 C (—i—) = 0.002519 '~;$
L6 deg * DG deg : R
St %t <
1 1 } 3
CL (aga) = 0.004004 CD (agg) = 0.002519
§f, s,
1
Cm = 0.0 Cy (aga) = =0.020613
8 - 1
1 1 1
Cmu (E—/s—e-a) = 0.000032 Cyp(m) = 0.214209 | ;
C (=) = 0.001755 C. (—2+—) = 0.640146 E
my deg ¢ Y, radian *
C- (coirzs) = 0.017115 c (o) = 0.001493 o]
a Y DF 9 3
1 1 :
C (———) = =-6.716320 C (=—) = 10.003154
mq radian ykDT deg |
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Table C-14 (continued)

RN .
PSSR

1 1
- Cny, (deg) -0.010622 ¢y (gag) = 0.003103
et §r
.f 1 _ —_— s
: Co_ (3sg) = 0-001000 Y
st
t
‘ 1 1
‘ c (=—) = -.0195035 C (=) = 0.000893
n‘ ms o deg ysc deg
! C, (=) = -0.003015 C () = 0.002824
t; %g ‘deg B : N deg B :
C. (—i——) = =0.201582 C. (—2—) = -0.065499
! zp radian * n_'radian *
. J
C. (—2—) = 0.224680 C. (—i—) = -0.509547 B
zr radian’ ~ ° n_ radian’ ~ * -— 4
¢, (%) = -0.001373 c, (%) = -0.000566
sDF 9€9 s pr 9€9 1
c (==—) = -0.001658 C (=) = -0.000769
‘e Lspp 9e9 nspr 9€9 —
c (==—) = 0.000033 c (==—) = -0.001716
26r deg n‘Sr deg )
Cy (aé—) 0.000074 c, (gé—) = 0.000665 ]
Gc g sc g o~ _.j

.'A
Y

C-21

=4
=
OR
o
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1

A
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Table C-15 "]
- o
Primed Dimensional Derivatives in the Body Axis
for 0.3 Mach at 30 Feet e
. ;A
N
4
Xy = -31.8627 z' = -0.013880 M' = -0.,000033 ]
6 ) 0 1
X' = -0.016994 Z' = -0.000326 M' = -0.000364
]
X& = ~-36.9184 z' = -0.629959 M& = 0.833706 1
;
X' = -48,3011 Z' = 0.995634 M' = -0.950374 :
Xse = =3.52376 Zso = -0.110589 Mée = ~5,10864 .
t t
X!, = -8.00387 Zl. = -0.090118 M'. = 0.48071 R
- Gft §f cft .
‘e
XGT = 22,291 -—- Mac = =-0.16371 :
Y' = 0.095141 -— -——-
—
- 1
Yé = -0,215833 Lé = -23.1367 N' = 2,53712 :
Y' = 0.141584 Lé = =-1.23522 N' = -0.027433
' = - ! = ' = - B
Yr = -0,.,994562 Lr 1.40799 Nr 0.414331
YSDF= 0.015633 LGDF= -8.76403 NGDF= -0.890051
' - ' = - ' = -
YGDT" 0.033025 LGDT 10.5014 NGDT 1.16925 .
' = ' = [ = - :
Ysr = 0.032491 LGr 1.86570 N6r 1.88884 .
Y! = 0.009350 L. = ~0.13479 N' = 0.748726 i
§c §c &c
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Table C-16
t] Healthy Aircraft Data File for use with MULTI Option #9

for 0.3 Mach at 30 Feet

(i el g

- 1

9 14 6 6

s 0001000000000 O

- - -32.8627 -.01699 -36.9184 -48.3011 0 0 0 0 =-3.5238 -8.0039 0 0 0 22.291

" -.01388 -.000326 -.62996 .995634 0 0 0 0 -.110589 -.090118 0 0 0 O

X -.0000333 -.000364 .83371 ~.950374 0 0 0 O -5.10864 .480707 0 0 -.1637 0
000000100000O00O0GC

1 0000 .095141 -.215833 .145841 =-.994562 0 0 .023889 .032491 .0093504 0

K;. 00000 -23.1367 -1.23522 1.40799 0 0 -11.38938 1.86570 =-.13479 0
000O0O 2.537 -.027433 -.41433 0 0 -1.182364 ~-1.8888 .748726 0
00000000 =-2000000

4 00000000O0-200000

{ 0000000000 -20000

! 60000000O0CO0O-2000

i 0000000O0O0O0OO =200
0000000000000 -1 .

ﬁ. 000000

{ 000000

{ 000000

: 000000

- 000000
0000O0O
000000

f= 000000 -_—
. @ 2000000

4 0200000

g 0020000

- 0002000

- 0000 200

o 000001

- 0100000000000°0 -
-.000014 .0032362 6.91315 ~-.3663 0 0 0 0 -1.06302 1.4553 0 0 -.0709 0 .
0001000000000 0O .
00000 -1.1456 -.001706 -.12294 0 0 -.2638 -.48038 .42162 0
0000001000000°0O
0000000100000°0
N
Y
111111
-72
72
1
-72
72
1
-72
72
1
-72
72
1 X
-72 .
72 T
1 o
-1000 -
1000
1 -
N
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Table C-17
Failed Aircraft Data File for use with MULTI Option #9

for 0.3 Mach at 30 Feet

1

14 6 6

00010000000O00O00O0

-32.8627 -.01699 -36.9184 -48.301 0 0 0 0 -1.7619 -4.0019 -4.001%9 0 0 22.291
.01388 -.000326 -.62996 .99563 0 0 0 0 -.05529 -.045059 -.045059 0 0 O
.0000333 ~,000364 .83371 -.950374 0 0 0 0 -2.5543 .24035 .24035 0 -.16371 0

00000010000000
0000 .09514 -.2158 .14584 -.995 ~.004128 .007816 -.007816 .03249 .00935 0
00000 -23.1367 -1.23522 1.40799 1.3127 -4.382 4.382 1.866 -.13479 0
00000 2,537 -.027433 -.41433 .14616 -.44503 .44503 -1.8888 .748726 0
00000000=-2000000
000000000 =-200000
000000000O0=-20000
0000000OGO0OO0-2000
0000000000O0O0=-200
00000000000O0O0 -1
000000

000000

000000

000000

0000O0CO0

0000O0O

000000

0o000O0O0

2000000

0200000

0020000

0002000

0000200

0000001
0100000000000O00O0
-.000014 .0032362 6.91315 -.3663 0 0 0 0 -.53151 .57277 .57277 0 -.070922 0
00010000000000
00000 -1.1456 ~-.001706 -.12294 .020385 -.111503 .,111503 -.48038 .42162 0
00000010000O000
00000001000000O0

N

Y

111111

-72

72

1

-72

72

1

-72

72

1

=72

72

1

-72

72

1

-1000

1000

1

N
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Appendix D: Continued Design Responses

Chapter I1 presents the simulation response plots for
the transonic flight condition (0.9 Mach at 20,000 feet).
This appendix gives the response plots for the other three
flight conditions considered in this thesis, which are
subsonic flight (0.6 Mach at 30,000 feet), supersonic flight
(1.6 Mach at 30,000 feet), and landing approach (0.3 Mach at
30 feet). The order of presentation is similar to that of

Chapter II.

Subsonic Flight (0.6 Mach at 30,000 Feet)

The subsonic flight condition is chosen to demonstrate
maneuverabiltiy at a cruising speed for the aircraft. The
dynamic pressure is relatively low because of the high
altitude; therefore, the control surfaces are less effective
at this flight condition than at the transonic flight

condition.

G-Command Maneuver. Tables D-1 and D-2 list the design

parameters for the g-command maneuver for the healthy and
failed right elevator models. As shown in the tables, the
same design parameters, a, L, and e , are used for both
aircraft models.

Figures D-1 through D-7 show the simulation responses
for the g-command maneuver. For this maneuver the healthy

aircraft longitudinal responses change very little when the

right horizontal tail fails. Also, the healthy aircraft




’
i
i

lateral responses are zero and are very small with the
failed model. For these reasons Figures D-1 through D=3
give simulation responses for both the healthy and failed

aircraft models.

The maximum normal acceleration command of 3.lg is
limited by the flaperon deflection. For the failure case,
the left elevator deflects approximately twice the amount
required when both tail halves are working. The flaperon
deflection is slightly asymmetric for the failure case in
order to compensate for the rolling moment created by the
left elevator deflection. The rudder and canard compensate .

for the adverse yaw caused by a difference in drag between

the left and right halves of the aircraft.




Table D-1

G-Command: Healthy Model, 0.6 Mach at 30,000 Feet

Sampling Time: T = 0.02 second

a = 1.2
€ = 1.0
L = diag{( 2.0, 0.04, 1.0, 1.0, 1.0, 1.0}
-
0.0 -0.3565E~04 =0.8330E-01 -0.5402E-02 0.5400E-04 o.51sss-ogw
-0.3473E-14  0,9869E-03 =~0.5527E-01  0.3198E-02 =-0.3198E-04 -0.3054E~02
K. = 0.0 0.0 0.0 0.1806E-01 -0.9219E-02 =-0.3528E~-01
=0 - 0.0 0.0 0.0 0.8364E-01 0.2127E-02 -0.1756E+00 -
0.0 0.0 0.0 0.1166E+00 =0.1166E-02 ~-0.1114E+00 71"_
0.1895E+01  0.4139E~02 0.2B06E+00 0.4517E-01 -0.4516E-03 -0.4313E-01 :%ni
- . L
_ _ —
0.0 ~0.4278E-04 -0.9996E-01 ~0.6482E-02 0.6480E-04 0.6189E-02 T
~0.4167E-14  0.1184E-02 =-0.6633E-01  0.3838E-02 =-0.3837E-04 =-0.366SE-02 T
K. = 0.0 0.0 0.0 0.2168E-01 =0.1106E-01 ~0.4233E-01 R :}
=1 0.0 0.0 0.0 0.1004E+00  0.2553E-02 =-0.2108E+00 e
0.0 0.0 0.0 0.1400E+00 =0.1399E-02 =-0.1336E+00 e
L 0.2274E+01  0.4966E-02 0.3367E+00 0.5420E~01 -0.5419E-03 -0.517SE—O{J T

Input Ramp Time: 0.4 second
Command Vector:

u = 0.0 e

A, = 3.1 g (step) .
<

q = 0.1672 radian/second (step) o

A = 0.0 .
¥p -:

p = 0.0

r =0.0 E@ﬁ




|
"

-
o

]
"

diag { 2.0,

—
0.4482E~14
-0.2244E-14
-0.3025E-14

=
]

=0 ~0.7669E-16
-0.4928E~15
0.1895E+01

0.5379E-14
-0.2693E-14
-0.3630E-14
-1 -0.9202E-16
-0.5913E-15
L 0.2274E+01

u = 0.0
A =
p
q =
A = 0.0
Yp
p - o.o
r = 0.0

G-Command:

Sampling Time:

Input Ramp Time:

Table D-2

Failed Model,

0.6 Mach at 30,000 Feet

T = 0.02 second

0.04, 1.0, 1.0,

-0.7129E-04
0.9786E~-03
0.9952E-03

=-0.5852E-05

-0.2051E-06
0.4138E-02

-0.8554E-04
0.1174E-02
0.1194E-02

=-0.7022E-05

~0.2461E-06
0.4966E~02

Command Vector:

3.1 g (step)

-0.1665E+00
-0.7458E-01
=-0.3599E-01
-0.1367E-01
-0.4791E-03

0.2B04E+00

=0.1999E+00
~0.8950E-01
=-0.4319E-01
=0.1641E-01
-0.5749E-03

0.3365E+00

0.4 second

1.0, 1.0}
-0.1081E-01 0.1129E-03
0.2420E-01 -0.1137E-01
-0.1779E-01 0.1131E-~01
0.8571E-01 0.6232E-03
0.1167E+00 -0.1218E-02
0.4520E-01 -0.4718E-~03
-0.1297e-01 0.1354E-03
0.2903E-01 -0.1365E-0°
-0.2135g-01 0.1357E-01
0.1029E+00 0.7479E-03
0.1400E+00 -0.1462E-02
0.5424E-01 -0.5662E-03

0.1672 radian/second (step)

0.1033g-01
~0.4531E-01
0.3920E-01
~0.1806E+00
-0.1115E+00

-0.4319E-01

0.1240E-01
-0.5437E-01
0.4703E-01
=-0.2167E+00
-0.133BE+00

-0.5183E-01
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Pitch Pointing Maneuver. Tables D=3 and D-4 give the

_: design parametc¢rs for the pitch pointing maneuver. As with

- the g-command maneuver the design parameters @, I, and € are

the same for the healthy and failed models.

. The simulation responses for the pitch pointing maneu-
ver are given in Figures D-8 through D-14. The maximum

pointing angle commanded is limited by the flaperon deflect-

Si ion. For the same reasons discussed in the g-command
maneuver section, Figures D-8 through D-10 give simulation
responses for both the healthy and failed aircraft models.

" For the failure case the left elevator must deflect approx-

imately twice the angle of the healthy elevator deflection.
Also, for the failure model, the flaperons deflect asymme-

trically to counter the roll induced by the failed right

J

horizontal tail, and the rudder and canard deflect to

compensate for adverse yaw.

.........




Table D-3

Pitch Pointing: Healthy Model, 0.6 Mach at 30,000 Feet

o Sampling Time: T = 0.02 second

a = 2.0
€ = 1.0
Z = diagf{ 2.0, 1.5, 1.0, 1.0, 1.0, 1.0}
A
0.0 -0.1337E-02 ~0.8330E-01 -0.5402E-02 0.5400E-04 0.5158E-02
- -0.3473E~14 0.3701E-01 ~0.5527E-01 0.3198E-02 =~0.3198E-04 -0.3054E-02
. 0.0 0.0 0.0 0.1806E-01 -0.9219E-02 -0.3528E-01
i 50 = 0.0 0.0 0.0 0.8364E-01 0.2127E-02 -0.1756E+00
:} } 0.0 0.0 0.0 0.1166E+00 -0.1166E-02 -0.1114E+00
u.laBSEwl 0.1552E+00 0.2806E+00 0.4517E-01 -0.4516E-03 -0.4313E-C1
-
-
- =
s (¢ - -
- 0.0 -0.2674E~02 -0.1666E+00 -0.1080E-01 0.1080E~03 0.1032E-01
t— -0.6946E~14 0.7402E-01 <-0.1105E+00 0.6397E-02 -0.6395E~04 -0.6108E-02
E‘ _ 0.0 0.0 0.0 0.3613E-01 -0.1844E~01 ~-0.7055E-01
‘ El - 0.0 0.0 0.0 0.1673E+00  0.4254E-02 =-0.3513E+00
0.0 0.0 0.0 0.2333E+00 =0.2332E~02 =-0.2227E+00
0.3790E+01 0.3104E+00 0.5612E+00 0.9034E-01 -0.9031E-03 -0.8625E-01
— —

Input Ramp Time: 0.2 second
Command Vector:

u = 0.0

0.0

o
o
n

- P
;} q = 0.05934 radian/second (1 second pulse)
N
oo A = 0.0
- Yy
p = 0.0
C r = 0.0 o
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Table D-4 ]
-4
Pitch Pointing: Failed Model, 0.6 Mach at 30,000 Feet )
Sampling Time: T = 0.02 second T
.‘"“.“
7
— ST
a= 2,0
€ = 1.0 :
L = diag{ 2.0, 1.5, 1.0, 1.0, 1.0, 1.0} ]
- 1
— ——
0.4482E-14 -~0.2673E-02 =-0.166SE+00 -0.108l1E-0Q1 0.1129E-03 0.1033E-01
-0.2244E-14 0.3670E-01 ~0.7458E-01 0,2420E~01 ~0.1137E-01 =-0,4531E-01 |
K -0.3025E-14 0.3732E-01 -0.3599E-01 -0.1779E~01 0.1131E-01 0.3920E-01
-0 -0.7669E-16 <0.2194E~03 -0.1367E-01 0.8571E~01 0.6232E-03 -0,1806E+00 : 9
-0.4928E-15 -0.7690E-05 -0.4791E-03 0.1167E+00 ~0.1218E-C2 =0,1115E+00 .1
0.1895E+01 0.1552E+00 0.2804E+00 0.4520E~01 ~0.4718E-03 =0.4319g-01 o
- R
— - ——e
0.8965E~14 -0.5346E-02 ~0.3331E+00 -0.2162E-01 0.2257E-03 0.2066E-01 1
-0.4488E-14 0.7340E-01 =-0.1492E+00 0.4839E-01 -0.2275E-01 =-0.9062E-01
K - -0.60S1E-14 0.7464E-01 -0.7199E-01 ~-0.3559E-01 0.2262E-01 0.7839E-01
-1 -0.1534E-15 <~0.4389E-03 =-0.2734E-01 0.1714E+00 0.1246E-02 -0.3612E+00 _
-0.9855E-15 -0.1538E-04 -0.3582E-03 0.2334E+00 =0.2437E=-02 ~-0.2231E+00 et eand
+
0.3790E+01 0.3104E+00 0.5608E+00 0.9039E-01 ~0.9436E-03 ~-0.8639E-01 R
e -~ -]
.
-~
Input Ramp Time: 0.2 second
h
Command Vector:
u = 0.0 "
A = 0.0
np |
q = 0.05934 radian/second (1 second pulse) -
Ay = 0.0
P )
P = 0.0 )
- 4
r = 0.0 '
D-11
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Figure D-8: 0.6M Healthy/Failed Pitch Pointing -- Pitch
Angle, Angle of Attack, and Forward Velocity
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0.6M Healthy Pitch Pointing -- Aileron,

Rudder, and Canard Deflections and Thrust

SNt
- e

e
-

g -
“3
vof
@<
e,
o
p=1
Pg
o] §r
i
- 6T
(<]
ne Sc
[
-t
o
- .
we .
2
= N
P LN
b—o .'. “
< =
":c.co 1.co P 3.C¢ «.co 5.C0 6.c0 2.00 e.cc e
TINE. SECONDS o
Figure D-14: 0.6M Failed Pitch Pointing =-- Rudder and -
Canard Deflections and Thrust
D-15
giLi-n:ZALZ;:%L;L--;liﬁiﬁ%ﬂiﬁ&i}fiﬁﬁkﬁﬂ*ﬁfﬁﬁfﬁﬁﬁﬁiﬁﬂFy;w?gﬁ*fs}ﬂ?Qﬁn”;L




Longitudinal Translation Maneuver. Tables D=5 and D=6

3

.

.

3

[

L‘ . -
’ﬂ give the design parameters for the longitudinal translation T

b maneuver. Once again the design parameters a, L, and ¢ are

the same for the healthy and failed models. ff;
The simulation responses for the longitudinal transla-

tion maneuver are given in Figures D-15 through D-21. As

discussed in the g-command maneuver section Figures D-15
through D-17 give simulation responses for both the healthy
and failed aircraft models. The maximum longitudinal
translation command of 0.5g for one second, which yields a
normal velocity of approximately 22.5 feet/second, is
limited by the flaperon deflection.

As is usually the case with longitudinal maneuvers, the
failure model requires that the left elevator must deflect

approximately twice the angle of the healthy elevator de- S

flection. Also, for the failure model, the flaperons

deflect asymmetrically to counter the roll induced by the
failed right horizontal tail, and the rudder and canard

deflect to compensate for adverse yaw.
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Table D=5

Longitudinal Translation: Healthy Model,
- 0.6 Mach at 30,000 Feet

Sampling Time: T = 0.02 second

a = 3.5
e = 1.0
L = diag{ 2.0, 1.0, 0.8, 1.0, 1.0, 1.0}
- —
6.0 -0.8913E-03 -0.6664E-01 -0.5402E-02 0.5400E-04 0.5158BE-02
~0.3473E-15 0.2467E-01 -0.4422E-01 0.3198E-02 -0.3198E-04 -0.3054E-02
0.0 0.0 0.0 0.1806E-01 =-0.9219E-02 -0.3528E-01
!SO = 0.0 0.0 0.0 0.8364E-01 0.2127E-02 -0.1756E+00
0.0 0.0 0.0 0.1166E+00 =-0.1166E-02 <-0.1114E+00
0.1895E+00 0.103SE+00 0.2245E+00 0.4517E-01 =-0.4516E-03 ~0.4313E-01
g —
\e
— —_
0.0 -0.3120E-02 -0.2332E+00 ~0.1B91E-01 0.1890E~03 0.1805E-01
-0.1215E-14 0.8635E-01 -0.1548E+00 0.1119e-01 -0.1119E~03 -0.1069E-01
0.0 0.0 0.0 0.6322E-01 -0.3226E-01 -0.1235E-00
!Sl = 0.0 0.0 0.0 0.2927E+00 0.7445E~02 -0.6148E+00
0.0 0.0 0.0 0.4082E+00 -0.4081E~02 -0.389BE+00
0.6632E+00 0.3621E+00 0.7857E+00 0.1581E+00 ~0.1580E~02 -0.1509E+00

Input Ramp Time: 0.2 second

Command Vector:

u = 0.0
An = 0.5 g (1 second pulse)
q ° = 0.0
A = 0.0
pyp = 0.0
:- r = 0.0
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Table D-6

Longitudinal Translation: Failed Model,
0.6 Mach at 30,000 Feet

Sampling Time: T = 0.02 second

E; = 3.5 i
]
€ =1.0 )
L = diagf{2.0, 1.0, 0.8, 1.0, 1.0, 1.0} o
7
— — K
0.4482E-15 ~-0.1782E-02 =0.1332E+00 -0.1081E-01 0.1129E-03 0.1033E-01 A
=0.2244E~-15 0.2447E-01 -0.5967E-01 0.2420E-01 -0.1137E-01 =-0.4531E-01 ~:
-0.3025E~15 0.2488E-01 -0.2879E-01 =0.1779E-01 0.1131E~01 0.3920E-01 - ‘:1
ESO - -0.7669E~17 ~-0.1463E-03 -0.1094E-01 0.8571E-01 0.6232E-03 -0.1806E+00 N _,1
-0.4928g-16 <-0.5127E-05 -0.3833E-03 0.1167E+00 <~-0.1218E-02 -0.1115E+00 L; ,f
0.1895E+00 0.1035E+00 0.2243E+00 0.4520E-01 =-0.471BE-03 -0.4319E-01 ';tri
o — A
pe— a— - .
0.1569E-14 <-0.623BE-02 -0.4663E+00 -0.3784E-01 0.3950E-03 0.3616E-01
-0.7854E-15 0.8563E-01 -0.2088E+00 0.8468E-01 =-0.398lE-01 =-0.15B6E+00
-0.1059E-14 0.8708E-01 =-0.1008E+00 -0.6228E-01 0.39S8E-01 0.1372E+00
!Sl = -0.2684E-16 <-0.5120E-03 -0.3828E-01 0.3000E+00 0.2181E-02 =-0.6321E+00
-0.1725E~15 =0.1794E-04 =0.1342E-02 0.4085E+00 =0.4264E-02 =-0.3904E+00 < 9
0.6632E+00 0.3621E+00 0.7851E+00 0.1582E+00 =-0.1651E-02 =0.1512E+00 . i
e p— 0T
¥

Input Ramp Time: 0.2 second

Command Vector:

u = 0.0 ‘f?
An = 0.5 g (1 second pulse)
b -

q = 0.0

A = 0.0

Yp
P = 0.0
r = 0.0
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0.6M Failed Longitudinal Translation
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Roll About Velocity Vector Maneuver. As discussed in

Chapter IV the roll maneuver requires some modification to
the healthy and failure ﬁodels. Tables D-7 and D-8, give
the design parameters &, L, and ¢ for the roll maneuver.
The parameters are the same for the healthy and failed
mcdels.

The simulation responses for the roll maneuver are
given in Figures D=-22 through D-28. For this maneuver the
longitudinal responses are very small for both the healthy
and failure models. Also, the healthy aircraft lateral
responses change very little when the richt horizontal tail
fails. For these reasons Figures D-Z2 through D-24 give
simulation responses for both the healthy and failed
aircraft models.

The roll rate commanded is limited to 200 degrees per
second for three seconds in order to aveid generating too
1ar;e‘a sideslin angle.

The ailerorn deflection for the healthy aircraft is less
than the flaperon deflections for the failure case because
the eileron deflection includes a contribution from the
horizontal tail. When the right horizontal tail fails the
flape:ons must deflec: more to achieve the ccmmanded roll
rate. The rudder and canard deflections are unaffected by

the faillure of the right horizontal tail.
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Table D=7

Roll About Velocity Vector: Healthy Model,
0.6 Mach at 30,000 Feet

Sampling Time: T = 0.02 second

@ = 2.0
€ = 1.0
I - diagf 2.0, 1.0, 0.8, 0.25, 0.18, 0.3 }

0.0 -0.8913E-03 -0.6664E-01 -0.1350E-02 0.9721E~05 0.1547E-02
-0.3473E-14 0.2467E-01 -0.4422E-01 0.7996E-03 -0.5756E-05 -0.9161E-03
' 0.0 0.0 0.0 0.4516E-02 -0.1659E-02 -0.105BE-01
550 = 0.0 0.0 0.0 0.2091E-01 0.3829E-03 ~0.5269E-01
0.0 0.0 0.0 0.2916E-01 -0.2099E-03 ~0.3341E-01
0.1895E+01 0.1035E+00 0.2245E+00 0.1129E-01 -0.8128E-04 ~0.1294E-01

- —

- e
0.0 -0.1783E-02 -0.1333E+00 -0.2701E-02 0.1944E-04 0.3095E-02
-0.6946E-14 0.4935E-01 -0.8844E-01 0.1599E-02 =-0.1151E-04 -0.1832E-02
0.0 0.0 0.0 0.9031E-02 =-0.3319E-02 =-0.2117E-01
!Sl = 0.0 0.0 0.0 0.4182E-01 0.7658E-03 -=0.1054E+00
0.0 0.0 0.0 0.5831E~-01 ~-0.4198E-03 ~-0.6681E-01
0.3790E+01 0.2069%E+00 0.4489E+00 0.225BE-01 ~0.1626E-03 =-0.258BE-0l

— -

Input Ramp Time: 0.3 second

Command Vector:

u = 0.0
An = 0.0
p
q = 0.0
A = 0.0
Yp
P = 3.491 radians/second (3 second pulse)
r-a, = .0
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Table D-8

] Roll About Velocity Vector: Failed Model,
0.6 Mach at 30,000 F=set

Sampling Time: T = 0.02 second

Al it e

a = 2.0
!
€ = 1.0
I = giag{ 2.0, 1.0, 0.8, 0.25, 0.18, 0.3}
- ham
0.4482E-14 -0.1782E-02 -0.1332E+00 -0.2703E-02 0.2031E-04 G.3099E-G2
-0.2244E-14 0.2447E-01 =-0.5967E-01 0.6049E-02 -0.2047E-02 -0.1359E-C1
-0.3025E-14 0.2488E-01 -0.2879E-01 <-0.4449E-02 0.203SE-02 0.1176E-01
!SO - -0.7669E-16 -0,1463E-03 -0.1094E-01 0.2143E-01 0.1122E-03 ~-0.541BE-01
-0.4928E-15 =0.5127E-05 =-0.3833E-03 0.2918E-01 -0.2193E-03 -~0.3346E-01
0.1895E+01 0.1035E+00 0.2243E+00 0.1130E~01 -0.8493E-04 -0.1296E-01
— —
0.8965E-14 -0.3564E-02 -0.2665E+00 -0.5405E-~02 0.4063E-04 0.6199E-02
-0.4488E-14 0.4893E-01 -~0.1193E+00 0.1210E~01 =-0.409%E~02 =~-0.2719E-01
-0.6051E~14 0.4976E-01 ~-0.5759E-01 -0.88%7E~02 0.4071E-02 0.2352E-01
!Sl = -0.1534E-15 -0.2926E-03 -0.2188E-01 0.428B6E-01 0.2244E-03 -0.1084E+00
-0.9855E-15 -0.1025E-04 =-0.7666E-03 0.5835E~01 -0.4386E-03 =0.6692E-01
0.3790E+01 0.2069E+00 0.4487E+00 0.2260E-01 -0.1699E-03 =0.2592E-C1

Input Ramp Time: 0.3 second

Command Vector: N

u = 0.0 " 4

A, = 0.0 1
p :

q = 0.0

A = 0.0
Yp

P = 3.491 radians/second (3 second pulse)

r-a, = 0.0 jffi
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Figure D-22: (0.6M Healthy/Failed Roll -- Sideslip Angle, "
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Figure D-23: 0.6M Healthy/Failed Roll =-- Roll Angle, Roll
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Figure D-24: 0.6M Healthy/Failed Roll -- Normal Acceler-
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Figure D-26: 0.6M Failed Roll -- Left Elevator and Flaperon
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Sideforce (Flat Turn) Maneuver. Tables D-9 and D-10

give the design parameters for both the healthy and failed
cases of the sideforce maneuver. The same parameters are
used for both cases.

Figures D-29 through D-35 present the simulation
responses for a 0.2g sideforce command. The maximum value
commanded is limited by the canard deflection. As with the
roll maneuver Figures D-29 through D-31 give simulation
responses for both the healthy and failed models.

For this maneuver the horizontal tail is mainly used to
counter the longitudinal pitching moment produced by the ca-
nard deflection although it also contributes to roll control
for the healthy aircraft case. When the right horizontal
tail fails the left horizontal tail deflects approximately
twice the deflection of the healthy elevators. The flap-
erons deflect slightly asymmetrically to compensate for the
roll created by the failed right horizontal tail. The
rudder and canard deflections change only slightly for the

failure case.

.....
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8 - Table D-9
r] Sideforce Maneuver: Healthy Model, -
0.6 Mach at 30,000 Feet -

Sampling Time: T = 0.02 second

a = 1.2
e = 1.0
L = diag{ 2.0, 0.04, 1.0, 1.0, 1.0, 1.0} )
- -
0.0 -0.3565E-04 =-0.8330E-01 -0.5402E-02 0.5400E-04 0.5158E-02
-0.3473E-14 0.9869E-03 -0.5527E-01 0.3198E-02 -0.3198E-04 -0.3054E-02
e 0.0 0.0 0.0 0.1806E-01 -0.3219E-02 -0.3528E-0Ql ——
50 B 0.0 0.0 0.0 0.8364E-01 0.2127E-02 -0.1756E+00
: 0.0 0.0 0.0 0.1166E+00 =~0.1166E~02 =-0.1114E+00
0.1895E+01 0.4139E-02 0.2B06E+00 0.4517E-01 -0.4516E-03 ~0.4313E-01 .
- - :
L4 — - .
0.0 -0.4278E~04 -0.9996E-01 ~0.6482E-02 0.6480E-04 0.6189E~02 o
-0.4167E~14 0.1184E-02 =-0.6633E-01 0.3838E-02 -0.3837E-04 -0.3665E~02 S
_ X - 0.0 0.0 0.0 0.2168E-01 =-0.1106E-01 =0.4233E-01 u' "
= =1 0.0 0.0 0.0 0.1004E+00 0.2553E-02 =-0.2108E+00 —— e
y 0.0 0.0 0.0 0.1400E+00 -0.1399E-02 -0.1336E+00
T' 0.2274E+01 0.4966E-02 0.3367E+00 0.5420E-01 <-0.5419E-03 -0.517SE-01
— p—

Input Ramp Time:

Command Vector:

0.5 second

u = 0.0
. An = 0.0
b .
q = 0.0
- A = 0.2 g (step)
- Y
- P
p = 0.0
7 r = 0.01079 radian/second (step) o

D-31




Sideforce Maneuver:

Sampling Time:

Table D-10

Failed Model,

0.6 Mach at 30,000 Feet

T = 0.02 second

a = 1.2
e = 1.0
L = diag{ 2.0, 0.04, 1.0, 1.0, 1.0, 1.0}
—
0.4482E-14 -0,7129E-04 -0.1665E+00 ~0.1081E-01
-0.2244E-14 0.9786E-03 =0.7458E-01 0.2420E~-01
K -0.3025E-14 0.9952E-03 =-0.3599E-01 =-0.1779E-01
"O -0.7669E-16 -0.5852E-05 =-0.1367E-01 0.8571E-01
-0.4928E-15 =-0.2051E-06 =-0.4791E-03 0.1167E+00
0.1895E+01 0.413BE-02 0.2804E+00 0.4520E-01
0.5379E-14 -0.8554E-04 -0.1999E+00 ~-0.1297g-01
~0.2693E-14 0.1174E-02 <-0.8950E-01 0.2903E-01
K _ -0.3630E-14 0.1194E~-02 -0.4319E-01 -0.2135g-01
=1 -0.9202E-16 =-0.7022E-05 -0.1641E-01 0.1029E+00
<0.5913E-15 =-0,2461E-06 ~-0.5749E-03 0.1400E+00
0.2274E+01 0.4966E-02 0.3365E+00 0.5424E-01
Input Ramp Time: 0.5 second
Command Vector:
u = 0.0
An = 0.0
P
q = 0.0
Ay = 0.2 g (step)
p
P = 0.0
r = 0.01079 radian/second (step)

D-32

0.1129E-03
-0.1137E-01
0.1131E-01
0.6232E-03
-0.1218E-02

-0.4718E-03

0.1354E-03
-0.1365E-01
0.1357E-01
0.7479E-03
-0.1462E~02
-0.5662E-03

0.1C33E-01
-0.4531E-01
0.3920E-01
~0.1806E+00
-0.1115E+00

-0.4319E-01

0.12405-0:-1

-0.5437E-01

0.4703E-01
-0.2167E+00
-0.1338E+00

-0.5183E-01

]
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Figure D-29: 0.6M Healthy/Failed Sideforce -- Sideslip
Angle, Pitch Angle, Angle of Attack, and Forward Velocity
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) Figure D-32: 0.6M Healthy Sideforce -- Elevator and Flap
: Deflections and Thrust
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Figure D~34: 0.6M Healthy Sideforce -- Aileron, Rudder, and
Canard Deflections
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Yaw Pointing Maneuver. The design parameters for the

yaw pointing maneuver are given in Tables D-11 and D-12 for

both the healthy and failed models. The parameters are the

same for both cases.
. Figures D-36 through D-42 present the simulation
responses for a four degree yaw pointing command. The
maximum angle commanded for this maneuver is limited by the
ability to hold the roll angle to a small value. As with
the roll maneuver Figures D-36 through D-38 give simulation
responses for both the healthy and failed aircraft models.

For the yaw pointing maneuver the horizontal tail is

used for both pitch and roll control. When the right hori-

zontal tail fails the flaperons take over the roll control

i (o and deflect asymmetrically to counter the rolling moment of
the left horizontal tail, which deflects for pitch control.
The rudder and canard responses are not affected much by the
i failure for this maneuver.
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(o

Sampling Time:

Q|

3}

Input Ramp Time:

Yaw Pointing:

4.0

1.0

diag{ 2.0,

~—

-0.3473E~14

0.0

0.1895E+01

0.0
-0.1389E~-13

0.0

0.0

0.0

0.7579E+01

T = 0.02 second

0.04, 1.0, 0.7,
-0.3565E-04 -0.8330E-01
0.9869E~03 =-0,5527E-01
0.0 0.0

0.0 0.0

0.0 0.0
0.4139E-02 0.2806E+00
-0.1426E-03 -0.3332E+00
0.3948E-02 =-0.2211E+00
0.0 0.0

0.0 0.0

0.0 0.0
0.1655E~01 0.1122E+01

Command Vector:

u = 0.0
An = 0.0
p
q = 0.0
A = 0.0
YP
p = 0.0
r =

Table D-11

Healthy Model,

0.2 second

-0.06981 radian/second

0.6 Mach at 30,000

2.5, 1.5}

-0.3781E-02 0.1350E-33
0.2239E-02 -0.7994E-04
0.1264E-01 -0.2305E-01
0.5855E-01 0.5318E-02
0.8164E-01 =-0.2915E-02
0.3162E-01 =-0.1129E-02
-0.1512E-01 0.5400E-03
0.8956E-02 =-0.319BE-03
0.5058E-01 -0.9219E-01
0.2342E+00 0.2127E-01
0.3266E+00 -0.1166E-01
0.1265E+00 =-0.4516E-02

D-38

Feet

G.7736E-C¢
~0.4581E-0¢
-0.5292E-01
-0.2635E+00
~0.1670E+00

-0.6469E-01
—

0.3095E-01
-0.1832E-01
-0.2117E+00
-0.1054E+01
~0.6681E+CO

~0.2588E+00

(1 second pulse)




Table D-12

Yaw Pointing: Failed Model, 0.6 Mach at 30,000 Feet

Sampling Time: T = 0.02 second

@ = 4.0
€= 1.0
' I = diag{2.0, 0.04, 1.0, 0.7, 2.5, 1.5}

0.4482E-14 ~0.7129E-04 -0.1665E+00 =-0.7567E-02 0.2821E-03 0.1550E-01
-0.2244E~-14 0.9786E-03 <=0.7458BE-01 0.1694E-01 ~0.2844E-01 -0.€6797E-01
[ - -0.3025E-14 0.9952E-03 =-0.3599E-01 =-0.1246E-01 0.2827E~C1 ¢.3873E-01

-0 -0.7669E-16 =-0.5852E~05 -0.1367E-01 0.6000E~01 0.1958E~C2 =-0.2709E+(C

-0.4928E-15 =-0.2051E-06 ~-0,.4791E-03 0.8169E-01 =~0.3046E~C2 =-0.1€73E-CO

0.1895E+01 0.4138E-02 0.2804E+00 0.3164E-01 =~0.1180E~C2 -0.6479E-01

r-— -

0.1793€~13 ~0.2851E-03 -0.6662E+00 <-0.3027E-01 0.1129E-02 .6199E-01

o

-0.8976E~-14 0.3915e-02 =-0.2983E-00 0.6775E-01 =~0.1137E+00 -0.2719E+00
K -0.1210E-13 0.3981E-02 ~-0.1440£+00 -0.4983E-01 0.1131E+00 0.2342E+0C
—~1 -0.3067E~-15 =0.2341E-04 -0.5469E-01 0.2400E-00 0.6232E-02 ~0.1084E+C1

-0.1971E-14 -0.8203E-06 =-0.1916E-02 0.3268E+00 ~0.121BE-01 -0.6692E~0QC

0.7579E+01 0.1655E-01 0.1122E+Q1 C.1265E+00 -0.4718E-02 -0.2592E+00

. —

Input Ramp Time: 0.2 second

Command Vector:

u = 0.0
An = 0.0
P -
q = 0.0
R
Ay = 0.0 :
p \
P = 0.0
r = -0.06981 radian/second (1 second pulse) _ ;
D-39
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Figure D-36: 0.6M Healthy/Failed Yaw Pointing -- Sideslip -
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Lateral Translation Maneuver. Tables D-13 and D-14

give the design parameters for the lateral translation
maneuver. As indicated in the tables the same design param-
eters are used for both the healthy and failed aircraft
models.

The simulation responses for a 0.17g lateral acceler-
ation command, which corresponds to a steady-state lateral
velocity value of 8.2 feet/second, are given in Figures D-42
through D-49. The maximum lateral acceleration commanded
for this maneuver is limited by the canard deflection. As
explained for the roll maneuver, Figures D-43 through D-45
give simulation responses for both the healthy and failed
aircraft models.

For the lateral translation maneuver the horizontal
tail is used mainly as an elevator to counter the small
pitch moment generated by the canard deflection. When the
right horizontal tail fails the left horizontal tail
deflects to approximately twice the elevator deflection of
the healthy aircraft simulation, and the fiaperons deflect
asymmetrically to counter the rolling moment of the left
horizontal tail. The rudder and canard responses are not

affected much by the failure for this maneuver.
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Table D-13

Lateral Translation: Healthy Model,
0.6 Mach at 30,000 Feet

Sampling Time: T = 0.02 second

Input Ramp Time:

Command Vector:

u = 0.0
A = 0,0
n
p
g = 0.0
A = 0.17 g
yP
p = 0.0
r = 0.0

0.5 second

(1 second pulse)

3 = 2.0
€ = 1.0
I = aiagf{ 2.0, 0.04, 2.0, 3.0, 0.7, 0.7}
4 ro.o -0.3565E-04 -0.8330E-01 =-0.1621E-01 0.3780E-04 0.3610E-02
S
b ~0.3473E-14 0.9869E-03 =0.5527E-01 0.9595E-02 -0.2238E-04 -C.2138E-02
f
b K 0.0 0.0 0.0 0.5419E-01 ~-0.6453E~02 =0.2469E-01
r - =
=0 0.0 0.0 0.0 0.2509E+00 0.1489E-02 =0.1230E+00
0.0 0.0 0.0 0.3499E+00 -0.8162E-03 ~0.7795E-01
0.1895E+01 0.4139E-02 0.2806E+00 0.1355E+00 =-0.3161E-03 =-0.3019E-01
beens —
4 e r —
\». 0.0 -0.7130E-04 -0.1666E+00 -0.3241E-01 0.7561E~04 0.7221E-02
-0.6946E-14 0.1974E-02 -~-0.1105SE+00 0.1919E-01 -0.4477E~04 ~0.427SE-02
0.0 0.0 0.0 0.1084E+00 -0.1291E-01 ~0.4939E-01
51 = 0.0 0.0 0.0 0.5018E+00 0.2978E~02 ~0.2459E+00
0.0 0.0 0.0 0.6998E+00 <0.1632E-02 ~0.1559E+00
0.3790E+01 0.8277E-02 0.5612E+00 0.2710E+00 -0.6322E~03 ~0.6038E-0L
I —




Table D-14

Lateral Translation: Failed Model,
0.6 Mach at 30,000 Feet

Sampling Time: T = 0.02 second

a = 2,0
€ =1.0
L = diag{ 2.0, 0.04, 1.0, 3.0, 0.7, 0.7}
p— —
0.4482E-14 -0.7129E-04 <~0.1665E+00 -0.3243E-01 0.7900E-04 0.7232E-02
-0.2244E-14 0.9786E-03 =-0.7458E-01 0.7259E-01 =0.7962E-02 ~-0.3172E=-01
K ~0.3025E~14 0.9952E~03 =-0.3599E-01 -0.5338E-01 0.7915E-02 0.2744E-01
=0 -0.7669E~-16 -0.5852E-05 -0.1367E-01 0.2571E+00 0.4363E-03 -0.1264E+00 L
-0.4928E-15 =-0.2051E-06 =-0.4791E-03 0.3501E+00 -0.8528E-03 =~0.7807E-01 . a‘:
L--0.1895E:*>01 0.4138E-02 0.2804E+00 0.1356E+00 ~0.3303E-03 -0'3023E-0t_J ° ‘::
0.8965E-14 -0.1426E-03 =-0.3331E+00 -0.6486E-01 0.1580E-03 0.1446E-01 - 4
-0.4488E-14 0.1957E-02 =0.1492E+00 0.1452E+00 =~0.1592E-01 -0.6344E-01 S
Y
X -0.6051E-14 0.1990E-02 =-0.7199E-01 =0.1068E+00 0.1583E-01 0.5487E-01 :':ﬂ
- -0.1534E-15 =0.1170E-04 =0.2734E-01 0.5143E+00 0.8725E-03 =0.2528E+00 :
-0.9855E-15 =0.4101E-06 -0.9582E-03 0.7002E+00 =~0.1706E-02 =-0.1561E+00
0.3790E+01 0.8277E-02 0.5608E+00 0.2712E+00 ~0.660SE-03 =0.6047E-01 b :
L
e — R
%
]
Input Ramp Time: 0.5 second
- 4
Command Vector:
u = 0.0 T
A_ = 0.0 iR
n
p - r
q = 0.0
A = 0.17 g (1 second pulse)
Yy
P
p = 0.0
- -4
r = 0.0 e
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Figure D-43: 0.6M Healthy/Failed Lateral Translation --

Sideslip Angle, Pitch Angle, Angle of Attack, and Forward
Velocity
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Figure D-44: 0.6M Healthy/Failed Lateral Translation =--

Roll Angle, Roll Rate, and Yaw Rate ?ﬂ
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i Figure D-45: 0.6M Healthy/Failed Lateral Translation --
Normal Acceleration and Lateral Acceleration
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Figure D-46:

0.6M Healthy Lateral Translation -- Elevator

and Flap Deflections and Thrust
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Figure D-47:

0.6M Failed Lateral Translation =-- Left

Elevator and Flaperon Deflections
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Figure D-~48: 0.6M Healthy Lateral Translation -- Aileron,
Rudder, and Canard Deflections
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Canard Deflections and Thrust ]
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Supersonic Flight (1.6 Mach at 30,000 Feet)

The supersonic flight condition is chosen to demon-
strate maneuverabiltiy of the aircraft at high speed. The
dynamic pressure has a large value at this flight condition
because of the high velocity; therefore, designs are fairly
easy for the healthy aircraft model because the control
surfaces are very effective in maneuvering the aircraft.
Designs for the failed right horizontal tail model are
slightly more difficult because the horizontal tail makes a
large contribution to roll control. When the right horizon-
tal tail fails, the flaperons are required to take over
complete roll control which may lead to large flaperon

deflections.

i (o G-Command Maneuver. Tables D-15 and D-16 list the
design parameters for the g—-command maneuver for the healthy
and failed right elevator models. As shown in the tables,

i the same design parameters are used for both aircraft models.

Figures D-50 through D-56 show the simulation responses

for the g-command maneuver. For the same reasons given for

) the longitudinal maneuvers of the subsonic flight condition, - d
Figures D-50 through D-52 give simulation responses for both
the healthy and failed aircraft models.

' The maximum normal acceleration command of 8.5 g is -4
limited by the ability to hold the angle of attack to a ;t;H
relatively low value. For the failure case, the left ;ﬁi?

} elevator deflects approximately twice the amount required

LESPUPUIY S 1O

D-51 ha
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when both tail halves are operational. The flaperon
H ‘ deflection 1s asymmetric for the failure case in order to
compensate for the rolling moment created by the left
g elevator deflection. The rudder and canard compensate for
i the adverse yaw caused by a difference in drag between the

left and right halves of the aircraft.
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G-Command:

Sampling Time:

Q|
"

€ = 1.0

|
H

—0 0.

0.

—

3.5

0
0

0.2766E+01

0.9682E+01

PSR oAl AR el g

Table D-15

Healthy Model,

T = 0.02 second

-0.6923E-04
0.3892E-03

0.1612E-01

-0.2423E-03
0.1362E-02
0.0
0.0
0.0

0.5643E-01

Input Ramp Time: 0.4

Command Vector:

]

n

0.0

-0.1194E-01

-0.8671E-01

-0.2880E+01

-0.4179E-01
-0.3035E+00
0.0
0.0
0.0

-0.1008E+02

second

8.5 g (step)

0.1530E~03
-0.2351E-03
0.1531E-01
0.360%E-01
0.1791E-01

-0.1263E-01

0.5356E-03
-0.8228E-03
0.5360E-01
0.1263E+00
0.6268E-01

-0.4421E-01

0.1719 radian/second (step)

diag{ 2.0, 0.021, 1.8, 1.0, 1.0, 1.0}

-0.2106E-05%
0.3235E-05
-0.6716E-02
0.5947E-02
-0.2464E-03

0.1738E-03

-0.7370E-05
0.1132E-04
~0.2351E-01
0.2081E-01
-0.8624E-03
0.6083E-03

T

1.6 Mach at 30,000 Feet

-C.1720E-C3

0.2657E-03
-0.2720E-01
-0.8215E-01

-0.2024E-01

0.1428E-Oi-J

-0.6055%E-03

0.9301E-03
-0.3518E-01
-0.3225E+00
-0.7085E-01

0.4998E~-01




Table D-16

G-Command: Failed Model, 1.6 Mach at 30,000 Feet -

Sampling Time: T = 0.02 second

3.5 L

§ -
€=1.0
b
I = giag{2.0, 0.021, 1.8, 1.0, 1.0, 1.0}

£ - .

-0.5389E-16 <-0.1384E-03 -0.2388E-01 0.3020E-03 =-0.2454E-05 ~0.338ZE-03

0.0 0.3403E-03 =-0.9515E-01  0.2601E-G1 =-0.1146E-01 ~-0.4€27E-01
~0.4012E-15  0.4381E-03 =—-0.782BE~01 =-0.2647E-01 0.1146E-01  0.4679E-01
Ky = 0.2597E-15  0.2030E-04  0.3502E-02  0.3156E-01 0.7917E-02 -0.8413E-0i i
0.6572E-16  0.1059E-05 0.1827E-03  0.1767E-01 =0.1436E-03 -0.1382E-01
0.2766E+01  0.1612E-01 -0.2880E+01 -0.1246E-01  0.1013E-03  0.1398E-01
Yy r—-o.xeass-ls -0.4845E-03 -0.8357E-01  0.1057E-02 =-0.8588E~05 =-0.1186E-02 o
0.0 0.1191E-02 =-0.3330E+00  0.9103E-01 =~0.4011E-01 -0.1619E+00
-0.1404E-14  0.1533E-02 =-0.2740E+00 =0.9265E-01  0.4012E-01  0.163BE+00
Ky = 0.9089E-15  0.7106E-04  0.1226E-01  0.1104E+00  0.2771E-01 =0.2944E+00
0.2300E-15  0.3707E-05  0.6394E-03  0.6185E-01 =0.5025E-03 =0.6938E-01 .
0.9682E+01  0.5643E-01 =-0.1008E+02 -0.4363E-01  0.3544E-03  0.4894E~01
— e

Input Ramp Time: 0.4 second

Command Vector:

u = 0.0

A = 8,5 g (step)

p
¢ q = 0.1719 radian/second (step)
.- Ay = 0.0 <
.'t p -
24 p = 0.0 ‘
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Figure D-51: 1.6M Healthy/Failed G-Command =-- Angle of
Attack, Roll Angle, Sideslip Angle, and Yaw Rate
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Figure D-52:

1.6M Healthy/Failed G-Command -- Pitch Rate,

Normal Acceleration, and Lateral Acceleration
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Figure D-53: 1.6M Healthy G-Command -~ Elevator and Flap -
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Figure D-55: 1.6M Healthy G-Command -- Aileron, Rudder, and -
Canard Deflections and Thrust T
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Pitch Pointing Maneuver. Tables D-17 and D-18 give the

design parameters for the pitch pointing maneuver. Unlike
the designs presented up to this point, the design parame-
ters are not the same for the healthy and failed models.

The parameters are changed for the failure case in order to

avoid overshooting the maximum flaperon deflection. Accept-
s able responses for the failure case are achieved without
k; lowering the commanded pitch pointing angle.

The simulation responses for the pitch pointing maneu-
ver with the healthy aircraft model are given in Figures
;i D-57 through D-61. Figures D-62 through D-65 give the
i{ responses for the failure model. The maximum pointing angle

commanded is limited by the flaperon deflection in both

cases. For the failure model, the flaperons deflect asymme-
trically to counter the roll induced by the left horizontal
tail deflection, and the rudder and canard deflect to
compensate for adverse yaw.

As shown in Figures D-61 and D-66 the thrust response
is negative, which is not realistic. The negative response
is due to commanding large inputs to a perturbation model.
For the perturbation model a small flaperon deflection actu-
ally decreases drag. For large flaperon deflections the
drag should increase, but the model still indicates a de~-
crease in drag. This decrease in drag is manifested by an
increase in forward velocity. The thrust is therefore
negative to maintain zero change in velocity. Although a
negative thrust is disturbing, it does not affect any of the

D~59




other aircraft responses and serves only to hold velocity

constant. -
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Pitch Pointing:

Sampling Time: T

Table D-17

Healthy Model,

= 0.02 second

1.6 Mach at

30,000

Feet

d - 4.5
€= 1.0
L - giag{2.0, 1.5, 2.5, 1.0, 1.0, 1.0}
0.0 -0.4945E-02 -0.165BE-01 0.1530E-03 =-0.2106E~-05
0.0 0.2780E-01 =-0.1204E+00 ~-0.23S1E-03 0.3235E-05
K _ 0.0 0.0 0.0 0.1531E-01 =0.6716E=-02
=0 0.0 0.0 0.0 0.3609E-01  0.5947E-02
0.0 0.0 0.0 0.1791E-01 -0.2464E-03
0.2766E+01 0.1152E+01 -0.4000E+01 -~0.1263E-01 0.1738E-03
r-;.o -0.2225E-01 =-0.7463E-01 0.6887E-03 ~0.9476E-05
0.0 0.1251E+00 -0.S5419E+00 =-0.1058E-02 0.1456E-04
K 0.0 0.0 0.0 0.6892E-01 -0.3022E-01
-1 0.0 0.0 0.0 0.1624E+00 0.2676E-01
0.0 0.0 0.0 0.8058E-01 -0.1109E-02
0.1245E+02 0.5183E+01 =0.1800E+02 <-0.5684E-01 0.7821E-03

Input Ramp Time:

Command Vector:

0.2 second

-0.1730E-03

0.2657E-03
-0.2720E-C1
-0.921%E-01
-0.2024E-01

0.1428E-01

-0.7785E-03

0.1196E-02
-0.1224E+00
-0.4147E+00
-0.9109E-01

0.6426E-01

u = 0.0 -
A_ = 0.0 ]
"p
o = 0.01745 radian/second {1 second pulse)
A = 0.0
Yp
P = 0.0
r = 0.0
D-61
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Table D-18

Pitch Pointing:

Failed Model,

1.6 Mach at 30,000 Feet

o Sampling Time: T = 0.02 second
a = 3.5
e = 1.0
; L = diagf{ 2.0, 1.5, 1.9, 1.0, 1.0, 1.0}
’ rj;.SBSQE-IS -0.9888E-02 =-0.2520E-01 0.3020E-03 =~0.2454E-05 -0.3388E-03
V. 0.0 0.2431E-01 ~0.1004E+00 0.2601E-01 ~0.1146E-01 <-0.4627E-01
-0.40125-15 0.3129E-01 -0.8263E-01 =-0.2647E-01 0.1146E-01 0.4679E-01
) -
!SO - 0.2597E-15 0.1450E-02 0.3696E-02 0.3156E-01 0.7917E-02 =-0.8413E-01
0.6572E-16 0.7565E-04 0.1928E-03 0.1767E-01 ~0.1436E-03 =-0.1982E-01
L_?.Z?GGEvOI 0.1152E+01 =0.3040E+01 -0.1246E-01 0.1013E-03 0.1398E-01
G;l -0.1886E-15 <-0.3461E-01 -0.8822E-01 0.1057E-02 -0.8588E-05 -0.1186E-02
0.0 0.8508E-01 -0.3515E+00 0.9103E-01 =-0.4011E-01 -0.1619E+00
-0.1404E-14 0,1095E+00 =-0.2892E+00 =0.926S5E-01 0.4012E-01 0.1638E+00
!Sl = 0.9089E-15 0.5076E-02 0.1294E-01 0.1104E+00 0.2771E-01 -0.2944E+00
0.2300E-15 0.2648E-03 0.6749E-03 0.6185E-01 ~0.502SE-03 =-0.6938E-01
0.9682E+01 0.4031E+01 -0.1064E+02 =-0.4363E-01 0.3544E-03 0.48945-ﬁ1j
Input Ramp Time: 0.2 second
Command Vector:
u = 0.0
A = 0.0
n
- q = 0.01745 radian/second (1 second pulse)
-
.- A = 0.0
» Y
-
: P = 0.0
- . r = 0.0 .
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- Figure D-57: 1.6M Healthy Pitch Pointing -- Pitch Angle,
» Pitch Rate, and Forward Velocity
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Figure D-61: 1.6M Healthy Pitch Pointing -- Aileron,
Rudder, and Canard Deflections and Thrust
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Figure D-63: 1.6M Failed Pitch Pointing -- Angle of

Attack, Roll Angle, Sideslip Angle, and Yaw Rate
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Figure D-64: 1.6M Failed Pitch Pointing -- Normal
Acceleration and Lateral Acceleration
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Figure D-65: 1.6M Failed Pitch Pointing -~ Left Elevator R
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Figure D-66: 1.6M Failed Pitch Pointing -- Rudder and
Canard Deflections and Thrust
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Longitudinal Translation Maneuver. Tables D-19 and

D~20 give the design parameters for the longitudinal trans-
lation maneuver. Although the design parameters are the
same for the healthy and failed models, the commanded normal
acceleration is reduced for the failed case in order not to
overshoot the maximum flaperon deflection. A change in the
design parameters for the failure case leads to unacceptable
simulation responses.

The simulation responses for the healthy model longitu-
dinal translation maneuver are given in Figures D-67 through
D-71. The responses for the failure model are given in
Figures D-72 through D-76. For the failure model, the flap-
erons deflect asymmetrically to counter the roll induced by
the failed right horizontal tail, and the rudder and canard

deflect to compensate for adverse vaw.
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Sampling Time: T =

Table D-19

Longitudinal Translation:

Healthy Model,

1.6 Mach at 30,000 Feet

0.02 second

a = 3.5
€ = 1.0
£ = diag{ 2.0, 1.0, 3.0, 1.0, 1.0, 1.0}
[
0.0 -0.3297E-02 -0.1990E-01 0.1530E-03 =-0.2106E-05 -0.17305-0;-
0.0 0.1854E-01 -0.1445E+00 ~0.2351E-03 0.3235E-05 0.2657E~03
; K [ 0.0 0.0 0.0 0.1531E~-01 =-0.6716E-02 =0.2720E-01
o =0 ©0.0 0.0 0.0 0.3603E-01  0.5947E-02 =-0.9215E-01
- I
. t 0.0 0.0 0.0 0.1791E-01 =0.2464E-03 =~0.2024E-01
- [3
t 0.2766E+01 0.7678E+00 =-0.4800E+01 -0.1263E-01 0.1738E-03 0.1428E-01
‘ L- -
r-;.o -0.1154E-01 -0.6965E-01 0.5356E-03 =0.7370E-05 ~-0.60S5E-03
0.0 0.6487E-01 ~-0.5058E+00 -0.8228E-03 0.1132E-04 0.3301E-03
K 0.0 0.0 0.0 0.5360E-01 -~0.2351E-01 -0.9518E-01
-1 0.0 0.0 0.0 0.1263E+00 0.2081E-01 -0.3225E+00
0.0 0.0 0.0 0.6268E-01 ~0.8624E-~03 -0.7085E-01
0.9682E+01 0,2687E+01 =0.1680E+02 -0.4421E-01 0.6083E~03 0.4998E-01

Input Ramp Time: 0.3 second

Command Vector:

0.0

0.5 g

{1 second pulse)




-
l

‘itjfvirrTffw»',

T Ff.f-,f

Sampling Time:

2|

]

Input Ramp Time:

Longitudinal Translation:

Table

D-20

1.6 Mach at 30,000 Feet

T =

0.02 second

diag{ 2.0, 1.0, 3.0, 1.0, 1.0, 1.0}

0.0
-0.4012E-15
0.2597E-15
0.6572E-16
0.2766E+01

r—
-0.1886E-15

0.0
-0.1404E-14
.9089E-15
0.2300E-15
0.9682E+01

Command Vector:

u = 0.0
An =
p
q = 0.0
A = 0.0
Yp
P = 0.0
r = 0.0

Fj;.53895-16 -0.6592E-02

0.1621E-01
0.2086E~01
0.9668E-03
0.5044E-~04
0.7678E+00

-0.2307E-01
0.5672E-01
0.7302E-01
0.3384E-02
0.1765E-03
0.2687E+01

-0.3980E-01
-0.1586E+00
-0.1305E+00
0.5836E-02
0.3045E-03
-0.4800E+01

-0.1393E+00
-0.5550E+00
-0.4566E+00
0.2043E-01
0.1066E-0Q2
~(.1680E+0Q2

0.3 second

D~70

0.3020E~03
0.2601E~01
-0.2647E~01
0.3156E~01
0.1767E-01
~0.1246E-01

0.1057E-02
0.9103E-01
~0.9265E-01
0.1104E+00
0.6185E-01
~0.4363E-01

0.45 g (1 second pulse)

~0.2454E-05
-0.1146E-01
0.1146E-01
0.7917E-02
-0.1436E~03

0.1013E-03

-0.858BE-05
-0.4011E-01
0.4012E-01
0.2771E-01
-0.5025E-03
0.3544E-03

Failed Model,

-0.3388E-03
-0.4627E-01

0.4679E-01
-0.8413E-01

-0.1982E-01

0.13985-01-J

-0.1186E=-02
-0.1619E+00

0.1638E+00
-0.2944E+00
-0.6938E-01

0.4894E-01
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Figure D-67: 1.6M Healthy Longitudinal Translation -~ Pitch _—
Angle, Angle of Attack, and Forward Velocity
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Figure D-68: 1.6M Healthy Longitudinal Translation =-- -
Flight Path Angle, Roll Rate, Sideslip Angle, and Yaw Rate
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Figure D-69: 1.6M Healthy Longitudinal Translation =-- = T
Normal Acceleration, Lateral Acceleration, and Pitch Rate
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Figure D-70: 1.6M Healthy Longitudinal Translation --
Elevator and Flap Deflections
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Figure D-71: 1.6M Healthy Longitudinal Translation -- - A
Aileron, Rudder, and Canard Deflections and Thrust S
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Figure D-72: 1.6M Failed Longitudinal Translation -- Pitch
Angle, Angle of Attack, and Forward Velocity
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Figure D-73: 1.6M Failed Longitudinal Translation -- Flight .
Path Angle, Roll Angle, Sideslip Angle, and Yaw Rate . .
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Figure D-74: 1.6M Failed Longitudinal Translation --
Normal Acceleration, Lateral Acceleration, and Pitch Rate
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Figure D-75: 1.6M Failed Longitudinal Translation Left

Elevator and Flaperon Deflections
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Figure D-76: 1.6M Failed Longitudinal Translation -- Rudder
and Canard Deflections and Thrust
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Roll About Velocity Vector Maneuver. As discussed in

Chapter IV the roll maneuver requires some modification to

{
‘f the healthy and failure models. Tables D-21 and D-22, give
F the design parameters for the roll maneuver. The parameters
; are the same for the healthy and failed models; however, the
roll rate commanded for the failure case is lowered from
that of the healthy model in order not to overshoot the
t: flaperon deflection limit.

The simulation responses for the healthy model roll
maneuver are given in Figures D=-77 through D-81, and the re-
k‘ sponses for the failed model are given in Figures D-82

through D-86. For the right horizontal tail case the flap-

erons deflect to achieve the commanded roll rate.

............................

. e e e . -
. .

. . oA
s AA_.-)"\ S VNEPTIROADALADIRLIREA _.4.4?4_'.._. st gt gt n'_.\_;‘.A WY RN “AJ_._A.‘..'!;J'




Table D-21
r Roll About Velocity Vector: Healthy Model,

d 1.6 Mach at 30,000 Feet

Sampling Time: T = 0.02 second

I a=1.0
e = 1.0
£ = diag 2.0, 0.021, 1.8, 1.0, 1.0, 1.0
0.0 -0.6923E-04 =-D.1194E-01  0.1530E-03 =-0.2106E-05 =0.1730E-03
0.0 0.3892E-03 =-0.8671E-01 =-0.2351E-03  0.3235E-05 0.2657E-03
: K. = 0.0 0.0 0.0 0.1531E-01 -0.6716E~02 =-0.2720E-01
® =0 0.0 0.0 0.0 0.3609E-01  0.5947E-02 -0.9215E-01
0.0 0.0 0.0 0.1791E-01 =-0.2464E-03 =-0.2024E-01
0.2766E+01 0.1612E-01 ~0.2880E+01 =-0.1263E-01 0.1738BE-03 0.1428E-01
— p—
- -
g \e
. K, = K
-1 =0

Input Ramp Time: 0.3 second

Command Vector:

e

AL = 0.0 -]
° P .
r qd = 0.0 o
A = 0.0 '
-‘. yp
g p = 3.491 radians/second (3 second pulse)

= R

t r-uT 0.0 ;ﬁ
- D-77 L)
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Table D-22

ﬂ ' Roll About Velocity Vector: Failed Model,
1.6 Mach at 30,000 Feet

Sampling Time: T = 0.02 second

| &
R

= 1.0

€ = 1.0

(K]

= diag{ 2.0, 0.021, 1.8, 1.0, 1.0, 1.0}

~0.5389E-16 -0.1384E-03 -0.238BE-01 0.3020E-03 ~-0.2454E-05 <-0.3388E-03
0.0 0.3403E-03 =-0.9515g-01 0.2601E-01 -0.1146E-01 =-0.4627E-01
-0.4012E-15 0.4381E~03 =-0.7828E-01 -0.2647E-01 0.1146E-01 0.4679E-01

0.2597E-15 0.2039E-04 0.3502g-02 0.3156E-01 0.7917E-02 =-0.8413E-01

E Trrv‘rvv -n -
]
(@]
u

0.6572E-16 0.1059E-05 0.1827E-03 0.1767E-01 -0.1436E-03 =-0.1982E-01
0.2766E+01 0.1612E-01 =-0.2880E+01 -0.1246E-01 0.1013E-03 0.1398E-01

g
e

Input Ramp Time: 0.3 second

Command Vector:

u = 0.0 5;
X
A = 0.0 ]

,
'
Q
1} 1]
o (@]
i .
o o

: P = 2.182 radians/second (3 second pulse)
r-a, = 0.0 1__:
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Figure D-77: 1.6M Healthy Roll -~ Sideslip Angle, Pitch
Angle, Angle of Attack, and Forward Velocity
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Figure D-79: 1.6M Healthy Roll -- Normal Acceleration and
Lateral Acceleration
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Figure D-81: 1.6M Healthy Roll ~-- Aileron, Rudder, and =
Canard Deflections
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Figure D-82: 1.6M Failed Roll -~ Sideslip Angle, Pitch
Angle, Angle of Attack, and Forward Velocity
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Figure D-83: 1.6M Failed Roll --
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Sideforce (Flat Turn) Maneuver. Tables D-23 and D-24

give the design parameters for both the healthy and failed
cases of the sideforce maneuver. The same parameters are
used for both cases.

Figures D-87 through D-93 present the simulation
responses for a 0.6 g sideforce command. The maximum value
commanded is limited by the rudder deflection. For this
maneuver the longitudinal responses are very small for both
the healthy and failure models. Also, the healthy aircraft
lateral responses change very little when the right horizon-
tal tail fails. for these reasons Figures D-87 through D-89
give simulation responses for both the healthy and failed
aircraft models.

For this maneuver the horizontal tail is mainly used to
counter the longitudinal pitching moment produced by the ca-
nard deflection although it also contributes to roll control
for the healthy aircraft case. When the right horizontal
tail fails the left horizontal tail deflects approximately
twice the deflection of the healthy elevators. The flap-

erons deflect slightly asymmetrically to compensate for the

roll created by the failed right horizontal tail. The
rudder and canard deflections change only slightly for the

failure case. For the same reasons given in the discussion

P )
PR N

of the supersonic pitch pointing maneuver, a negative thrust
is generated. The negative thrust does not affect any of E?iﬁ
the other aircraft responses and is included in the model .
only to hold forward velocity constant.

D-~84
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Sideforce Maneuver:

T

Table D-23

1.6 Mach at 30,000 Feet

Sampling Time:

a = 3.5

€ = 1.0

I = diag{ 2.0, 0.021,
0.0 ~0.6923E-04
0.0 0.3892E-03
0.0 0.0

50=
0.0 0.0
0.0 0.0
0.2766E+01 0.1612E-01
0.0 -0.2423E-03
0.0 0.1362E-02
0.0 0.0

§1=
0.0 0.0
0.0 0.0
0.9682E+01 0.5643E-01

Input Ramp Time: 0.5

Command Vector:

1]
o
.
o

-0.1194E-01
-0.8671E-01
0.0
0.0
0.0

~0.2880E+01

-0.4179E-01
-0.3035E+00

0.0

0.0

0.0
-0.1008E+02

second

= 0.6 g (step)

= 0.0

= 0.01214 radian/second

T = 0.02 second

0.1530E-03
-0.2351E-03
0.1531E~01
0.3609E-01
0.1791E-01

-0.1263E~-01

0.5356E~03
~0.8228E~03
0.5360E-01
0.1263E+00
0.6268E-01

-0.4421E-01

D-85

(step)

-0.2106E-05
0.3235E-05
-0.6716E-02
0.5947E-02
-0.2464E-03

0.1738E-03

-0.7370E-05
0.1132E-04
=-0.2351E-01
0.2081E-01
-0.8624E~03

0.6083E-03

‘Healthy Model,

~0.1730E~C3

0.2657E~03
-0.2720E-01
-0.9215g-01

-0.2024E-01

0.1428!—:-01_]

-0.6055E~03

0.9301E-03
-0.9518E-01
-0.3225E+00
-0.7085E-01

0.4998E-01




Table D-24

A ' Sideforce Maneuver: Failed Model,
) 1.6 Mach at 30,000 Feet

o Sampling Time: T = 0.02 second

.

L A S A R L N
- .

e . . R
. e
SRS
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KT Ol TS That B S

.t .
LRSS

..
P T . ]

a = 3.5
[
€ = 1.0
} $ = diag{ 2.0, 0.021, 1.8, 1.0, 1.0, 1.0}
of
{ — —_
< -0.5389E-16 ~0.1384E~03 -0.2388E-01 0.3020E-03 ~0.24S5S4E-05 ~0.3388E-03 )
b 0.0 0.3403E-03 =-0.9515E-01 0.26G1E~01 -0.1146E-01 -0.4627E-01
[ -0,4012E-15 0.4381E-03 ~-0.7828E-01 ~-0.2647E-01 0.1146E-01 0.4679E-01 4
K, = -
-0 0.2597E-~15 0.2030E-04 0.3502E-02 0.3156E-01 0.7917E-02 -0.8413E-01
0.6572E-16 0.1059E-05 0.1827E-03 0.1767E-01 =-0.1436E-03 -0.1982E-01 :
0.2766E+01 0.1612E-01 -0.2880E+01 =~0.1246E-01 0.1013E-03 0.1398E-01
P
‘@ —— ] .
-0.1886E-15 =-0.4845E-03 -0.8357E-01 0.1057E-02 =-0.8588E-05 -0.1186E-02 -
0.0 0.1191E-02 -0.3330E+00 0.9103E-01 -0.4011E-01 -0.1619E+00 _:_i
-0.1404E-14 0.1533E-02 =-0.2740E+00 <-0.9265E-01 0.4012E-01 0.1638E+00 '._:
!Sl - 0.9089E-15 0.7106E-04 0.1226E-01 0.1104E+00 0.2771E-01 =-0.2944E+00 ‘T :
0.2300E-15 0.3707E-05 0.6394E-03 0.6185E-01 -0.5025E-03 -0.6938E-01 . p
0.9682E+01 0.5643E-01 -0.1008E+02 =-0.4363E~01 0.3544E-03 0.48945—0:-J N
b
Input Ramp Time: 0.5 second T
-
Command Vector: :
u = 0.0 S
]
An = 0.0 ~r
p -4
q = 0.0
Ay = 0.6 g (step)
p
js) = 0.0
R r = 0.01214 radian/second (step)
- D-86
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Yaw Pointing Maneuver. The design parameters for the

yaw pointing maneuver are given in Tables D-25 and D-26 for
both the healthy and failed models. The parameters are the

same for both cases.

Figures D-94 through D-100 present the simulation

responses for a one degree yaw pointing command. The
maximum angle commanded for this maneuver is limited by the
i: ability to hold the roll angle to a small value. As with
the sideforce maneuver Figures D-924 through D-96 give simu-
lation responses for both the healthy and failed aircraft

models.

For the yaw pointing maneuver the horizontal tail is

used mainly for roll control. When the right horizontal
tail fails the flaperons take over the roll control. The
rudder and canard responses are not affected much by the
failure for this maneuver. As explained in the discussion
of the supersonic pitch pointing maneuver, the negative

thrust does not affect the simulation responses of interest.

D-91 T




Table

Yaw Pointing: Healthy Mode

Sampling Time: T = 0.02 second

& = 5.5
- e = 1.0
- I = diag{ 2.0, 0.021, 1.8, 1.0,
s
L pr—
0.0 -0.6923E-04 =0.1194E-01
0.0 0.3892E-03 -0.8671E-01
0.0 0.0 0.0
50 - 0.0 0.0 0.0
0.0 0.0 0.0
0.2766E+01  0.1612E-01 =0.2880E+01
—
0.0 -0.3808E-03 =~0.6567E-01
0.0 0.2141E-02 ~0.4763E+00
0.0 0.0 0.0
!Sl = 0.0 0.0 0.0
0.0 0.0 0.0
0.1521E+02 0.8868E-01 =0.1584E+02

Input Ramp Time: 0.2 second

Command Vector:

u = 0.0

An = 0.0
P

q = 0.0

Ay = 0.0
P

P = 0.0

2
]

-0.01745 radian/second

D-25

1, 1.6 Mach at 30,000 Feet

2.0, 3.1}
0.1530E-03 -0.4212E-05
-0.2351E-03 0.6470E-05
0.1531E-01 -0.1343E-01
0.3609E-01 0.1189E-01
0.1791E-01 -0.4928E-03
-0.1263E-01 0.3476E-03
0.8417E-03 =-0.2316E-04
«0.1293E-02 0.3558E-04
0.8423E-01 ~0.7388E-01
0.1985E+00 0.6542E-01
0.9849E-01 =0.2710E~02
-0,6948E-01 0.1912E-02

D-92

-0.5363E~03

0.8238E~03
-0.8430E~01
-0.2857E+00
-0.6275E~01

0.4427E~0]J
-0.2950E-0;-7

0.4531E-02
-0.4637E+00
-0.1571E+01
-0.3451E+00

0.24352*02-J

(1 second pulse)




Yaw Pointing:

Sampling Time:

T = 0.02 second

Table D-26

Failed Model,

1.6 Mach at 30,000 Feet

P-
=
a = 5.5
g = 1.0
£ = diag { 2.0, 0.021, 1.8, 1.0, 2.0, 3.1}
-0.2964E-15 <-0.7614E-03 -0.1313E+00 0.1661E~02 =0.2699E-04 -0.5777E-02
0.0 0.1872E-02 -0.5233E+00 0.1430E+00 =-0.1261E+00 -0.788BE+00
K -0.2207E-14 0.2410E-02 =-0.4305E+00 =-0.1456E+00 0.1261E+00 0.7977E+00
=0 0.1428E~14 0.1117E-03 0.1926E-01 0.1736E+00 0.8709E-01 -0.1434E+01
0.3615E-15 0.5825E-05 0.1005E-02 0.9719E-01 =-30.1579E-02 =-0.3380E+00
0.1521E+02 0.886BE~01 -0.1584E+02 -0.6856E-01 0.1114g-02 0.2384E+00
\‘ b—
. — —
‘. ~0.5389E-16 =-0.1384E-03 -0.2388E-01 0.3020E-03 ~0.4908E-05 =-0.1050E~-02
0.0 0.3403E-03 -0.9515E-01 0.2601E-01 =-0.2292E-01 =-0.1434E+00
K _ -0.4012E-15 0.4381E-03 =-0.7828BE-01 =-0.2647E-01 0.2293E-01 0.1450E+00
-1 0.2597€~-15 0.2030E-04 0.3502E-02 0.3156E-01 0.1583E-01 -~0.260BE+00
0.6572E-16 0.1059E-05 0.1827E-03 0.1767E-03 =-0.2871E-03 =-0.6145E-01
0.2766E+01 0.1612E-01 =-0.28B0E+01 =-0.1246E-01 0.2025g~03 0.4335E-01
. ) a—
Input Ramp Time: 0.2 second
Command Vector:
u = 0.0
- A = 0.0
n
v P
A q = 0.0
- Ay = 0.0
0 p
. P = 0.0

-0.01745 radian/second

La}
H

(1 second pulse)

. D-93 S
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Lateral Translation Maneuver. Tables D~27 and D-28

give the design parameters for the lateral translation
maneuver, As indicated in the tables the same design param-
eters are used for both the healthy and failed aircraft
models.

The simulation responses for a 0.45 g lateral acceler-
ation command, which corresponds to a steady-state lateral
velocity value of 21.7 feet/second, are given in Figures
D-101 through D-107. The maximum lateral acceleration
commanded for this maneuver is limited by the rudder de-
flection. As explained for the sideforce maneuver, Figures
D-101 through D-103 give simulation responses for both the
healthy and failed aircraft models.

For the lateral translation maneuver the horizontal
tail is used mainly for roll control. When the right
horizontal tail fails the flaperons take over complete roll
control The rudder and canard responses are not affected

much by the failure for this maneuver.




Sampling Time:

@ = 3.5

€ = 1.0

]

0.0

0.0
0.0
=0 0.0

0.0

ke

[ .

0.0
0.0
=1 0.0

0.0

Input Ramp Time:

Lateral Translation:

0.2766E+01

0.9682E+01

Table D-27

1.6 Mach at 30,000 Feet

T = 0.02 second

= diag{ 2.0, 0.021,

~0.6923E-04
0.3892E-03
0.0
0.0
0.0
0.1612E-01

-0.2423E-03
0.1362E-02
0.0
0.0
0.0
0.5643E-01

Command Vector:

0.0
0.0
0.0

1.8, 0.9, 1.8, 2.

~0.1194E-01
~0.8671E~01

0.0

0.0

0.0
-0.2880E+01

-0.4179E-01
=0.3035E+00

0.0

0.0

0.0
=-0.1008E+02

0.5 second

0.1377E-03
-0,2116E-03
0.1378E-01
0.3248E-01
0.1612E-01
-0.1137e-01

0.4821E-03
-0.7406E~03
0.4824E-01
0.1137E+00
0.5641E-01
-0.3979g-01

0.45 g (1 second pulse)

0.0
0.0

D-99

9}

=-0.3790E~05
0.5823E~05
-0.1209E~01
0.1070E~-01
-0.4435E~03
0.3129E~03

~0.1327E-04
0.2038E-04
-0.4231E-01
0.3747E-01
=-0.1552E-02
0.1095E-02

Healthy Model,

-0.5017E-03

0.7707E-03
-0.7887E-01
=0.2672E+00
-0.5870E-01

0.4141E-01

~0.1756E-02
0.2697E-02
=0.2760E+00
-0.9354E+00
-0.2055E+00
0.1449E+00

]




»'...
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Table D-28
Lateral Translation: Failed Model, ]
1.6 Mach at 30,000 Feet -
Sampling Time: T = 0.02 second
a = 3-5 4
e = 1.0 .
£ = diag{ 2.0, 0.021, 1.8, 0.9, 1.8, 2.9} o
. 4
— —_
~0,.5389E~-16 <=0.1384E-03 =0.2388E-01 0.2718E-03 -0.4417E-05 ~0.9826E-03
0.0 0.3403E-03 -0.9515E-01 0.2341E-01 -0.2063E-01 -0.1342E+00
K ~0.40122-15 0.4381E-03 =-0,782BE-01 =0.23B3E-01 0.2063E-01 0.1357E+00
- 0.2597E-15 0.2030E-04 0.3502E-02 0.2840E-01 0.1425E-01 =-0.2440E+00 -
4
0.6572E-16 0.1059E-05 0.1827E-03 0.1590E-01 -0.2584E-03 ~=0.5749E-01 ’ 49
0.2766E+01 0.1612E-01 -0.28B0E+01 =0.1122E~-01 0.1823E-03 0.4055E-01 i
—_— ﬂ‘;::
i 0.1886E-15 0.4845E-03 0.8357E-~0 —
o -0. - -0. - -0. -01 0.9514E-03 <«0.1546E-04 <~0.3439E~-02
4 <
0.0 0.1191E-02 =0.3330E+00 0.8193E-01 =-0.7220E-01 ~0.46,6E+(00
K -0.1404E-14 0.1533E-02 -0.2740E+00 -0.8339E-01 0.7222E-01 0.4749E+00
- - 0.9089E-15 0.7106E-04 0.1226E-01 0.9940E-01 0.4988E-01 ~-0.8539E+«00 - :i
0.2300E-15 0.3707E-05 0.6394E-03 0.5566E~01 -0.9045E-03 -0.2012E+00 e
0.9682E+01 0.5643E-01 -0.1008E+02 =0.3926E-01 0.6380E-03 0.1419E+00
b —
Input Ramp Time: 0.5 second
Command Vector: T
u = 0.0 o
A'1 = 0.0 . _.
. T
|2 o
q = 0.0
A = 0.45 g {1 second pulse) )
Yp g
p = 0.0 "
r = 0.0 .
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Landing Approach (0.3 Mach at 30 Feet)

i . The landing apprwach flight condition is chosen to
demonstrate the aircraft's maneuverabiltiy at a low speed
and low altitude. Designs at this flight condition are dif-

i ficult due to the low dynamic pressure and high trim angle
of attack. 1In reality the AFTI/F-16 lands with the flap-
erons deflected fully downward, and the design of control

- laws requires much information from pilots "flying" in
simulators. Because this thesis is concerned with evaluat-
ing maximum performance at various flight conditions within

the flight envelope, designs are attempted with the flap-

erons trimmed at zero degrees, and pilot interfacing is
postponed for future research.

i (‘i G-Command Maneuver. Tables D-29 and D-30 list the

- design parameters for the g-command maneuver for the healthy

23 and failed right elevator models. As shown in the tables,

i the same design parameters are used for both aircraft models.

Figures D-108 through D-114 show the simulation re-

sponses for the g-command maneuver. For this maneuver the

é healthy aircraft longitudinal responses change very little

" when the right horizontal tail fails. Also, the healthy
aircraft lateral responses are zero and are very small with

? the failed model. For these reasons Figures D-108 through
D-110 give simulation responses for both the healthy and
failed aircraft models.

!A The maximum normal acceleration command of 0.3 g is ; ]

D-105
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limited by the flaperon deflection. For the failure case,
the left elevator deflects approximately twice the amount
required when both tail halves are working. The flaperon
deflection is slightly asymmetric for the failure case in
order to compensate for the rolling moment created by the
left elevator deflection. The rudder and canard compensate
for the adverse yaw caused by a difference in drag between

the left and right halves of the aircraft.
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Table D-29

G-Command: Healthy Model,

Sampling Time: T = 0.02 second

o O o o o

.6165E~02
.7566E-02
.1034g-01
.7860E-01
.2146E+00
.3484E-01

0.3 Mach at

~0.7253E-04
0.8900E-04
-0.1581E-01
0.1089E-01
0.2525E-02
0.4098E-03

@ = 1.0

€ = 1.0

L = diagf{ 2.0, 1.0, 1.0, 1.0, 1.0, 1.0}
0.0 0.4500E-02 =0.1072E+00
0.0 0.4782E-01 -0.9951E~01

. 0.0 0.0

!So = 0.0
0.0 0.0 0.0
0. 6.0 0.0
0.8972E+00 0.3577E+00 -0.1054E+01

K, = K

=1~ =0

Input Ramp Time: 0.4 second

Command Vector:

u = 0,0
An = 0.3 g (step)
p
q = 0.02884 radian/second (step)
A = 0.0
yP
p = 0.0
r = 0.0
D-107
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Table D-30
G-Command: Pailed Model, 0.3 Mach at 30 Feet -
Sampling Time: T = 0.02 second
@ = 1.0 -
€ = 1.0
f = diagf{ 2.0, 1.0, 1.0, 1.0, 1.0, 1.0}
r~0.41712-16 0.8964E-02 -0.2136E+00 =-0.1236E-01 =0.1721E-04 0.1256E-01
0.0 0.4924E-01 =-0.1333E+00 0.1921E-01 -0.2071E-01 -0.4001E-01
K _ 0.0 0.4645E-01 -0.6682E-01 ~-0.4041E-02 0.2073E-01 0.2459E-01
=0 0.1275E-15 0.2867E~-03 -0.6833E-02 0.7887E-01 0.9883E-02 -0.1764E+00 g
0.6509E-15 0.6306E~03 ~0.1503E-01 0.2152E+00 0.2996E-03 =-0.2186E+00
0.8972E+00 0.3578E+00 -0.1056E+01 0.3493E-01 0.4863E-04 -0.3549E-01
. _
. -
‘e
K. = K :
-1 -0 5
Input Ramp Time: 0.4 second
Command Vector:
u = 0.0 -
A, = 0.3 g (step) -
P i
q = 0.02884 radian/second (step) -
AY = 0.0 .
P -
p = 0.0 S
. r = 0.0 i
D-108 -
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Figure D-108: 0.3M Healthy/Failed G-Command -- Flight Path
Angle, Pitch Angle, and Forward Velocity
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Figure D-109: 0.3M Healthy/Failed G-Command -- Angle of
Attack, Roll Angle, Sideslip Angle, and Yaw Rate
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Pitch Pointing Maneuver. Tables D-31 and D-32 give the

design parameters for the pitch pointing maneuver. As with e

the g-command maneuver the design parameters are the same

R T I
e e

for the healthy and failed models.

‘llll,
AP

e

The simulation responses for the pitch pointing maneu- e
ver are given in Figures D~115 through D-121. The maximum
pointing angle commanded (3.5 degrees) is limited by the
flaperon deflection. For the same reasons discussed in the - -
g-command maneuver section, Figures D-115 through D=~117 give
simulation responses for both the healthy and failed air-
craft models. For the failure case the left elevator must -
deflect approximately twice the angle of the healthy eleva-
tor deflection. Also, for the failure model, the flaperons
deflect asymmetrically to counter the roll induced by the
failed right horizontal tail, and the rudder and canard

deflect to compensate for adverse yaw.
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Pitch Pointing:

Sampling Time:

Q}
]

2.0

€ =1.0

L]
]

B

0.0
0.0
0.0
0.0

-

[ oo

0.0
0.0
0.0
0.0

Input Ramp Time:

Command Vector:

u

> Q g

o

~

[}

L]

L[]

0.8972E+00

0.1794E+01

0.0

0.0

Table D-~31

Healthy Model,

T = 0.02 second

0.9000E-02
0.9565E-01
0.0
0.0
0.0

0.7153E+00

0.1800E-01
0.1913E+00
0.0
0.0
0.0
0.1431E+01

=0.12B7E+00
~0.1194E+00

0.0

0.0

0.0
~0.1264E+01

~0.2574E+00
~0.2388E+00

0.0

0.0

0.0
~0.2529E+01

0.3 second

diagf{ 2.0, 2.0, 1.2, 1.0, 1.0, 1.0}

=-0.6165E~02
0.7566E-02
0.1034E-01
0.7860E-01
0.2146E+00
0.3484E-01

=-0.1233g-01
0.1513g-01
0.2067g~01
0.1572E+00
0.4292E+00
0.6968E-01

~0.7253E-04
0.8900E-04
~-0.1581E-01
0.1089E-01
0.2525E-02
0.4098E-03

-0.1451E-03
0.1780E-03
=-0.3161E-01
0.2179E-01
0.5049E-02
0.8196E-03

0.3 Mach at 30 Feet

0.6201E-02
~0.7609E-02
~0.2613E-01
~0.1751E+00
~0.2158E+00

~0.3504E-01

0.1240E~01
~0.1522E-01
~0.5225E-01
~0.3502E+00
-0.4317E+00

-0.7007E-01

0.04363 radian/second (1 second pulse)

0.0
0.0
0.0
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Pitch Pointing:

Sampling Time: T =

a = 2.0
€ = 1.0
-
~0.4171E~16  0.1793E-01
0.0 0.9848E-01
0.0 0.9290E-01
K. =
=0 0.1275E-15  0.5775E-03
0.6509E-15  0.1261E-02
0.8972E+00  0.7155E400
—
-0.89343E-16  0.3SB6E-01
0.0 0.1970E+00
0.0 0.1858E+00
K =
-1 0.2551E~15  0.1147E-02
0.1302E-14  0.2522E-02
0.1794E+01  0.1431E+01
NN

Input Ramp Time:

Command Vector:

u = 0.0

A = 0.0
"p

q =

A = 0.0
Yp

P = 0.0
r = 0.0

Table D-32

0.02 second

-0.2563E+00
-0.1599E+00
-0.8019E-01
-0.8199E-02
-0.1803E-01
-0.1267E+01

=0.5127E+00
-0.3198E+00
-0.1604E+00
-0.1640E-01
-0.3607E-01
=0.2535E+01

0.3 second

diag {2.0, 2.0, 1.2, 1.0, 1.0, 1.0}

-0.1236E~01
0.1921E-01
-0.4041E-02
0.78B7E-01
0.2152E+00
0.3493E-01

=0.2473E-01
0.3843E-01
-0.8083E-02
0.1577E+00
0.4305E+00
0.6986E-01

-0.1721E-04
-0.2071E-01
0.2073E-01
0.9883E-02
0.2996E-03
0.4863E-04

-0.3442E-04
-0.4143E-01
0.4147E-01
0.1977E-01
0.5991E-03
0.9725E~04

A A L GO i e ave . i e -

Failed Model, 0.3 Mach at 30 Feet

—
0.1256E-01

-0.4001E~01
0.2459E~01
~0.1764E+00

-0.2186E+00

-0.3549E-01
_J

0.25123~0;-W

-0.8001E~01

0.4918E~01
~0.3527E+00
=0.4372E+00
-0.7098E-01

0.04363 radian/second (1 second pulse)
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: Figure D-115: 0.3M Healthy/Failed Pitch Pointing -- Pitch
® Angle, Pitch Rate, and Forward Velocity
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Figure D-120: 0.3M Healthy Pitch Pointing -- Aileron,
Rudder, and Canard Deflections and Thrust

DEC)
0.10

aCES
.00

f
[4

'0

&r

de

<4
4

THRUST t1BS) & SUR
-0.40

. a0

e
c.c

[ 6.€0 i.co v.C0

A ~ 8T
A
0 100 7 0

3.¢0 ¢, 0 $.C
TIME. SECCNOS

Figure D-121: 0.3M Failed Pitch Pointing -- Rudder and
Canard Deflections and Thrust
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Longitudinal Translation Maneuver. Tables D-33 and

I | D-34 give the design parameters for the longitudinal trans-
lation maneuver. Once again the design parameters are the
same for the healthy and failed models.

i The simulation responses for the longitudinal transla-
tion maneuver are given in Figures D-122 through D-128. As

discussed in the g-command maneuver section Figures D-122

: through D-124 give simulation responses for both the healthy
and failed aircraft models. The maximum longitudinal trans-
lation command of 0.2 g for one second, which yields a
N normal velocity of approximately 9.0 feet/second, is limited
by the flaperon deflection.
As is usually the case with longitudinal maneuvers, the
= (6‘ failure model requires that the left elevator must deflect

approximately twice the angle of the healthy elevator de-
flection. Also, for the failure model, the flaperons
deflect asymmetrically to counter the roll induced by the
failed right horizontal tail, and the rudder and canard

deflect to compensate for adverse yaw.
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Table D-33

Longitudinal Translation: Healthy Model,
0.3 Mach at 30 Feet

Sampling Time: T = 0.02 second

@ = 2.0
€ = 1.0
I = diag{ 2.0, 3.0, 1.0, 1.0, 1.0, 1.0}
[ —
0.0 0.1350E~01 =0.1072E+00 -0.6165E-02 -0.7253E-~04 0.6201E-02
0.0 0.1435E+00 =-0.9951E-01 0.7566E-02 0.8900E~04 -0.760%9E-02
K - 0.0 0.0 0.0 0.1034E-01 =~0.1581E~01 ~0.2613E-01
=0 0.0 0.0 0.0 0.7860E-01 0.1089E~01 -0.1751E+00
0.0 0.0 0.0 0.2146E+00 0.2525E~02 ~0.2158E+00
0.8972E+00 0.1073E+01 =0.1054E+01 0.3484E-01 0.4098E~03 -0.3504E-01
— p—
(@ - -
0.0 0.2700E-01 -0.2145E+00 «0.1233E-01 =~0.1451E-03 0.1240E-01
0.0 0.2869E+00 ~0.1990E+00 0.1513E-01 0.1780E-03 =0.1522-01
0.0 0.0 0.0 0.2067E-01 -=0.3161E-01 ~0.5225g-01
!Sl = 0.0 0.0 0.0 0.1572E+00 0.2179E-01 ~0.3502E+00
0.0 0.0 0.0 0.4292E+00 0.5049E-02 ~0.4317E+00
0.1794E+01 0.2146E+01 =0,2146E+01 0.6968E~01 0.8196E-03 ~-0.7007E-01
ha— anad

Input Ramp Time: 0.4 second ..:1
Command Vector: -]

u = 0.0 o

Do B e s oy ,,'-, O
"

.

A = 0.2 g (1 second pulse)

e
'U::

]

o

p

o A = 0.0

: .
9 yE)

*; P = 0.0

. r = 0.0 3
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Table D~34

{ Longitudinal Translation: Failed Model, -
0.3 Mach at 30 Feet

Sampling Time: T = 0.02 second

-I @& = 2.0

; € = 1.0
L = diagf{ 2.0, 3.0, 1.0, 1.0, 1.0, 1.0}
—_ -
-0.4171E-16 0.2689E-01 <~0.2136E+00 -0.1236E-01 -0.1721E-04 0.1256E-01
0.0 0.1477E+00 =-0.1333E+00 0.1921E-01 -0.2071E-01 -0.4001E-01
K = 0.0 0.1394E+00 -0.6682E-01 -0,4041E-02 0.2073E-01 0.2459E-01 o
-—O 0.1275E-15 0.8602E-03 -0.6833E-02 0.7887E-01 0.9883E-02 ~-0.1764E+00 o
0.6509E-15 0.1892E-02 =-0.1503E-01 0.2152E+00 0.2996E-03 =-0.2186E+00
0.8972E+00 0.1073E+01 =-0.1056E+01 0.3493E-01 0.4963E-04 -0.3549E-01 - )
-0.8343E-16 0.5378E-01 =-0.4272E+00 =-0.2473E-01 -0.3442E-04 0.2512E-01 i
0.0 0.2954E+00 =0.2665E+00 0.3843E-01 -0.4143E~01 -0,.8001E-01 ;If ;
K = 0.0 0.2787E+00 =-0.1336E+00 ~-0.8083E-02 0.4147E-01 0.4918E-01 t ‘L;
——l 0.2551E-15 0.1720E-02 =0.1367E-01 0.1577E+00 0.1977E-01 =0.3527E+00 ’
0.1302E-14 0.3784E-02 =-0.3005E-01 0.4305E+00 0.5991E-03 -0.4372E+00 o
0.1794E+01 0.2147E+01 <=0.2112E+01 0.6986E-01 0.9725E-04 -0.7098E-01J
-

Input Ramp Time: 0.4 second

Command‘Vector:

u = 0.0

An = 0.2 g (1 second pulse)

q P = 0.0 -
Ayp = 0.0 T
p = 0.0 o
r = 0.0 ]
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Figure D=-122:

0.3M Healthy/Failed Longitudinal Translation
-- Pitch Angle, Angle of Attack, and Forward Velocity
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Figure D-123:
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0.3M Healthy/Failed Longitudinal Translation
-=- Flight Path Angle, Roll Angle, Sideslip Angle, and Yaw
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Figure D-124: 0.3M Healthy/Failed Longitudinal Translation "
-- Pitch Rate, Normal Acceleration, and Lateral
Acceleration
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Figure D-125:

0.3M Healthy Longitudinal Translation --

Elevator and Flap Deflections
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Figure D-126:

0.3M Failed Longitudinal Translation ~- Left

Elevator and Flaperon Deflections

D-125

Py

. ‘-,

.

.., ..
e e e

iy
B

P




10

SURFACLS
.08

0.06

AL

0.02

THRUST (18S) o« LAT.

8T

§a,fr, 8¢

P60

.00 1.00

2.C0 3.C0 T 5 CO
TIME. SECCNDS

6.c0

BT

s.ce

Figure D-127:

Aileron, Rudder,

0.3M Healthy Longitudinal Translation ~-
and Canard Deflections and Thrust

0_. 1)

v LAT. SURFACES
10 0,15 9,20

A

0.0S

THRUST (LRS)

[-]
o

% 00 1.00

2.¢0 3.¢0 ..o 5.C0
TIME. SECCNOS

6.¢0

Figure D-128:

0.3M Failed Longitudinal Translation --

Rudder and Canard Deflections and Thrust
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Roll About Velocity Vector Maneuver. As discussed in

Chapter IV the roll maneuver requires some modification to
the healthy and failure models. Tables D-35 and D-36, give
the design parameters for the roll maneuver. The parameters
are the same for the healthy and failed models; however, the
roll rate commanded for the failure case is lowered from
that of the healthy model in order not to overshoot the
flaperon deflection limit.

The simulation responses for the healthy model roll
maneuver are given in Figures D-129 through D-133, and the
responses for the failed model are given in Figures D-134
through D-138. For the right horizontal tail case the flap-

erons deflect to achieve the commanded roll rate.
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Table D=35

Roll About Velocity Vector: Healthy Model,
0.3 Mach at 30 Feet

Sampling Time: T = 0.02 second

a = 2.5
€ = 1.0
L = diag{ 2.0, 1.0, 1.0, 1.7, 2.0, 3.3}
p— —
0.0 0.4500E~02 -0.1072E+00 -0.1048E-01 -0.1451E-03 0.2046E-01
0.0 0.4782E-01 -0.9951E-01 0.1286E-01 0.1780E-03 =-0,2511E-01
K _ 0.0 0.0 0.0 0.1757E-01 =-0.3161E-01 -0.8622E-01
=0 0.0 0.0 0.0 0.1336E+00 0.2179E=-01 =0.5778E+00
0.0 0.0 0.0 0.3648E+00 0.5049E-02 =0.7122E+00
0.8972E+00 0.3577E+00 =~0.1054E+01 0.5922E-01 0.8196E-03 -0.1156E+00
— -
0.0 0.1125E-01 =0.2681E+00 =-0.2620E~01 -0.3626E-03 0.5115e-01
0.0 0.1196E+00 =0.2488E+00 0.3215E~01 0.4450E-03 -0.6277E-01
0.0 0.0 0.0 0.4393E~01 ~0.7903E-01 =0.2155E+00
ESl = 0.0 6.0 0.0 0.3341E+00 0.5447E-01 ~-0.1444E+01
0.0 0.0 0.0 0.9121E+00 0.1262E-01 =0.17B1E+01
0.2243E+01 0.8942E+00 =0.2634E+01 0.1481E+00 0.2049E-02 ~0.2890E+00
bma— ———

Input Ramp Time: 0.3 second

Command Vector:

u = 0.0
A = 0.0
n
P
q = 0.0
A = 0,0
YP
P = 1,222 radians/second (3 second pulse)
r-a¢_ = 0,0

R s R i S P S

——arntai
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Roll About Velocity Vector:

Sampling Time:

a = 2.5
e = 1.0
L = diag{ 2.0,
-0.4171E-16
0.0
0.0
!So =
0.1275E-15
0.6509E-15
0.8972E+00
—
-0.1043E-15
0.0
0.0
K =
-1 0.31B8E-15
0.1627E-14
0.2243E+01

Input Ramp Time:

Command Vector:

u = 0.0
An = 0.0
P
q = 0.0
A = 0.0
Yp
p =
r-aq = 0.0

Table D-36

0.3 Mach at 30 Feet

T =

1.0, 1.0

0.8964E-02
0.4924E-01
0.4645E-01
0.2867E-03
0.6306E-03

0.3578E+00

0.2241E-01
0.1231E+00
0.1161E+00
0.716BE-03
0.1576E-02
0.8944E+00

0.02 second

, 1.7, 2.0, 3.3}
-0.2136E+00 -0.2102E-01
-0.1333E+00 0.3266E-01
-0.6682E-01 -0.6870E-02
-0.6833E-02 0.1341E+00
-0.1503E-01 0.3658E+00
-0.1056E+01 0.5938E-01
=-0.5340E+00 =0.5255E-01
-0.3332E+00 0.8166E-01
-0.1671E+00 ~0.1718E-01
-0.1708E-01 0.3352E+00
-0.3757E~-01 0.9146E+00
=0.2640E+01 0.1485E+00

0.3 second

D-129

-0.3442E-04
-0.4143E-01
0.4147E-0Q1
0.1977E-01
0.5991E-03

0.9725E-04

~0.8606E~04
=0.1036E400
0.1037E+00
0.4941E~01
0.1498E~02
0.2431E~03

1.047 radians/second (3 second pulse)

Failed Model,

0.4145E-01
~0.1320E+0Q0
0.8115E-01
~0.5820E+00
~0.7215E+00

~0.1171E+00
—

0.1036E+00
-0.3300E+00
0.2029E+00
-0.1455E+01
-0.1804E+01
-0.2928E+00
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Figure D-129: 0.3M Healthy Roll -- Sideslip Angle, Pitch
Angle, Angle of Attack, and Forward Velocity
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Figure D-133:

0.3M Healthy Roll -~ Aileron, Rudder, and

Canard Deflections
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Figure D-134:
Angle, Angle

0.3M Failed Roll =-- Sideslip Angle, Pitch
of Attack, and Forward Velocity
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Figure D-135: 0.3M Failed Roll -- Roll Angle, Roll Rate, and
Yaw Rate
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Deflections

0.3M Failed Roll -- Left Elevator and Flaperon

24.C0

)

ACES
16.0C

o

0

SURF
8.0
o
"

v LAT,

0.00

8T

-8.CC

Py

THRUST (LBS)

«16.00

.CO 1.co 1.C0 0

3.0 « o 5.0
TIME. SECONOS

6.¢¢

7.¢C

e cC

Figure D-138: 0.3M Failed Roll =--
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Sideforce (Flat Turn) Maneuver. Tables D-37 and D-38

H give the design parameters for both the healthy and failed
f; cases of the sideforce maneuver. The same parameters are
used for both cases.
i Figures D-139 through D-145 present the simulation
responses for a 0.1 g sideforce command. The maximum value
commanded is limited by the canard deflection. For this
maneuver the longitudinal responses are very small for both
the healthy and failure models. Also, the healthy aircraft
lateral responses change very little when the right horizon-
tal tail fails. For these reasons Figures D-139 through
D-141 give simulation responses for both the healthy and
failed aircraft models.

For this maneuver the horizontal tail is mainly used to
counter the longitudinal pitching moment produced by the ca-
nard deflection although it also contributes to roll control

for the healthy aircraft case. When the right horizontal

tail fails the left horizontal tail deflects approximately
twice the deflection of the healthy elevators. The flap- 1f’q
erons deflect asymmetrically to compensate for the roll :
created by the failed right horizontal tail. The rudder and
canard deflections change only slightly for the failure o

case.

D-135
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Table D-37

i] Sideforce Maneuver: Healthy Model, ’ -
0.3 Mach at 30 Feet

Sampling Time: T = 0.02 second

@ = 1.0

€ = 1.0

£ = diag{ 2.0, 1.0, 1.0, 1.0, 1.0, 1.0}
r— —
0.0 0.4500E~02 -0.1072E+00 -0.6165E-02 =-0.7253E-04 0.6201E-02
0.0 0.4782E-01 =0.9951E-01 0.7566E-02 0.8900E-04 -0.7609E~02

K 0.0 0.0 0.0 0.1034E-01 =-0.1581E-01 -0.2613E-01

-0 0.0 0.0 0.0 0.7860E-01 0.1089E-01 =0.1751E+00 B
0.0 0.0 0.0 0.2146E+00 0.2525E-02 =0.2158E+00
0.8972E+00 0.3577E+00 <-0.1054E+01 0.3484E-01 0.4098E-03 =0.3504E-01

\e
K. = K
-1 =0

Input Ramp Time: 0.5 second

Command Vector:

u = 0.0
A = 0.0

"p
q = 0.0
A = 0.1 g (step)

b4

P

p = 0.0
r = 0.009641 radian/second (step)
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Table D-38

Sideforce Maneuver: Failed Model, -
0.3 Mach at 30 Feet

Sampling Time: T = 0.02 second

] @ =1.0
€ = 1.0 )
! I - giag{ 2.0, 1.0, 1.0, 1.0, 1.0, 1.0} o

-0.4171E-16 0.8964E-02 =0.2136E+00 -0.1236E-01 -0.1721E-04 0.1256E-01

0.0 0.4924E-01 -0.1333E+00 0.1921E-01 -0,2071E-01 ~-0.4001E-01
K _ 0.0 0.4645E-01 -0.6682E-01 -0.4041E-02 0.2073E-01 0.2459E-01
- - 1
0 0.1275E-15 0.2867E-03 -0.6833E-02 0.7887E~01 0.9883E-02 -0.1764E+Q0 )

0.650%E~15 0.6306E-03 -0,1503E-01 0.2152E+00 0.2996E~03 -0.2186E+00
0.8972E+00 0.3578E+00 -0.1056E+01 0.3493E-01 0.4863E-04 -0.3549E~01

=
il
=

Input Ramp Time: 0.5 second
Command Vector:

u = 0.0

A = 0.0
q = 0.0 i-:~

A = 0.1 g (step)

p = 0.0 e
r = 0.009641 radian/second (step)
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Figure D-139:

0.3M Healthy/Failed Sideforce =-- Sideslip

Angle, Pitch Angle, Angle of Attack, and Forward Velocity

16

0.64 9.08 0,12 o,

0.00

ROLtL RANCLL 'DEG) &« P (DEG/SEC)

oA

\_

P

«0:04

.Co 1.¢0

2.C0 3.60 6.C0 760 §.C0

.0 5 ¢0
TINE. SECCNOS

Figure D-140:
and Roll Rate
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Yaw Pointing Maneuver. The design parameters for the

yaw pointing maneuver are given in Tables D-39 and D-40 for
both the healthy and failed models. The parameters are the
same for both cases.

Figures D-146 through D-152 present the simulation
responses for a three degree yaw pointing command. The
maximum angle commanded for this maneuver is limited by the
ability to hold the roll angle to a small value. As with
the sideforce maneuver Figures D-146 through D-148 give
simulation responses for both the healthy and failed air-
craft models.

For the yaw pointing maneuver the horizontal tail is
used for both pitch and roll control. When the right hori-
zontal tail fails the flaperons take over the roll control
and deflect slightly asymmetrically to counter the rolling
moment of the left horizontal tail, which deflects for pitch
control. The rudder and canard responses are not affected

much by the failure for this maneuver.
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Sampling Time:

|
i

([x]
i

=
[}

Input Ramp Time:

Yaw Pointing:

T =

Table D-39

Healthy Model,

0.02 second

diag{ 2.0, 1.0, 1.0, 1.0, 3.0, 2.0}

0.0

0.0
0.0
0.0
0.0
0.8972E+00

e

0.2692E+01

0.4500E-02
0.4782E-01
0.0
0.0
0.0
0.3577E+00

0.1350E-01
0.1435E+00
0.0
0.0
0.0
0.1073E+01

0-2

Command Vector:

~0.1072E+00
~0.9951E-01

0.0

0.0

0.0
«0.10S4E+01

«0.3217E+00
~0.2985E+00

0.0

0.0

0.0
~0.3161E+01

second

-0.6165E-02
0.7566E~02
0.1034E-01
0.7860E-01
0.2146E+00
0.3484E-01

=-0.1850E-01
0.2270e-01
0.3101g-01
0.2358E+00
0.6438E+00
0.1045E+00

=-0.2176E-03
0.2670E~03
-0.4742E-01
0.3268E-01
0.7574E-02
0.1229E-02

-0.6527E-03
0.8010E-03
-0.1422E+00
0.9805E-01
0.2272E-01
0.3688E-02

0.3 Mach at 30 Feet

0.1240E-01
«0.1522E-01
-0.5225E-01
-0.3502E+00
~0.4317E+00
-0.7007E-01

=
0.3720E-01

-0.4565E~01
~0.156BE+00
=~0.1051E+01
~0.1295E+01

-0.21025902-J

u = 0.0
A = 0,0
n
p
q = 0.0
A = 0.0
Yp
p = 0.0
r = -0.05236 radian/second (1 second pulse)
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. . Table D-40 ‘-~j
n ‘ Yaw Pointing: Failed Model, 0.3 Mach at 30 Feet -4

Sampling Time: T = 0.02 second

a = 3.0
€ = 1.0
L= diag{ 2.0, 1.0, 1.0, 1.0, 3.0, 2.0}
— —
-0.4171E-16  0.8964E-02 =-0.2136E+00 =0.1236E~01 =-0.5164E-04 0.2512E-01
0.0 0.4924E-01 ~-0.1333E+00 0.1921E~01 -0.6214E-01 ~-0.8001E-01
K = 0.0 0.4645E-01 <-0.66B2E-01 =-0,.4041E~02 0.6220E-01  0.4918E-01
=0 = 0.1275E-15  0.2867E-03 <-0.6833E-02 0.7887E~01  0.2965E-01 =0.3527E+00
0.6509E-15 0.6306E-03 <-0.1503E-01 0.2152E+00 0.8987E-03 =-0.4372E+00
0.8972E+00  0.3578E+00 =0.1056E+01 0.3493E~01 0,.1459E-03 =-0.7098E-01
e —
—
(i;‘ ~0.1251E-15  0.2689E-01 =0.6408E+00 =-0.3709E-01 =-0.1549E-03 0.75373-0:-7
’ 0.0 0.1477B+00 ~-0.3998E+00 0.5764E-01 =-0.1864E+00 =0.2400E+00
0.0 0.1394E+00 =-0.2005E+00 -0.1212E-01 0.1B66E+00 0.1476E+00
351 = 0.3826E-15  0.8602E-03 =-0.2050E-01 0.2366E+00 0.8895E~01 =~0.105BE+01
0.1953E-14 0.1892E-02 =-0.4508E-01 0.6456E+00 0.2696E~02 =~0.1312E+01
0.2692E+01 0.1073E+01 =-0.3168E+01 0.1048E+00 0.4376E~03 =0.2129E+00
e —

Input Ramp Time: 0.2 second

Command Vector:

u = 0.0
A = 0.0
"p
= 0.0
A = 0.0
p
P = 0.0
. r = =0.05236 radian/second (1 second pulse)
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Figure D-146:
Angle, Pitch

0.3M Healthy/Failed Yaw Pointing -~ Sideslip
Angle, Angle of Attack, and Forward Velocity
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Figure D-147:
and Roll Rate

0.3M Healthy/Failed Yaw Pointing -~ Roll Angle
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Figure D-149:

0.3M Healthy Yaw Pointing -- Elevator and

Flap Deflections and Thrust
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Figure D-150:

0.3M Failed Yaw Pointing -- Left Elevator and

Flaperon Deflections
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Figure D~151: 0.3M Healthy Yaw Pointing -- Aileron, Rudder,
and Canard Deflections
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Lateral Translation Maneuver. Tables D-41 and D-42

give the design parameters for the lateral translation
maneuver. As indicated in the tables the same design param-
eters are used for both the healthy and failed aircraft
models.

The simulation responses for a 0.1 g lateral acceler-
ation command, which corresponds to a steady-state lateral
velocity value of 4.5 feet/second, are given in Figures
D-153 through D-159. The maximum lateral acceleration
commanded for this maneuver is limited by the canard deflec-
tion. As explained for the sideforce maneuver, Figures
D-153 through D-155 give simulatiin responses for both the
healthy and failed aircraft models.

For the lateral translation maneuver the horizontal
tail is used mainly as an elevator to counter the small
pitch moment generated by the canard deflection. When the
right horizontal tail fails the left horizontal tail
deflects to approximately twice the elevator deflection of
the healthy aircraft simulation, and the flaperons deflect
asymmetrically to counter the rolling moment of the left
horizontal tail. The rudder and canard responses are not

affected much by the failure for this maneuver.




g

a = 1.0

€ = 1.0

L =
L
t F—0.0 0.4500E-02
X 0.0 0.4782E-01
i 0.0 0.0

K0 =
;. - 0.0 0.0
] 0.0 0.0

0.8972E+00  0.3577E+00
\e
K, = K
-1 =0

Input Ramp Time: 0.4

Command Vector:

u = 0.0
An = 0.0
P
q = 0.0
A =
YP
p = 0,0
r = 0.0

Table D-41

-0.1072E+00
-0.9951E-01

0.0

0.0

0.0
~0.1054E+01

second

Lateral Translation:
0.3 Mach at 30 Feet

Sampling Time: T = 0.02 second

~0

o © o O o

Healthy Model,

.1541E~01
.1891E~01
. 2584E~01
.1965E+00
.5365E+00

.8709E~01

0.1 g (1 second pulse)

D-150

diag{ 2.0, 1.0, 1.0, 2.5, 1.5, 1.0}

-0.1088E-03
0.1335E-03
~0.2371E~01
0.1634E-01
0.3787E-02

0.6147E-03

0.
-0.
-0.
-0.
-0.

-0.

-

6201E-02
7609E-02
2613E-01
1751E+00
21S8E+00

3504E-01

i




T T —— T

g 14,‘—”4" i
e

-~

Table D-42

Lateral Translation: Failed Model,
0.3 Mach at 30 Feet

Sampling Time: T = 0.02 second

a = 1.0
!
e = 1.0
tf = diag{ 2.0, 1.0, 1.0, 2.5, 1.5, 1.0}

-0.4171E-16 0.8964E~02 ~0.2136E+00 =-0.3091E-01 =0.2582E-04 0.1256E-01

<
t 0.0 0.4924E~01 =~0.1333E+00 0.4803E~01 -0.3107E-01 -0.4001E-01
b 0.0 0.4645E~01 -0.6682E-01 <-0.1010E-01 0.3110E~01 0.2459E-01

!SO = 0.1275g-15 0.2867E-03 =~0.6833E-02 0.1972E+00 0.1482E-01 -0.1764E+00

0.6509E-15 0.6306E~-03 -0.1503E-01 0.5380E+00 0.4493E-03 -0.2186E+00

0.8972E+00 0.3578E+00 -~0.1056E+01 0.8733E-01 0.7294E-04 -0.3549E-01
S, —

Input Ramp Time: 0.4 second

Command Vector:

: u = 0.0
-,.‘ An = 0.0
P
: q = 0.0
- A, = 0.1 g (1 second pulse)
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