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Preface

Poor high angle-of-attack stability and control characteristics of
most high-performance aircraft costs the Air Force millions of dollars
annually through loss of control accidents. Even the newest of the
operational fighter aircraft with their collection of strakes, slats,
fences, boundary limiters, sophisticated flight control systems and
enormous vertical tails, continue to experience loss cof coutrol. The
report of the Stall/Post-Stall/Spin Symposium makes it apparent that
scientists, engineers, and officials of the Air Force and other related
agencies were aware of the need for an improved control technology on
which to base design, development, and testing of future aircraft and
to solve the problems of current operational aircraft. One possible
improvement is the use of thrust generated control moments and forces
to augment the aerodynamic forces in the high angle-of-attack regime.
It was my intention in this study tc determine analytically the feasi-
bility of thrust control augmentation. If substantially improved
handling and departure characteris;ics in the unodel coul.. be demon=-
strated, they would serve as a basis or incentive for { cure studies
of actual hardware. I was also interested in improving the digital
computer program that solves the non-linezr equa*ions of motion to
make it easier to understand and use, simpler to modify, and to have
better printed and plotted outputs.

I want to express my gratitude to my thesis advisor, Lt Col
Frederick F. Tolle, Associate Professor and Deputy Head of the Depart-
ment of Acro-Mechanical Engineering, for his interest, assistance, and

encouragement. I wish also to thank Capt Conald C. Eckholdt and the
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personnel of the Aircraft Dynamics Group, Air Force Flight Dynamics ;

e T—

('t Laboratory. I am forever indebted to Capt Eckholdt for his willing

and enthusiastic guidance, ccunseling and ideas, and his enduring

’ patience. TFor my wife, there are no words to adequately express my
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‘ appreciation for her patience, encouragement, understanding, and good

coffee during our past four years in AFLT programs.
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Deas H. Warley III
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pitching moment due to thrust, ft-1b

aircraft mass, slugs
yawing moment, ft-1b

yawing moment due to thrust, ft-1b
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s e b L
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b

| A dot over a variable signifies the time derivative of that variable.

Aerodynamic Coefficients

§ C = EEP_
B o8
Cyp = 35&
B 9B
Iz
Cn s C. cos Q - — Cl sin o
B8,dyn B b < B

ix

e PN —_— i e it B i it i e 0 A
o ol S e e




13 L) L J 83 Nl O w
J.MV Y_.uv Q o O o O lo
(&) ~ O | L] ¢ {© @ |[¢c© © |c®
c© <
" = n [ 1] ]
L H L ]
e > >~ >~ N ;
3 © (3] © o o i
1
- ~ gl @ Bl w %l o
n_.m_v e .MV O jo O o QO Jo
© ~ QO RN ®© | ®© | @ |
<© _ © ®
. . L} [} [}
L & Q
v =% L <o o) <O
m Cn Cn Cn Cn Cx
3
E
E
~r
-
! Ll L] - « | M Ll 8, «
™ l_ﬂv lv.w_v © | O o m_.c o> & vm
~ © ~N © N[N ¢© | © | (&} ~ ©
~ c© © o [
M L] ] L] b
[ L ]
= (-} ] 58 5: o ¢ M
W — o~ ~— — =] 3
w [&] (&) (&) (&) (&) o
~
k
3
.P
]
w o~ o
W N\ -




T
. I e N e T T A T Sy T TR SRR TR Y TR, x P TR P S e g ﬂm!!

GAM/AE/73~14

Abstract

The feasibility of engine thrust vectoring for lateral control of

aircraft in the high angla-of-attack regime was investigated for an

airplane with F-111 characteristics. The techniqu: was found to be

e it i

effective in increasing the angle-of-attack, at which departure occurs. i 1

The method used an effective dynamic directional stability parameter to

account for thrust effect alteration of the sta*ic lateral stability
4 parameters Cp, and CQ,. Although the effective Cp could not be
B B 8,dyn
used to predict departure in the model studied, it was useful in eval-~

vating the etiectiveness of the thrust vectoring concepts.
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ANALYSIS OF CONTROL SURFACE AUGMENTATION

(j) IN HIGH PERFORMANCE AIRCPAFT BY THRUST VECTORING

I. Introduction

4 Most modern high-performance aircraft when flying at high angles- :

of-attack exhibit poor lateral-directional stability and control
14

characteristics which can lead to inadvertent departure or loss of i

control. The problem is to maintain control of the aircraft after it

has lost acrodynamic lateral-directional stability until the classical

stall angle~-nf-attack has been exceeded.

Background i

Loss of control (departure) normally occurs when a pilot uninten-

3 tionally exceeds the normal flight envelope boundaries while performing

i et Sl nasb i i

a maneuver. Tne situation is particularly probable and critical in
maneuvers such as landing, air-to-air combat, and precision weapons
delivery because of extreme pilot workload and stress level. Severe

loss of control may lead to operational restrictions which reduce the

e b Wikl

mission effectiveness of the weapons system.
Adr Force safety records indicate tha: accidents dv2 to loss of
control account for almost 25% of all aircrat: losses and almost 60%

of all alrcrew fatalities. The cost of these losses is estirated to be

A Hibbe AU NI il s

more than 40 million dollars annually (Ref 23). As of September 1972,
at least 10 of the 22 F-111 accidents (aircraft destroyed) were

attributed to loss of control. At an estimated unit cost of 20 million

!
]
]

dollars, the price tag for the F-111 loss of control accidents is a

staggering 200 million dollars,

| ¥ 3 3 ki R e e ——— . 2 g 5
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In the late 1950's (Ref 29) the consensus among contvactors and
the military was to trv to solve the problem by more fually exploring
the spin characteristics of each aircraft, and by teaching pilots
proper spiﬁ recovery techniques. Subsequently, it has been found that
most high-performance aircraft have a myriad of complex spin modes,
several of which are non-recoverable. The loss of control accident
trend of recent years and the complexity of the spin problem‘led to
the expected shift apparent at the 1971 Stall/Post-Stall/Spin Symposium
(Ref 5). Emphasis is now placed on either preventing the spin bty elim-

inating the possibility ol departure or controlling the spin by develop

ing and installing spin recovery devices.

Despite advances in analysis, synthesis, development, and testing,
alrcraft frequent.y reach the fully operational stutus before depacture
problems are discovered. At that point, ghe expense of a complete
research and development program or a large scale modification program
usually leads to a less than optimal solution. The corrective action
has been to train the pilot or limit him by regulation in order to
avoid the problem. or make minor configuration modifications in order
to'mitigate the problem.

Several examples of modifications to the airframe, control system,
or both are described *n Appendix E. Few of the modifications imple-
mented to date have appreciably improved the directional stability
characteristics of the aircraft. Additionally, all of the devices
discussed have at least one of the following drawbacks:

1. The effectiveness cf the device is limited to a particular
flight regime,

2. Margin-of-safety zones created at the performance limits deny
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full use of the maneuver envelope.

3. Pilots object strongly to any devices which limit cr override
their control of the aircraft.

Spin control by using spin recovery devices is an excellent con-
cept but is limited by the fact that there is insufficient reliable
spin data to evaluate thoroughly such a system. Data acquisition is
costly in both time and money, is complicated by the existence of
several unique spin modes for each aircraft configuration, and the
extensive flight testing required could lead to further aircraft losses.

These facts lead to the conclusion that aircraft must be designed
to be directionally stable at angles-of-attack up to and just beyond
the classical stall. Directional stability and control can be achieved
by careful aerodynamic design of vhe external geometry of the alrframe
&nd control surfaces, by the addition of nonconventional control sur-
faces or forces, or by using advanced active f{light control systems.
Directional stability through aerodvnamic design aloué has beer achieved
on only one modern high—performaqce aircraft, the Northrop F-5/T-38.
Since the majority of high-performance aircraft do nct have aerodynamic
directicnal stability, the only alternative that will provide stability
without sacrificing maneuverability 1s to provide lateral-directional

control by non-aerodynamic devices.

Approach and Scope

The objective of this study was to-investigate the feasibility of
using thrust generated yawing moments and side forces to augment the
aerodynamic lateral control at high angles-of-attack. The study was
limited to a single aircraft, the F-111, which has directional stabil-

ity characteristics typical of many modern high-performance aircraft.

3
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A computer program was developed (Appendix D) to model the air-

(i) cr=t using a six degree-of-freedom, non-linear formulation of the

equations of motioa. It was based on a similar program developed at
é the Air Force Flight Dynamics Laboratory (Ref 6). The non-linear
aerodynamic data obtained from NASA was based on wind tunnel and model
flight test data modified to match the perfcrmance characteristics of
the F-111. While the computer program car. be used for spin analysis,
the data is valid only up to departure; therefore, this study is limited
to investigating the application of thrust vec£oring to prevent depart-
ure.

The approach is to determine lateral stability criteria as a
function of angle-~of-attack and sideslip, and to evaluate the influence
] of thrust c¢-trol augmentation on this criteria. This permits an
(“; analytic demonstration of the feasibility of thrust control. A dis-

cussion of methods of implementing thrust control and a short synopsis

i L

on the state-of-the-art is presented; however, actual hardware design

is not included.

4
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II. Development of the Model

Aerodynamic Loss of Control

The boundary éf the aircraft maneuver envelope can be Zefined by
the angle-of-attack that corresponds to either maximum lift or zero
dynamic directional stability. Configuration A shown in Figure 1
maintains positive dynamic directional stability at all angles-of-
attack. The aircraft will stall in the classical sence when the angle-
of-attack of maximum lift is exceeded, and will not experience uninten-
tional departure or loss of control. In contrast, configuration B will
depart from controlled flight when the dynamic directional stability
parameter (Cnﬁ,dyn) approaches zero prior to the conventional stall
pcint. Since this departure occurs at an angle-of-attack that is often
considerably less than that of maximum 1ift, the result is the loss of
a large portion of the high angle-of-attack maneuvering capability. It
is in this angle-of-attack range that the forces and moments generated
by thrust can be used to augment those of the control surfaces whose
effectiveness has been diminished due to adverse air flow character-

jatics.

Model Equations of Motion

The system is modeled by the bely axis, non-linear, six-degree-of-
freedom equations shown in Appendix B. The forces (X, Y, and 2Z) and
the moments (L, M, and N) are expanded as functions of the aerodynamic
and thrust effects. Two general categories of thrust control augmenta-
tion are considered. The first deals with cases where the augmenting
thrust system produccs or exerts both control moments and control

forces on the aircraft such as that prcduced by deflection of the

bt e 0 el oot sk
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FIGURE 1. Comparison of Stability and Lift Characteristics for Two !
Configurations. .

j
R S LR U e T W S R ﬂ_,mmgj




o Bt o b i o S i i e L - i ¥ il T . b T ntaih Lha Db Ml bl UL el s O £ i ik aale i S S s
3 i

GAM/AE/73-14

engine thrust. The second category applies to cases where the augment-

(f3 ing thrust system produces only control moments,
ey

Fngine Exhaust Deflection. The mcdel assumes that engine exhaust

bl ia Lt sk

can be deflected by scheduling the exhaust nozzles for asymmetric

closing or by flow separation induced by injection of bypass or bleed

alr at the nozzles. Although the actual hardygre is not discussed,
the technology exists and is currently being applied to VIOL aircraft 3

(Ref 3, 8, and 26). Engine thraust is assumed to be an external force

ek Lo e el B e e il

acting on the aircraft at the nozzle position. The lengths Xps Yoo and
Zy define the location of each nozzle in the body axis reference fraue.

'1'1 and T, are respectively the left and right engine thrust forces.

2

Defining ., to be the thrust vector 2ngle with respect to the x-z

TS
plane and 6T o be the thrust vector angle with respect to the x-y

(’x plane, the thrust can be expressed at any general angular position.

Call L L

Maximum thrust vector angles are restricted to within the thrust
deflection limits (15° maximum) achjlevable by ai~ injection techniques.

Resolving the forces and +oments from Figure 2,

X, = (T1 + TZ) cos O cos_ﬂT' (1)
YT = (T1 + Tz) sin BT (2)
3 4y = = () + T,) sin ap (3) - ;
Ly = (T, = T,) vy sin o = (T, +T,) z; sin &, ) !
r M, -- (T, + Tp) %y sinag + (T, + T,) 2z, cos ag (5)
Np = = (T, + Tp) x; sin B, + (T - T)) y, cos B, (6) j

Auxiliary Thrusters. Using a reaction control system (RCS) util-

(‘: izing high pressure compressor bleed air or small rockets in coupled

E
4
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pairs (for example: four nozzles located in opposing pairs at each
wingtip and aligned parallel to the x body axis), control moments can
be generuted without the presence of translation producing forces.
Assuming the auxiliary thrusters act only in the x-y body-axis plane,

the result from Figure 2 is the yawing moment equation,

Np = (le - sz) X1 ¢))

Programmed Equations of Motion. Equations (1) through (7) are

combined with the non-linear equations developed in Arpendix B. The
aerodynamic quantities are expressed as non-dimensional coefficients
and derivatives that fit the data package (Appendix A). The resulting

equations of mo“ion to be programmed are as follows:

t.1=-gsin8+rv-qw+-p—"—2§-(c + C_ Ge)
2m X Xso .
1
+m (T1+T2) cos @, cos BT (8)
. 2
v-gcbsesin<b+pw-ru4~-gl—s-(c +C 8a+cC &r)
2 y Ysa Yor
ovs L .
+ T (Cypp + Cyrr) +m (1‘1 +T2) sin BT ¢))
c 2
w=gcosecos¢+qu-pv+9—‘21—‘-q-(c + C_  de)
m 2 250

1
- = (T; + T,) sin o (10)

T

k]
i
3
i
3
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. 1 2
p= 1 _z pVisb [Cz + C£ ja
() TI -1°2 sa
X 2 XZ
: +¢, St+2(C, p+C, )]
? %s 2V " 2
r P T

+ Iz [(T1 - Tz) Y sin O = (T1 + T2) 2 sin BT

da+ C Or {
n

I
p.¢4 2
+ —— pv°Sb [C_+C
L n Tsa 5 3

Dot el o L Lt s e &

> b
‘ * oW (Cnpp it Cnrr)] * 1 [(Ty = T)) yp cos By '

T T 7 72

- (T1 + T2) Xp sin BT] + Ixz (WT - sz) XWT

1

.2 2
+ (Ix Iy + Iz) Ixz pq + (IyIz 1, Ixz ) qr

+ Ixz Ir q o (11)“

T e T VoY e

2 % c
pvese (Cm + Cm oe + Cm q)

/\\
3
S .
]
HIH
[
ok

Eg. y Se =
< (T1 + TZ) X sin G + (T1 + TZ; zp €OS Oy
: 2 | 2 i ?
+ Ixz (x pe) + (Iz Ix) rp-r I w (12) !
- 1
| . |
i r= %- 5 pV2Sh [c, +cC da + c, dr
z da Sr
b
; + 2V (Cn p+ Cn r)] + (T1 - TZ) Yp €os BT
| P r
- (T, +T,) sin B + (le - sz) Xer ¥ 1yz (p - qr) |
i
+ (1, - Iy) pataqal w) (13) :
i' The Euler relationships are developed in Appendix B.
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Control System

A key objectlve of this study is the comparative evaluation of
the response of the aircraft model to control surface deflections with
varying degrees and types of chrust augmentation, For this reason,
the influences of the F-11l1 self-adaptive flight control system and
the dynamics vf pilot response are purposely removed from the control
loop. A simple, closed-loop, feedback control law based on yaw (B),

yaw rate (r), and roll rate (p) is used to command aileron and rudder

control curface deflections.
Ga = Kl P (14)

6r = K2 r- K3 (8 - Bcommand) (15)

The control gains are purposely kept at the minimum values necessary to
maintain wings-level at low angles—of-atfack. The low gain levels will
not inhibit departure or stali in the high angle-of-attack reyime by
inadvertent over-control. Maximum control deflection angles are
specified in Appendix A.

Thrust augmentution authority limits (TVAJ) showm in Figure 3 ave
used to schedule both the engine exhaust deflection system and the
arxiliary thruster system. Since control augmentation is necessary
only in the high angle-of-attack regime, the authority is scheduled as
a function of angle-of-attack, rudder deflectior angle, and a maximum
specified thrust control moment. The engine exhaust nozzles are
assumed to lie in the x~y plane and the thrust deflection is restrlcted
to produce only yawing woments and longitudinal and lateral forces. To
facilitate comparison between the two systems, the maximum moment
produced by the auxiliary thrusters is identical to that produced by

engine exhaust deflection.

11
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s III. Simulation Test Plan and Evaluation

3 ) .The simulation and evaluation of results are divided into two i
phases. The first phase is run solely to generate dynamic stability

parameters for ce-pdrative evaluaticn of each configuration. The

second phase consists of several "flights'" of each configuration at
high angles-of-attack using various flight control parameters to pro-

duce maneuver envelopes based on criteria :o be defined.

AT T TR T

Phase I
One simulation is run for each of the following configurations:
a. Basic configuration with no thrust zugmentation
b. Engine exhaust deflection augmentation
(1) 50% authority limit (6° maximum deflection).
(’ (2) 100% authority limit (12° maximum deflection).
: ¢. Auxiliary thruster augmentation
(1) 50% authority limit
é (2) 100% authorizy limit
Tc provide a basis for comparison, the authority limits and algoritihm
for the auxiliary thrusters are designed to produce moments equal to
those developed by the engine e:haust deflectors without the force
effects.

Evaluation of each simulation in this phase will be based on the

static lateral stability parameters (C“B and CQB) and the dynamic
directicnal stability parameter (CnB,dyn)' The derivation of C“B,dyn
can be found in Reference 19. This report and others (Ref 5 and 28)
show good correlation between divergence characteristics prrdicted by

C“B dyn and actual aircraft divergence characteristics. The method
1

13
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for determining these parameters is different than the normal method of
(' extracting Cna and CQB from wind tunnel data and then calculating a
an dya * Since thrust effects do not appear in the characteristic
’

: equation used for the derivacion of C » terms are defined to com-

ng, dyn

bine both the aerodynamic¢ and thrust effects as one parameter. The

elevator control will produce a gradually increasing angle-of-attack up

to stall or departure. Aileron control will be used to minimize roll

and maintain wings level. The rudder and thrust augmentation devices i
will be driven by a sinusoidal commanded sideslip angle. The resulting
motion is large sinusoidal oscillations in yaw and yaw rate with a mini-

mum of variatizsn in the other states.

ki, it i e ik ki

A e W TPy ey T AP IT T TP IF IO TRIEY PRIt oo YA e il e

An effective C and Cp is calculated at each time interval (0.1
seconds) in the simulation with the thrust effects included.
() c = C, + ZIx L (16) i
2eff 20 oV2sb thrust ;
A e naa s 17)
n n thrust

eff o pV3sb

Ce and C, are interpolated values calculated in the computer simula-
o Do

tion based on the data (Appendix A) and exclude the effects on the

rolling and yawing moments produced by roll and yaw rates.

S i

The change in sideslip (AB) is calculated for the same time incre-

ment and the static lateral stability paramaters arc estimated by

AC
T Y
B,cff

c = Xnett (19)
Ng eer OB
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and the dynamic directional stability parameter is estimated by

o/
: c -C cos o - == C sin o (20) -

- nB,dyn nB,eff Ix 23,3;:

The values of ef?ective CnB, CLB, and C“B,dyn are determined and |
plotted as a function of angle-of-attack. The results are an indica-
tion of the combined aerodynamic and thrust effects on the stability of

the system.

Phase II

For each simulaticn in this phase, the aircraft configuration is
flown to departure or stall. To provide variation in departure atti-
tudes, sideslip command (8.) in the rudder control (Equation 15) will
be set at a different value for each simulation. Several simulation

runs are made or each of the following configurations:

: ( a. Basic configuration with no thrust augmentation
5. b. Engine exhaust deflection augmentation
(1) 50% authority limit
(2) 100% authority limit
¢. Auxiliary thruster augmentation
(1) 50% authority limit
(2) 100% authority limit
t d. Engine exhaust control with rudder fixed at neutral
El . (1) 50% authority limit
E% (2) 1007 authority limit !
In the final sets of simulations (Part d), the rudder will be j
1 fixed atr zero deflection and the deflected engine thrust will substi-
(' tute for the rudder as a lateral control device. The authority for ?

15
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each of tl.se configurations will use the limits indicated for all
angles-of-attack. The thrust control will be maintained at full
authority limits fof all angles-of-attack. The purpose of the simula-
tions in Part d is to provide souc comparison of the control effectivé-
ness of rudder aione versus thrust alone.

To evaluate and comparé the resulting time histories of each
simulation, divergence boundaries are established based on two
different criteria. The first compares the sign of the first and
second time derivatives of beta (B). If each is of the same sign (both
positive cr both negative), the time and aircraft attitude is recorded
and a departure condition is defined. The series of departure condi-
tions recorded for each configuration are plotted on a graph with
angle-of -sideslip (8) as the ordinate, and angle-of-attack (o) as the
abscissa and labeled the "Beta Condition Departure Envelope". The
second criterion of departure is the completion of 20° of spin; when
this occurs, the aircraft attitude and time at the 20° point are re-
corded. The results are plotted in 0-8 coordinates and are labeled
"Spin Condition Departure Envelope'.

It is inportant to realize that these envelopes are not the
"maneuvering envelopes' defined in the flight manuals. Both are simply
diagnostic tools for comparing the effectiveness of each thrust aug-

mented configuration.

16
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IV. Results

Phase I

The first simulation of this phase shown in Figure 4 was run with-
out thrust aigmentation. The resulting C“B,dyn was compared with
previous results (Ref 19 and 22) and provided baseline data against
which to evaluate the effectiveness of the thrust augmented controi.
Correlation was limited to angles-of-attack less than 35° which was
the maximum angle-of-attack in the previvus calculations. The present
method gave surprisingly good agreement and established confidence in
the method used in the computer program for calculating an effective
an,dyn directly from the simulation. The remainder of the Phase I
simulation results are shown in Figures 5 through 8. The apparent
flattening of the curves in Figure 5 is due to a scale change.

The most significant effect of thrust augmentation was the exten-
sion of the angle-of-attack boundaries of departure. The fact that
simulations did not depart when the calculated C“B,dyn became negative
was probably due to the simplified control system used. As shown in
Table 1, both the sign change c« C“B,dyn and the maximum attained angle-
of-attack are improved with the thrust augmented configurations.

Since the authority limits for thrust control were based on the
rudder effectiveness (C“Gr)’ it was noted that the lower limit selectad
occurred rignt at the CnB crossover. At this point, the authority
limits were altered o allow the thrust augmentation to begin at an
anglc-of-attacl. of 20° ard reach full authority at an angle-of-attack
of 40°., The simulations were run again and the results (Appendix C)

indicated decrcases in the angle-of-attack where the sign of the

17
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effective an dyn became negative. This indicated that rather than an
14

(T} increase as expected, the lateral stability of the thrust augmented
configuration had decrecased. For verification, the simulations were
again run with complete time histories and the departure angle-of-
attack for each thrust augmanted configuration with the 20°-40°

authority limits was approximately 5° lower tlan that of the 30°-50°

authority limits. Since the original authority limits with initial

b0 i

; thrust deflection at 30° angle-of-attack and maximum thrust deflection
at 50° angle-of-attack had produced satisfactory rasults, it was

decided to proceed to Phase II with the authority limits unchanged.

TABLE 1

Summary of Phase I Simulations

A T e ST e SR YTy g

(~ Maximum Angée—of-Attac“ Angle-of-Attack

Deflection Cns,dyn at Departure i

Configuration Angle(deg) Sign Change(deg) (deg) 1

No Augmentation 0 30.4 50.0 ]

Exhaust Deflection ) : 31.7 55.6 :

. . E|

Exhaust Deflection 12 30.7 61.5 §

Auxiliary Thrusters % 6 30.7 55.6 !

Auxiliary Thrusters *12 30.8 , 61.5 i

* Equivalent in moment to exhaust deflection of maximum i
angle indicated. ;

Phase II

) s

The intent of this phase was to provide an alternate method of

evaluating the effects of thrust augmentation, independent of the
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method used in Phase I. The rationale for this method arises from the
apparent relationship which exists between angle-of-attack (a) and
sideslip (B) at the time of departure. The idea was to select B and
increase o until departure occurs over a wide range of sideslip in
order to form an envelope which would describe the non-linear nature of
their relationship at departure. Unfortunately, the procedure proved
to be time consuming and costly in relation to the value of the results
obtained.

The key to defining the envelope was the development of proper
criteria to accurately determine the departure condition. Using the
first criterion, the first and second time derivatives of sideslip, it
was found that departure occurred in the first seconds of simulation
while examples of the full time histories shown in Appendix C show the
departure occurring at times of 20 to 30 seconds. Several variations
in the method of calculating the rates and applying the test were tried
in an effort to improve the criterion. For example, minimum magnitudes
of B and é or minimum elapsed times were imposed as conditions required
before the test could be applied. None were successful; the computer
prograﬁ indicated false departure immediately after the imposed limits
were exceeded.

Similar difficulties were encountered using the developed spin
condition. Since the angles-of-attack and sideslip oscillate violently
and rates are unpredictable once the spin has developed, it was diffi-
cult to predict how far to backtrack from the test point to the actual
departure point.

Examination of the time historics did not indicate why these

methods failed. The correct criterion for defining departure will have

24
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to be based on several of the simulated states due to the non-linear é

<') nature of the problem.

Overall Results . 1
Sample time histories of simulation runs for some of the configur-

ations are shown in Appendix C. With the control law used, the model

in each case increases in angle-of-attack until departure occurs.

Examination of full time histories i: licated that with thrust augmenta-

gy ——

Sl SR Ll B Ll e e
ey

tion, the maximum angle-of-attack reached before departure is increased

i

by 5° to 10°. There is little apparer : increase in the g loadings; all 3
are well within pilot tolerances.

Surprisingly, the use of lateral thrust control with the rudder

held fixed provided controllability nearly equal to that of the rudder 5

T T T PN 5 TRPC . (T ™ TETHE P PRI ATy oA+

alone. Obviously, the vertical tail and fixed rudder have a signifi- :

il ekt

e
N
.

cant stabilizing effect. This simulation dnes not infer the use of

thrust in place of the rudder, but suggests that thrust deflection

et b UMD o el el dmiall i e o

could provide emergency control device if the use of the rudder is lost,

a condition quite possible during or after combat engagement.
i . Time historiec for some of the simulations used in Phase I aie

also shovn in Appendix C. The magnitude of the sinusoidal sideslip

command (Bc) is unrealistic for a real aircraft, but provides a suitable 1
and simple method for extracting C_, Cz and C . i
n -4
3] B 3,dyn :
i
IV
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V. Conclusions and Recommendations

Conclusions

The results of the Phase I simulation indicate that both the
engine exhaust deflection and the auxiliary thrusters are effective
lateral control augmentation devices. The maximum angles-of-attack
attained prior to departure using either of the augmented configura-
tions were up to 11.5° greater than those of the conventional model.

The calculation of an effective C compared well with values

ng,dyn
from a previous study (Ref 19) for the same aircraft configuration.
Although it could not be used to predict the exact departure point in

the model used, the effective C was a useful tool for selecting

ng,dyn
the thrust control law authority limits.

The presence of side forces and the slight reduction in longi-
tudinal thrust present with the use of exhaust deflection had little
effect on the response of the model. The predominate contrel factor
was the moment generated by either augmented configuration.

Thrust deflection alone was shown to be an effect device for main-

taining control in the event of rudder control loss.

Recommendations

The following recommendations are made regarding the use of thrust
control augmentation in high performance aircraft.
1. An appropriate follow-up to this study wculd be to investigate
the hardware aspect in detail to determine:
a. expense of implementation
b. time responses of various control hardware (considerable

work kas been accomplished in the areas of thrust control on V/STOL
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aircraft and RCS rockets on re-entry vehicles).

('“ 2. The use of augmented control by thrust vectoring should be
applied to other multiple and single engine aircraft with histories of
lateral-directional stability rcoblems at high angles-of-attack.

3. A suitable criterion for determining the departure point in

the six-degree-of-freedom, non-linear simulation needs to be established.

This would allow the calculation of an a~B maneuver envelope from the %

computer simulation.
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Appendix A i
( Aircraft Model Data
(Ref 20 and 23)
A three-view of the F-111A modeled for this evaluation is shown
in Figure A-1l., The non-linear aerodynamic coeificients and derivatives
are prz2sented in Table A-1. The following are the aircraft model
general parameters.
; Overall:
Length.......72.13 ft
Height.......17.12 ft
; Weight.......50,000 1bs
E l Wings:
Span...es....63.0 ft
(- Area.........525 ft?

<

‘ SWEEP.eesssselb
Mear Aerodynanmic Chord......9.04 ft
Aspect Rétio................6.97
Inertial Terms:

Ix‘.....‘....so,ooo ftz - slug

| Iyooo-.ooo-o315,200 W W

Iz.....ﬂ....351’500 W u

’ ” "
Ixzo..o...oo O

Ir St on 00000 0 " i
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Maximum Control Surface Deflections:

6e 10, = 25 deg

Ga *15 deg

Gr $30 deg
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Appendix B

Equations of Motion

(Ref 14, 15, 16, and 25)

Aésuming
1) negligible earth rotation,

2) negligible changes in moments of inertia,

Gl it g A

] 3) x~z is a plane of symmetry,

4) hx is the only significant rotor term, and

5) negligible changes in the rotor term,
3 the force 'and moment equations in the body-fixed reference frame

(Euler's equatibns) are

. X ~-mg sin 6 = m[\'x + qw - rv] (B-1)
L Y + mg cos 6 sin ¢ = m[\'r + ru - pw] {B-2)
1 Z +mg cos © cos ¢ = m[w + pv - qu] (B-3)
L= pr -1, (r +pq) - (Iy - Iz) qr (B-4)
- o - 02 2y - -
M Iyq Ixz {r PS) (Iz Ix) p+r Irwr (B-5)

Ns= Izr - Ixz (p -~ qr) - (Ix - Iy) Pq - quwr (B-6)

Rearranging the equations for use in the computer program,

t.x'*%-g'sina-qw+rv {(B-1a)
. Y
v--;l”!-g cos O sin ¢ - su + pw (B-2a)
* Z
w-;+gcosecos¢—pv+qu (B~3a)
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p= [IZL +L N+I (I - Iy +1)pq

‘ . _12_71 2 -
C (LI -172-1.% qr+ 1,1 qu} (3-4a)

: - 2
(IXIZ Ixz )

Lol 2 _ 2 _ _ _
q Iy M+ I, (c® -9") + (1, Ix? P rIrwr} (B-5a)
. 1 3

T = i; {N + Ixz (p - qr) + (Ix - Iy) pq + quwr} (B-6a)

Using the proper transformation matrix to obtain the Euler angle

F rates from the angular velocities,

$ =p+qsin¢ tan B+ r cos ¢ tan O (B-7)
B=qcos ¢ -1 sin ¢ . (8-8)
@ = (q sin ¢ + r cos ¢) sec O (B-9)

To record the changes of altitude, down-range distance, and cross-
range distance, the earth surface reference frame is used assuming a
( . flat earth approximation and positioning the origin at the initial air-

craft position.

x_ = u cos 0 cos Y+ v (sin ¢ sin 6 cos Y - cos ¢ sin V)
+ w (cos ¢ sin 68 cos ¥ + sin ¢ sin V) (B-10)
;e = u cos O sin
+ v (sin ¢ sin 6 sin ¥ + cos ¢ cos V) (B-11)
+ w (cos ¢ sin 8 sin Y - sin ¢ cos P)

z, = -u sin 6 + v sin ¢ cos 6 + w cos ¢ cos 9 (B-12)

The preceding equations (B-la through B-6a and B-7 through B-12)

constitute the state equations used in the computer program.

The aerodynamic angles are described in the body axis reference

frame by the relations:

a= tgn-l % (B-13)
-lv
& B =sin" g (B-14)
42
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Derivation of the equations for the rates of change in angle-of-

(‘ attack and sideslip:

Differentiating equation (B-13),

o= == (B-15)
u? + w?

Differentiating equation (B-14),

VG - VG
el (B-16)
’ v\/v? - v2
4
; where,
L] uo v. wo
V= v Y + vV + vV (B-17)

The forces (X, Y, and Z) and the moments (L, M, and N) are
separated into aerovdynamic and thrust effects. The aerodynamic
effects are expanded to suit the data package as functions of angle-

( of-attack, angle of sideslip, angulaf velocities, and control surface

é deflections. The aerodynamic force equations are:

1 2
Xpero =2°V S (cx + C"Ge Se) . (B-13)
1 2 )
Y ==pV S [Cc +C .Sa+ s
aero 2 [ y Y8a ° Cyér " (B-19)
5 =
+= (¢ +C
P ( v, p y, r)]
1 2
Zero =3PV S (c, + cz(Se &e) . (B-20)
L =-1—pv25b[c +C 8a +¢C 6r+l’-(c P+C )]
aero = 2 I L5, v L 2t
(B~21)
Sl z
Moo=3PV sclc + C’"se Se +5-C 4] (B-22)
Noro © -;- v2 sb [cn +C 6a + C, 8r
Sa Sr
5 (B-23)
( +3 (cnp P+ c“r )]
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The thrust effect equations are developed in the main report.

FIGURE B-1

Body Axis System and Related Angles
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Appendix C

"Simulation Results

'~
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PROGRAM RESFCBS(INFUT,CUTPCT,TAFE5=iN°UT,TAPE6=CUTFUT,FLOT,TbFE?)

2 X XXX R RS RS 2R R R E R R I RIS EI R RN SRS SRR RS R AR R L LR X X
[ Z X222 SRR RS RERI RIS RRRRRI RS R RTINS R RS R R R AR R R LR R RL R RN R R

YHIS FRCGRA¥ IS A SIX DEGREE OF FRREEOOM SOLUTION USING
THE GENERAL NON«LINEAF, BODY=AXIS SYSTEFM EQUATICAS CF
HOTYION AN[ EULER ANCLES ess

DEAS +o WEIRLEY, 2LT, USAF AFIT/EN/ GAM~T3

LI X2 R R R R R R R R 2R PR RS R R AII R RIS RIS A R R RS R R R 22 R R XL R R X XL K
(X2 AT R PR YRR R R R R Y EIRR R RN R RIT R R AR RIS R RS R RS RS RSN AR R R L R

®¥% DIFMENSICMN STATE VAFIAELES

CIMENSICN Y{(12),YP(12)
#¥% COMMCN FILES NAVMFED FCR SUBROUTINES ANC MAIN PROGRAM

1) MPIN FROGRAM ANL SUSROUTINE GENERAL PARAMETERS

CCMMCN/CMAIN/EECHMO,AV,BVC5 ,AVOT ,JA4A0,PI,TCOT,TRIMCFT,AEAR,
1THRUS1,THRUS ¢y A1 A2y A 2,81y B24334T1,T2,FECySTGHC,)THEC)ANGLE
CCA,GPHCCHCEHTB,IRyTRTY,TPT 2y AL ,BE AL PHAT,STASY,CNEE,CLEE,VCFT,
ESFEJCFE)VRyCYCRyCNIR yCHCFy THRUS TP IM, 2 TAT yNTL1 gy WT2y XHT,CONT,ZZ¥T,
PALOT ) CED T ALCFTy3ECPT g TCET g XTy YTy Z Ty IXyIY9IZHyIXZ;IR\NA4yMASS,HGHS,
8ByCyCx,yCXCE,(24C2NE4CY,CFOE,CMQ4yRVR2 yROF 4 STHEZWCTFE,y TVGAIN

¢) AIF(RAFT AERCCYNANMIC CCEFFICIENTS IN NCA-CIMENSIOMNAL FCRV

CCMMCN/CCCEF/ECY (21,9) ,ECN (21,Q),5CL (21,9),ECM(21,2),ECX(21),
1ECXDF(21),Fr205(21),ECM0E(21),ECMA(21) yECYDR{21) ,ECNCR (21) LECLER(2
21) yECYCA(21) ,ECNDA(21) ,ECLCA(21),3CYP(21),ECNP (1) ECLF(21) 4 CYR(2
31V ,ECNR(21)4ECLR(21) 4ECZ(21)

3) PARPIVETERS USEC BY PLOTTING SURROUTINE

CCHMCN//ZALFHE(LD2) yBETA(LOZ)yVEL(LQ2) P (LCE)HLCCFyQ(LO2),
1R .02) g ALT(L(2), THETA(LGZ) 4FPHI (402),PSI(LGZ)yYC (7)), TIME(LOD C
2DIST(LO02), TREV(GDA2) , AX(LT2),AY (L02) 4 AZ(H02) 4 PELECHDZ),CELA(
ICELRILONE) ) TCN(LN2) yTHRST(LC2), CNE(LD2)yCLE(LC2) ,CNEBEFF (402)
LLOP,CALF(LC2),ALN0T(402),RFOOT (LD2)

L
402)
’

EXTERNAL GYR/TES
REAL 1IX,1Y,I12,IXZ,IRy¥ASS
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c 2
f (:; C *e% TINFUT T+E TRIM CPTICN (TRIMOPT), CONTRCL GAINS, AIRCRAFT i
; S » GEOMETRIC AND CONTFOL FARAMETERS, AIRCSAFT AEROCYNAMIC }
¢ COEFFICIENTS, ANC INITIAL CCNDITIONS, ’
c
NAMELIST/CATAS/TRIMOFT,GE, CA4yNR,Y0,SIGHO,THEC,FEC,LCOP
NAMELIST/GECH/IX s IY9I7,IXZ yIRy WRyMASSySyCyEyTHFUSL, TFRL32,y XT,YT,27
NAMELIST/CCEF/ESY, ECNyECL,y ECYy ECXyECZyECXCE,FC2CELECMDE,EL MR ,ECYOR

; 41,ECNDR,ECLCF yECYDA,ECLCA,ECNIA,ECYP, ECNF 4ECLF,ECYR, ECNR,ECLR

f READ(5,CATAS)

L READ (5,CECM)

i REAC(5,CCEF) ]

c i

‘ c

; C *%s DEFINE FERAMETERS USED AS CONSTANT COEFFICIENTS IN THE STATE

i c ECUATICMS AND AS ANGLE/RADIAN RATIOS,

! g i
ALPHAT=PETAT=T=0, 3 NEAR=D ¢ PIz3,141592€653¢
6=32.1740 3 AO=1.7(2%PI) ¢ AV=180./P1
AUGT=, 1*AV $ AVOS5=2, *AVOT ? ANGLE=PI/2,

TCPI=2,*F1 ¢ WTL=WT2=XWT=ZMT=0, $ AL=S/(2.%MASS) ]
A2=S*p/2, § A3=S*C/ 2. ¢ REACER=TRIM=CHCP=S TAFT=(, !
B1=IX2* (IX«IY+I2) ¢ P2z IZ*IY-IZ¥%2-1X7%22 ¢ P3=IX*I2-IX7**? i
T1=THRUS1 § T2z THRUS 2 $ THRUS=T1+72 !
( TRT4=T1/THFRUS ¢ TRT 2=T2/7THRUS ¢ XKT=5¢. q
. c
c
C *¥% DEFINE INITIAL CONCITIONS.
c

0060J=1,7
60 YU =YC(J)
Y(8)=THEOSY(S)=SIGHOZY(10) =FEOSY(11) =Y (12)=0.

*¥% SELECT CESIRED TRIM QFTIONS (TRIMOPT) USING THE FOLLOWINMNG

COCE?
0.
1.
1.
ie

2

At bt . S e it it b

NC TRIM

STRAICHT AND LEVEL

STEADY CLIM? (WITHE POQPEP INITIAL CONCITIONS)
STEAOY CESCENT (WITH PROPER INITIAL CCADITIOMNS)
CCORDINATEL TURM

OO0MAOOODOOONOOO

IFCTRIMCETEC.Ce) GO TC 9
IF(TRINMCFT.ECe2.) GO TC 10

P Yo TP T

¥¥e¢  TPIV CCHCITION FOR STRAIGHT AND LEVEL FLICHT, STEAQY CLIME, (A 1
STEACY CESCENT

OO0

CALL TRIMI(Y,YF)

IF(CHCF ECsis) G0 7O €

GC TO0 9 3
10 CCNTINUE :

/2
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c
4 (» C
C ®**¥ TRIF CONCITION FOR TURNING FLIGHT,
c
c
CALL TRIM2(Y,YR)
IF(CHCF.EC.14)G0 TO 6
9 CCNTINUE
¢ i
g C *%%¥ PRINT CLY FIXED PARAMETERS AND INITIAL TRIMMEC CCNDITIONS i
-_ c : |
CALL FRINTI(Y) f
' Y(2)=1,
E c
1 C *¥* TME SCLLTICN IS MCh WCRKED USING THE RXCXY? IATECGRATICM
c RCUTINE ANC THE DESISEL ATRCRAFT CONTRCL SUEFOUTINE,
c

0077J=1,LCCF i
TALL CCNTRL(Y,YP,T) |
IF(CCATEC.Q04)CO TC 5
CALL VECTOR(Y,YP)
CCNTINLE |
DO 76 JFK=1,¢C

CALL FKGXY2(T4YyYP412,.005,5400C00005)GYRATES)

IF(NEARLEQ.3) GO TC 87

76 CCNTINUE

N

4 C i
N C ¥4 QESTREC FARAMETERS ARE STORED FOR THE PLCTTING SULRRCUTIMNE i
C

GA=J
CALL STORE(Y,YF)

77 TIME(JI)=T
GC TC 83

87 LCOF=J-1

88 CONTIMUE

#%% SUERCUTIME CUTPLOT IS CALLED AND RESULTS ARE FRIMNTEC
AS A FUNCTICN OF TIME. !

OO0

CALL SPEVAL(Y,YP) : H
CALL CUTFLCT '
€ CCNTINUE '
STOF
END
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SUBROUTINE GYRATES(T,Y,YP)

®¥%  THIS SUERCLTINE CCNTAINS THE STATE EQUATICNS USEC BCTH IN SETTI
THE TRIFPMPEC CONDITICN AN]I IN THE PRCGRAM SOLUTICNs NATA IS
LINEARIZEL WITH RESFECT TO THE PARTICULAR AIRCRAFT ATTITLCE EA
YIME THIS SU3RCUTINE 1S CALLED. IT IS CALLEC 8Y THE MAIMN
FROGRAVM ENC AS AN EXTERNAL BY SUBROUTINE RKGXYZ.

DIMENSICN Y (12),YP(12)

COMMCN/CMATIN/BECMD yAV,AVQS ,AVOT 4 JALAQ,PI,TCPI, TRIMOFT,NEAR
1THRUS1,THRLS zy21,A2,02,F1,E2,33,T1,T2;FEC,ySICHC,THEC,ANGLE ,
2GAyGB,GC,yCEHCAyDR, TRT1,TRT 2,AL 4 BE, ALPHAT,START,CNEE,CLEE,VCPT,
6SFEWCFE VR JCYLRyCHLRYyCHCF,y THRUS yTRIMZNETAT yWTLyWT2y XHT,CONTy2¥T, 1
TALDT,BECT ) ALLFTy 3ECPT G TCFT o XT, YT9ZTy IXy,IY,I2,IX2,IR,WP,MASS,(,S,
es,C,CXx,Cxce,(2,570E,C~,C*DE,CMQyRVR2 yROHySTHESJCTHE, TVGAIN

il

COMMCN/CCOEF /ECY (21,9) yECN .21,9),ECL (21,€) ,ECM(21,9),ECX(21),
{ECXDE(21)yECZCEL21),ECMCE(ZL),ECMQ(21),ECYCR(21),ECNDR(21) ECLLF (2
21),ECYCA(21) ,ECUDA (21) ,ECLCA(21),5CYP(21),ECNP(21),ECLF(21),ECYR(2
31),ECNR(21),ECLR(21) 4EC2(21)

NS

REAL UX,IY,I12,IXZ,IR,MASS i
*#% VARIABLE CCEFFICIENTS ARE DEFINED FOR LSE IN THE STATE ECUATICN

VR=SORT (Y (1) ¥%26Y(2) #¥24Y(2) %% 2) !
RCH=,002378% ({1,=, 00000688 *Y(7))*%4, 256)
RVR2=FCH¥ (VR4*7)
VCVR=Y (2) 7 vF
CTHE=CCS (Y (8))
IF(ARS(CTHE) oLT4 o 0001) NEAF=Y
IF(NEARJEC.1) RETUPN
TF(ABS(Y(1)) .LTe1,E=2C) GO TO 532 !
AL=ATAN2 (Y (2),Y(1)) |
GC TO S&

53 AL=STCN(ANCLE,Y(3))

54 CCNTINLE
BE=ASTN(VCVF)
SFE=STIN(Y (10))
STHE=STN (Y (8))
CFE=CCS(Y (1L
SPSI=SIN(Y (2))
CFSI=COS (Y (S))
SET=SIN(EGFTAT)
COT=COS(AETAN
SAT=SIN (ALFKET)
CAT=COS (ELFHET)

A et e

PO
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JA=AVC5®AL 42,

JE=AVCOT*RE+E,

IFCCAL®AV) (CELC0,4) JA=20

IF(CAV®AL) JLEs=10,)J0=1

IFC(AV*BE) LE=404)JN=1
TFC(AVY¥RE) «CE kD,) US=R

TALI=C*(JA=2)

ALT=TELI

DLOS=(AV*AL=-IL]) /5.,

IBEI=10*% (JE-5)

BEI=IEEI

DELOT=(AV*EBE-FET) /10,
CX=(ECX(JA+1)=-ECX (JA)) *CLOC+ECX (JA)
C2=(EC2(JA41)=-ECZ(JA))*CLOE+EC T (JA)
CXDE=(ECXCE( A+1)-ECXCE(JA)) *DLCS+ECXDE (J2)
CZOE=(ECZ2CE(LL41)=EC2CE(JA))*DLCS5+ECZDE (JA)
CHMDE=(ECFMOE ( B41)-ECMCE (JA))*OLCS+ECHDE (JA)
CMQ =(ECMQ (JA+1)=ECMC (JA))*DLCS+ECMT (JA)
CYUR=(ECYCR( . L+1)=FCYCR(JA))I*ILCS+ECYDR (JA)
CNOR=(ECNCR( . A+1)=ECNCR (UL »»*DLCS+ECNOR (JA)
CLOR=(ECLCR (L A+1)=ECLCR(J2))*ILCS5+ECLOR(JA)
CYDA=(ECYCA( A41)=ECYCA(JA))I*NLCStECYDA (JA)
ChDA=(ECANCAL A41)=CONCA(JA))*DL CS+ECNDA (UA)
CLOA=(ECLCA( . A+1)=EFLNA(JA))®DLCS+ECLIA(JA)
CYP =(ECYF (JL+1)=ECYF (JA))I*DLCS+ECYP (JA)
CAP =(ECNF (JUB+41)~ECHF (JA))I*DLCS+ECNP (JA)
CLP =(ECLP (. 841)=ECLF (JA))*ILCS+ECLP (JA)
CYR =(ECYR (L A+1)=-ECYR (JAIIFOLCS+ECYR (JA)
CAR =(ECKNR (JB+1)=ECNR (JA))*OLCS+EC N2 (JA)
CLR =(ECLR (L A41)=ECLR (JA))I*DLOS+ECL2 (JA)
CYA=(ECY(UP+1,J3)=ECY(JL,JE))*OLCS+ECY (JA,JR)
CLA=(ECL(JA+1,.3)=ECL (JB,JE))*DLOS4ECL (JA,JR)
CNA=(ECN(JA+1,3) ~ECN(JALIP))I*OLOSHECH(JA,JR)
CHA=(ECH(JA+1,03)=FCM(UA,JE))*CLCS+ECM(JA,LB)
CYAF=(ECY(JA+41.J3+1)~ECY(JA,JB+1))*0LOS+ECY (UA,JUB+1)
CLAP=(ECL(JP+1,J3+1)=ECL(JUA,J3+1)) *OLOS+ECL(JA,JB+L)
CNAP= (ECN{JA41,J53+41)=cCN(JALJ3+1)) *TLNS+ECN(JA,JR+1)
CHAP=(FCP(LA41,J3+41)=ECNM(JA,J3+1))*OLOS4ECYM (JA,JUB+1)
CY=(CYAFP=CYA)*CALOT+CYA
CL=(CLAP=-CLA)®C3LOT+CLA
CN=(CNAF=CANA)*CILOT+CNA
CV=(CFMAF=-CMA)YCILOT+CMA

Q1=CX+CXDE*CE
C2=CY4CYCA*CL4CYOR®OR¢+,.5*B¥(CYP*Y(4) +CYR¥Y(E))/ VR
Q3=CZ4+CINENCE
CUSCL+CLCA*CEACLNO®*OR4 5% % (CLF*Y(4) +CLR*Y(6))/VR
QE=CH4CMLEYLE+ S5 CPCPOTY (5 ) /YR
QE=CN+CNCATOAICHORTOR+,E*R* (CNPYY (L) +CNRY¥Y (6))/VR

75

i e i e ' i A e Y i

yﬁw...wﬂmm!1

' GAM/AE/73-14
(o
! (™ C %%% AERCOYNANMIC COEFFIGCIENTS ARE EXTRAPOLATEQD AS A FUNCTION
- c OF THE AIRCRAFT ATTITUCE (ALPHA AND RETA),
c
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#s%  THE STATE ECUATIONS FCLLOW WITH THE STATE VARTASLES DEFINEC £St

Y{1)=L Y(c)=V Y(3)=H BCCY AXIS SYSTEM
Y(4)=F Y(S) =G Y(6) =R ROCY AXIS SYSTEM
Y(8)=THETA Y(Q)=FSI Y(10)=PHI EULER ANCGLES

Y(11) =XE Y(12)=YE Y(7)=2E EARTH AXIS SYSTEM

YP(1)==C*STHE+Y(6) *Y (2)=Y(EI*Y (3)+AL*RVR2¥C1+(T1+4T2)*CAT¥CEBT/}MASS
12 (RT14WT2) /MASS

YF(2)=G*CTHEPSFE+Y (L) ¥Y(3) =Y(6)*Y(1) +(T14T2)*SBT/MASS
14FVR2*A1CE

YF(3)=G¥CTHEYCFE+Y(5) *Y (1) =Y (L) *Y(2) ~(T1+¢TZ)*SAT/MASS
1¢RVR2*%A1*C2

YP(L)=(I2¥ (RVRC*A240U4 (T1=T2)*SAT*YT «(T14T2)*SET*ZT) +IXZ*¥( RVRkz¥£2*
10€E=(TH4T2) ¥ ¥T*CAT+ ‘T1=T2)*YT*CPT)+BL*Y(L)I*Y(B)+R22Y(5)*Y (6 )+Y (5)*]
CR¥WR*IXZ)I/EZ4(WT1=WT2) *XWT *#IX2/ 83

YP(5) =2 (RVRZ¥AZ®N S (T1¢T2)*XT*SATH(TL4T2)*2T*CATHIXZ*(Y(6)**2=Y()*
192)+ (IZ~IXI*Y(ED*Y (L) =Y (€) *IR* HR)/ IY

YE(B) = (RVRZ¥LZ¥NG6+ (T1=T2)*¥YT*CPT=(TL14T2) *XTASBT4+IXZ*(YP(4) =Y (E) *Y(
1€))+(TX-TY)*Y (L) *Y (5)+Y(E) *IR*HFR)/ 12

SH(HTL=hT2Z)*XhT/I7

YR()=Y (1) *STHE=Y(2) *CTHE* SFE=-Y (3) *CTHE*CFE
YF(BY=Y(5)¥CFE-Y(B)*SFE

YP(C)=(Y(S)*SFE+Y(€)*CFE)/CTHE

YFEC(10)=Y (L) 4 (YF(Q) *STHE)

YP(11)=Y(4)*CTHESCPSTI+Y(2) *(SFEXSTHE*CPSI-CFE*SFSI)+Y () *(CFE*STEE
1*CPSI+SFE*SFEI)

YE(12)=Y (1) *CTHE*SPSI+Y(2) *(SFE*STHZ *SPSI4CFE*CFSI) #Y(3)*(CFE*STHE
1¥SPSI-SFE*CFSD)

¥8% CALCULATICN OF EFFECYIVE ON AND CL
GE=CL+((T1=TZI*YT*CAT=(T14+T2)*ZT*SBT )/ (RVYRZ*A2)
GC=CN+ ((T1=T2)®YT¥CBT=(T1+T2)* XT*SBT+(HWT1=HT2)*XKT) / (RVR2* A2)

e CALCULATICN OF FIRSY BERIVATIVES C(F ALFHA, BETA, AND VR
VET=(Y (1) *YP (1)eY (2) *YF(2Y 4Y(3) *YP(3) Y7 VR
ALOT=(Y(L)¥YF (2 =Y (3)FYFLL))/(Y (1) %% 2+Y () **2)
BEOT=(YP(2)¥\F-Y (2)¥\VCT)/0LMX
DUMX=VR¥SCRT (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>