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CHAPTER T
INTRODUCTION

1.1 Motivation and Relevance of Thesis
The LACATE (Lower Atmosphere Carppsition and Temperature Experi-
ment) mission was a high altitude balloon platform test which employed

an infrared radiameter to s:nse vertical profiles of the concentrations
of selected atmospheric tracé constituents and temperatures. The con-
stituents were measured by inverting infrared radiance profiles of the
earth's horizon. The radiameter line-of-sight was scanned vertically
across the horizon at approximately 0.,25°/secomi. The relative vertical
positions of the data points making up the profile had to be determined
to approximately 20 arc seconds.

The balloon system for accomplishing the mission is shown in
Fig. 1l.1-1, It consisted of: (a) a 39 million cubic feet (zero pres~
sure) balloon, (b) z load bar containing the balloon control equipment,
(c) a package ¢ontaining additional balloon control electronics with
gondola recovery parachute, and (d) a gondola containing the research
equipment. The balloon was designed to lift the payload to a float
altitude of approximately 150,000 feet.

Instrumentation to determine the attitude of the balloon platform
consisted of a magnetameter and 3 orthogonally oriented precision rate
gyros. The three rate gyros were employed to obtain an accurate time
history of the angular velocity camponents of the research platform for
subsequent data reduction and attitude determination.

The main prablem in the LACATE experiment is to determine the in-
stantaneous orientation (i.e., the attitude) of the instrumentation
platform with respect to a local vertical. Moreover, this orientation
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must be determined to an accuracy of 1°. Once this is known, the orien-
tation of the line-of-sight of the rxlicometer can be determined since
its relative motion with respect to the platfoxm is prescribed,

1.2 Present Status of the Problem

Stablizing the balloon research platform or predicting its orien-
tation is a major problem which must be solviéd in all balloon borne
experiments requiring line-of-sight instrumentation, Feedback ocontrol
systems have been used to stabilize the balloon platform with respect

to.an inertial reference f,rame(l) . Stability is obtained by suspending .

the platform at its center of gravity and employing some control system.
Control system instrumentation includes sensors (rate gyros, digital
star trackers, etc.) #ird reaction wheels for torguing the platform.
Systems of this type, however, are usually extremely ocomplex and costly.

An alter;aate approach to this problem is to allow the balloon plat-
form to swing freely fraom its suspension point and then employ some
method to determine its attitude (orientation). The orientation par-
ameters for the platform are determined by fitting the results obtained
fram a mathematical model (which simulates che balloon system) to those
results obtained fram the platfo‘m"s sensors (i.e., gyroscopes).

Several numerical parameter estimation methods have been developed
to determine the attitude (orientation) parameters. The problem is
normally solved by employing an cptimization process which minimizes
the error between predicted and known output results. In the case of
balloon research platforms the optimization problem involves the mini-
mization of the sum of the squares of the differences between the angu-
lar velocity components obtained fram the rate gyroscopes and those

eleidrad

RN




predicted from the mathematical mode1!?), However, with this approach,
the problem of determining the optimal decision variables, (i.e., 'i.ni-
tial condition parameters) can require considexable camputer running
time,

A pramising, new approach for determinirg attitude of balloon re-
search platforms involves observer state space reconstruction. For
totally observable systems, state estimators can be constructed. The
state estimator,which is driven by all plant inputs and outputs, can be
used to determine the system state >, ;,

Observer systems are state estimators constructed such that the
error in the estimated state decays to zero over a finite time interval.
By subtracting the plant modeg), fram the chserver model, the error model
for the reconstructed state can be determined. This model consists of
a system of hamogeneous, first order differential equations. The eigen-
values of the resulting eigenvalue problem can be c¢hosen such that the
error decays to zero in a small interval of time. In this case, then,
the estimates response approaches the actual states exponentially.

1.3 Object of Thesis

The two main objectives of this thesis are given as follows:

1. Develop an acbserver model for predicting the orientation of
balloon borne research platforms.

2. Employ this observer model in conjunction with actual data ob~
tained fram NASA'S LACATE mission in order to determine the
platform orientation as a function of time.

In order to achieve the above cbjectives it will be necessary to

first devc.alop a general three dimensional mathematical model for simu-
lating the motion of the balloon platform. This will be discussed next.




CHAPTER IT .
DEVELOPMENT OF BALLOON SYSTEM MATHEMATICAL MODEL

2.1 Idealizations of System

The general balloon system to be studied in this report is shovn in
Fig. 1l.1-1l. The actual motion of this system is very complex and in-
volves various types of oscillations including bounce (vertical oscil-
lation), pendulations (inplane motion) and spin (rotation). In general,
it is necessary to first idealize this system before developing the
mathematical mpdel., For purposes of this study, the following idealiza-
tions will be made:

1. The mass of the balloon, subsystems and interconnecting sub-
gystems, will be "lumped" at the locatiocns shown in Fig. 2.1-1.

2. The balloon will be treated as an "equivalent" rigid body.

3. The altitude of the ballcon static equilibrium position (float
atlitude) will be assumed to be a constant during the entire
period of cbservation; i.e., changes in this altitude due to
logses or changes in the properties of helium will be neglected.

4. The interconnecting cables will be considered to be inflexible.

The above idealizations were applied to the general. balloon system

shown in Fig. l.1-1. The resulting idealized system is shown in Fig.
2.1-1.

There are two alternate approaches which can be folloned for pur-

poses of modeling the balloon system; these are summarized below.

1. The mathematical model for the entire ba.lloon gsystem (Fig.
2.1-1) can be developed. The majcr disadvantage of this ap-
proach is that it requires knowledge of the aerodynamic forces
acting ua the balloon itself. Moreover, with this model, a
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Fig (2.1;2) Idealized Balloon Subsystem




large number of generalized coordinates are needed to specify
the oonfiguratiah ﬂdf the systm;.

2. An alternate approach is to develop the mathematical model for
predicting the motion of subsystems one and two (Fig. 2,1~2).
This model does not include the aerodynamic forces acting on
the balloon; however, it does require information on the motion
of the wradar reflector support point 0 (Fig. 2.1-2}, The
advantage of this model is that the number of degrees of freedom
is decreased, and the aercdynamic force effects are automatically
included if the motion of the support point is known. This is
the model which will be used for carrying out the research dis-

cussed in this thesis.

2.2 Generalized Coordinates

The generalized coordinatés for a given system are those coordin-
ates which are enmployed to specify the configuration of the system at
any instant of time. In any mechanical system there will be as many
generalized coordinates as there are degrees of freedam. In the case of
the idealized lumped system shown in Fig. 2.1-2, six generalized ocoordin-
ates are required to specify the balloon configuration. These are com-
prised of six Euler angles %10h specify the orientation of the two
subsystems. The three translational coordinates located at the radar
reflector support point 0 are not considered to be generalized coordin-
ates, since these are known (prescribed) from data obtained from the
radar tracking installation.

In general, the Euler angles give the orientation of the body co-

ordinate axes (X ) relative to a fixed coordinate system (Xi) . A
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series cf three rotations about the body axis is sufficient to allow the
body axes to attain any desired orientation.

Several sets of Euler angles are possible for fixing the orientation
of the subsystems. One set of Euler angles (Set III) was employed in
this work and is shown in Fig., 2.2-1l. The sequence of the three rota-
tions which define this set is described below.

a. a positive rotation g about the X3 axis resulting in"the xi.'

body system,

b. a positive rotation 6 about the Xi axis resulting in the xi'

body system, and '

c. a positive rotationyabout the X)' axis resulting in the X"

body syster. A

The transformation equation for the above sequence of rotations is

given as follows; i.e.,

X =
where

CcWc@)-S@)sW)) W) s@)+s8)c(@)S) (-S()c(8))

A= |(~C(8)S(d)) cex (@) (s(8))

(SWIC (B)+5(8)S(B)c (W) (S(B) S-S (8)C (B)C () (C(8)C (W)

X denotes the fixed system axes, and
X''' donotes the fixed body system axes.

2.3 lagrange's Equation

The mathematical model for simulating the motion of the research

platform will be developed by employing Lagrange's equation. The general
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form of this equation is given as follows; i.e.,

d A _ oL
— "":'"" rn—ntin Q- (i - 1, seey n) (2'3-1')
dt 5 q:. aqi 1

»

where
L = T-V = Lagrangian,
T = kinetic energy of the system,
V = potential energy of the system,
q; = generalized coordinates,
éi‘ = generalized velocities,
n = the nurber of generalized coordinates, and

Qi = the nonconservative generalized forces.

F?r purposes of this work the friction at the support points 0 and
1 will be neglected. In addition, the aerodynamic drag forces acting on
| Subsystens 1l and 2 will also be neglected. Hence, the generalized forces
Q; are equal to zero and Bq. 2.3-1 reduces to

d oL oL
F " G5a- = 0. (2.3=2)
dt 'agi 'aql

2.4 Kinematics

In order to obtain the kinetic energy of the system, it is first
necessary to develop'the kinematic expressions for the velocity (angular
and linear) of the subsystems., By employing the Euler angles, the

angular velocities for subsystem (1) are given zs follows; i.e.,

w1 = () swp) cep) + 8, ey

(1) _ = .
W2 = (¢1 S(Gl) + wl), and (2.4~1)
w, ) = (& c@) ) + 8, sW.)

3 1 C(8)Clyy) + 8 5(Uy),
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s LT |

where
W, (1) = component of the angular velocity of subsystem (1)
along the i th body axis (i = 1,2,3), and
el,wl,gsl = Fuler angles of rotation for subsystem (1).

Similarly, the angular velocities for subsystem (2) are:

W ) = (8, sWyce,) + 8, cuy),

]

w,®) = (g, 50,) + iy, and (2.4-2)

@ . :
wy?) = (@, ce 0, + 8, Sy,

wi(z) = camponent of the angular velocity of subsystem (2)
- along the i th body axis (i = 1,2,3), and
8, /.8, = Euler angles of rotation for subsystem (2).

By employing small angle approximations (i.e., S(8) =8, C(8) =1),
and by neglecting second order terms in 6 and V¥, F3.(2.4-1) and (2.4-2)

can be written as follows:

Wl(l) - él,' | |
Wz('l) - ‘1’1' (2.4-3)
Wy = gy,

and
W@ =8y,
w, @ =y, (2.4-4)
W3(2) = 8,
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The translational motion of the support point 0 (Fig. 2.1-2) is
referred to  an axis which iy fixed in space. The translational vel-

£

ocity expression for this point is given as follows; i.e.,

(0)

= "1' |
<0) = ,’ ) -
vy = %,, ’:.
where |
Vi(o) = absolute velocity components of support point 0

(i = 1,2,3) along the Xi"' body axis of subsystem (2).

The velocity express:.ons for support point (1) (Fig. 2.1-2) are

given as follows; i. e.,

v, (1) - (;(1 - rllbl) ’
v,V = (&, + £,8,), ana (2.46)
v, = &y,
where
Vi(l) = absolute velocity camponents of point (1) along the

body axis of subsystem (2), and
r, = distance between point (0) and point (1).

The velocity expressions for point (2) are given as follows; i.e.,

Vl(z) = X - rld’l - rzd)z),
v,® = (&, + 2,6, + r,8,), and (2.4-7)
vy =
where
A @) _ absolute velocity camponents of point (2) along the

body axis of subsystem (2), and
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r;, = distance between point (i~l) and point (i).

The above equations were developed by emplaying :small angle approx-
imations (i.e., S(8) = 6, C(8) = 1), and neglecting second order terms
in 6 and Y. Moreover, it also assumes that the nature of the ring and
clevis support at point (1) is such that the difference between the spin
angles ¢l and ;32 is small.

2.5 System lLagrangian

The general kinetic expression for subsystems (1) and (2) is given

as follows:
. T I, 2 I, 2
g 4.2
+ 22w, (i=1,2) (2.5+1)
where

T(i) = kinetic energy of subsystem (i),
m;, = mass of subsystem (i), '
I;5r Ijp0 I;5 = moments of inertia of subsystems (i) along
the (2) body axis, and
wj (d) - components of the angular velocity of subsystem (i)
along the (2) body axis.

The total kinetic energy T of the balloon system is obtained by
suming By. (2.5-1) and substituting from Egs. (2.4-3), (2.4:-4), (2.4-6)
and (2.4-7); this gives:

r=1d 4@
=S kmr b2+ Gyt )2 + (kD)
I
13,5 2, "2, ¢ 2
+ @)+ &yl

] ] . L] I .
+(x2+rlel+r292)2 + (x3)2) + -g-:i (¢2)2. (2.5-2)

e P

™
L L e

e e,
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For purposes of developing Eq. (2.5-2) the moments of inertia 112'111’ and
I,, were neglected”and m and m, were treated as point masses.,
The systenm potential energy is due to the presence of the conser-
vative gravitational forces and is given as follows:

v=vl 4yl (2.5-3)
where
1)

v = -mgricie,)cty), ana

v = myg(ric(e)cy) + re@)cw,).

The system Lagrangian (L), which is defined in BEq. (2.3-1), is
obtained by subtracting the total potential energy (Eq. (2.5-3)) from
the total kinetic energy (Eq. (2.5-2)) and is given as follows:

-V

my (G -ryby-rly)

+ (XA, 0, 41r.0.,)2

2+, 8,118, *""3)"‘""‘“‘2)

+m gric(e))c)

+my glryc(8)clly) + rcley)c,)). (2.5-4)

2.6 System Math Model

The equations for the motion of the balloon platform are obtained
by substituting the Lagrax:xgian fram Bg. (2.5-4) into Bg. (2.3-2). The

resulting equations are given below.

i R

CPR
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My18y.% M8, + kyp8) = ~f1a,, ,

. (2.6-1)
My 8y + Myp8y + kyo8y = =fra),

My * Mgl Rl = £y |
(2.62) |

Moy + My, + kool = £,

;51 = (0, and
. (2,6-3)
¢2 =0,

my = (my + mz)rlz;

M2 = Mp¥ Far

a1 = MpFiFar ,

M2 = “‘zrzz'

kyy = (mytmy)gr,,

Ky =My 9Ty

£) = (mpimy)ry,

£2 = m¥ys

a, = acceleration component of point (0) along the e, (2) body
axis, and

a, = acceleration camponent of point (0) along the 91(2) bc‘d’

axis.

BEgs. (2.6-1) and (2.6-2) were developed by assuming small displacements;
i.e., C(ei) = C(Q’i) =1, S(Gi) = eir S(wi) = wi-
Bg. (2.6-3) yields that ¢l is a constant. In this study the pre-
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cision of this model was improved by employing the sransformation equa-
tion for the angular velocity Wy (d) . As stated earlier, it will be as-

sumed that ;Jl - ¢2. Thus, Eq. (2.6-3) will be replaced with the follow-
ing:

gy = B, = Wy (2.6-4)
where

w3(2) is the angular velocity obtained fram the rate gyro
mounted along the e3(2) body axis.

Ks. (2.6~)) and (2.6~2) can be written in matrix form as follows:

(1]

E = cﬁi (i=1,2) (2.6-6)
where
nl = 92 '
Tbl"
n2 = wz ’
L.
e, m -y
M = o T2
My M2
Tcl’l 0]
K= '
k22
[=f.
F, = o,
_fz
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F_ = fl
'2 4
£2
2
81 o wl( ) ,

Wl(z) = 62 = the component of the angular velocity of subsystem
(2) along the elm body axis,

- w (2)
Ez‘wz '

W, (2) . J)z = the camponent of the angular velocity of subsystem
(2) along the e, (?) body axis,

c=(01),
s

. 8

n1== .l , and
8,
s vl

. {

n, = .
L)

The numerical values fo the mij and kij coefficients were computed

by employing the pmpertiés of the balloon system which are given in

Table 4.1-1. These resulting values are given in Table 4.1-2,

2.7 State Variable Form of Math Model

BEgs. (2.6-5) and (2.6-t) can be expressed in general state variable

form as follows:
Lq=Ng+Ru, and (2.7-1)

y=Cgq (2.7-2)

i

i

i

i

i

i

i
i3
?

i

i

i
By
i
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)
q= ﬁl '
Ny
L— el
- -
1 0 O 0
0 1 O 0
L= v
0 0 my my
0 0 my My
0 0 1 0]
0 0 1 1
N = ,
k), O 0 O
0 K,y 0 O
- -1 ,
0]
) 10
R = control matrix = f1 ’
£5

u = ocontrol variable,

Y= W(Z)l

w(2) = the camponent of platform angular velocity along the
system (2) body axis, and

c=(0 0 0 1).
(2.7-1) and (2.7-2) can be further expressed as follows:

g = Ag + Bu, and (2.7-3)
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y=0Cgq (2.7-4)
where
0 0 1 0]
-1 0 0o o0 1
A=LtN= -,
a3; a3 0 0
- a‘u a“2 0 0
o
N 0
B=rLlR= .
b,
by

The elements of the A and B matrices are given below; i.e.,

W o T Ky

31T T3
o = M2 X2

32 J ’
4 oMo

41 3

A oy ko

42 3 !
Y M
3 j 4
b = afy Yy
4 3 ‘

J =My Myp = MMy se
The numerical values for the aij

by employing the values of kij and mij which are given'in Table 4.1-2.

These resulting values are given in Tables 4.1-3 and 4.1-4.

and bi coefficients were camputed




CHAPTER III
DEVELOPMENT CF OBSERVER SYSTEM MATHEMATICAL MOLELS

3.1 Concept of Observability

The observability of a system implies the detemﬁnability of the
system state from an observation of the output over a finite time in-
terval starting from the instant at which the state is desired(4) It
is assumed that the system inputs, outputs and mathematical model are
known.

For purposes of referencing the work in this chapter, the state
variable form of the balloon's model (Bgs. (2.7-3) and 2.7-4)) will
be rewritten below; i.e.,

q=Aqg+Bu, (3.1-1)
q (t°> = qor and

y = Cq. (3.1-2)

q is the n th order state vector,
% is the unknown initial state vector,
u is the single (scalar) input,

y is the single (scalar) ocutput,

n is the order of the system,

A is a n x n matrix, |

B is a n x 1 matrix, and

C is a 1 x n matrix.




Bg. (3.1-1) determines the plant dynamics and indicates how the

input (or control) u affects the state vector q. The matrix A char-

acterizes the plant dynamics when u is not present; this is the so-

called free-response case. The matrix B determines how the plant re-

sponse is affected by the input (or control) vector u. Eq. (3.1-2)

defines the relationship between state vector q and the system output y.

For system observability, the basic¢ question is as follows: "Is

it possible to identify the initial state q, by observing the output

(y) over a finite time interval?" Precise definitions of system ob~

servability are given as follows:

1.

4.

Definition 3.la. A state dy i.e. q(ty) of a system is said

to be cbservable at time t,, if knowledge of the input u(t)
and output y(t) over a finite time t <t < t,. completaly de-
termines the state g . Otherwise, the state is said to be
uncbservable at t 5"

Definition 3.1b. If all system states q(t) are cbservable,

then the system is said to be completely observable or just

observable.
Definition 3.lc. If the state 0 is observable and if the

knowledge of the input and the output over an arbitrarily small

interval of time suffices to determine 9, (independent of to) v

then the state is said to be totally observable.

Definition 3.1d. If all the states q(t) are totally observable,

then the system is said to be totally observable6§) .

The necessary condition for observability of the balloon system is

given in the following section.

S, sabi R

e

T Rt
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3.2 _Observability of ‘Balloon Systems

The following theorem (Ref. 3) can be employed to determine the
observability for general time - invariant systems.
Theorem 3.2a. The time-invariant system described by Egs. (3.1-1)

and (3.1-2) is totally observable if and only if the corposite matrix M
has rank n, where i

n, C and A are defined in Egs. (3.1-1) and 3.1-2).

The observability of the balloon system described by Egs. (2.7-3)
and (2.7-4) can now be detemined by showing that the composite matrix
M has rank 4. For this purpose, the matrices C, CA, C(Az) and C(A3) are

given as follows:

cC=((0 0 0 1),

CA=(ay 35 0 0,
2y _ ;

c(a“)y =0 0 ag a42), and

3 ) 2
C(A™) = ((agjag; -+ agoay) (ag3,y +  ag) 0 0).

The specific form of the composite matrix M for the balloon system
model is given as follows, i.e.
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cA
M -_— C(A2) ; i.e- ’
c@ad)
0 0 0 1 ]
a a 0 0
M = 41 42 ]
0 0 a4 34
2
(agga3,+ag3,,)  (a353,,+a,) 0 0
In order to show that the rank of M = four, it is necessary to

prove that the determinant is non zero. It can be shown that the de-
terminant for M is non zero if the following expression is non zero,

i.e. [ if

e N A WG s O SR

2_2 !
m,r, “r,” # 0. f

Thus, the balloon system is campletely observable since the composite

matrix M has rank = 4. ;

3.3 Observability of Balioon System With Output Bias

Previous studies have been conducted for the LACATE system in order
to determine the nature of the balloon's platform motion(s). The time
history of the platform pendulation angles (8(t) and Y(t)) was deter-
mined by integrating the output fram the rate gyros. The study indi-
cated that the platform motion consisted of’ small oscillations superim-
posed on a line with (nearly) constant slope. These results suggested

that the gyroscopés contain a constant bias error.
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In order to take into account'the error in the output (y) due to
bias in the gyroscopes, the matrices in Bgs. (3.1-1) and (3.1-2) are
defined as follows; i.e.,

0 0 1 0 0
0 0 0 1 o
A= lay 35, 0 0 0] v
Q1 Ao 0 0 o0
0 0 0 0 0
0
0
B= b3 ;
by
0
I
u=a, :
y= W(Z) + qsi
w(z) = the camponent of the angular velocity of the platform

alaong the specified body axis,

qg = corresponding gyroscope bias, and
cC=(0 0 0 1 1.

The cbservability of tihe system model described by Egs.. (3.1-1)
and (3.1-2) can be ascertained by showing that the corrésponding ocom-
posite matrix M has rank 5. It can be shown that the composite matrix

M for this system is given as follows; i.e.,
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CA
c@a?)
M=
c(ad)
4
c(a
- ( )_J
0 0 0 1 1
a5 S 0 0 0
M= 0 0 21 a2 0! .
2 .
(agpagtagdy)) (aga5ptay) 0 0 0
i 0 0 (agyagtagay) (agagtasy) 0
R §
It can be shown that the determinant of the above matrix is non-zero i
if the resulting expression is non zero; i.e., if E
!
mymy (rytr)) # 0.
Thus, the system described by Egs. (3.1-1) and (3.1-2) is can;iletely §
observable since the composite matrix M has rank = 5.
{
3.4 Development of Full Order Identity Observer for Balloon System ;
Without Bias

An n th order identity observer (or asympotic-state estimator) can
be constructed for the campletely ocbservable n th order plant described
by Egs. (3.1-1) and (3.1-2). The observer is described by the following

equations; i.e.,

2=FZ+Bu+GCy, and (3.4-1)

Z (to) = ZO.
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where
Z is an n th oxder estimate of the state vector q,
Z, is an estimate of the unknown initial state vector Ay
G is an n x 1 matrix,
F=(A-GC), and
Y, u, B and C are as described in Egs. (3.1-1) and (3.1-2).

An inspection of Bq. (3.4-1) reveals that the state estimators
response (4) will be determined from a consideration of the cbserver
dynamics, external inputs and plant outputs, The observer dynamics are
controlled by the F matrix. The external input u contributes to the
. state estimator's response via the control matrix B. From BEq. (3.1-1),
it can be seen that this control matrix B and the external inputs u are
identical for both the plant and observer.

For accurate state space reconstruction the plant output y must be
fed into the observer mc';del. By coupling the plant output y to the ob-
sexrver via the G matrix, the cbserver becames a closed loop estimator.
This is illustrated in Fig. (3.4-1).

The F matrix in Eq. (3.4-1) is constructed such that the difference
between the output of the okserver model and the plant model is zero

over some finite time interval. This error (E) is given as follows; i.e.,
E=2~q. (3.4-2)
Subtracting Bq. (3.1-1) from (3.4~1) yields the following:
E = FE. (3.4-3)

The solution of Bg. (3.4-3) yields:

Sa—
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E=E o (t-to) (3.4-4)

E, = Zg = 9ye

It is clear from Eq. (3.4-4) that the error, E, decays exponentially
to zero if G is chosen such that all of the eigenvalues of F are nega-
tive or have negative real parts. Also, these eigenvalues mast ke more
negative than the eigenvalues of A to insure accurate response.

The detailed form of the F matrix in Eq. (3.4-3) can be obtained by
substituting the form of the A and C matrices which are defined in Eq.
(2.7-3) and (2.7-4). This yields the following; i.e.,

F = (A - GC) ! ine.’
0 0 1 —gl_l
0 0 0 (l—g?_)
F= a a 0 4
31 932 =93
) a5 0 -9,
where - -
ch
92
G= o | *
94

The form of the solution for E in BEq. (3.4-3) is given as follows

E=X eAt.
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Substitution of this into BEq. (3.4-3) yields the following eigenvalue
problem:

(F-AI)X=0

where
I = the identity matrix, and
F = matrix defined in Eq. (3.4-1).

The necessary and sufficient condition for determining the eigen-
values of the matrix F is that '

| F-AT |; i.e.,
-\ 0 1 -9y

0 -2 0 (l-gy)
= 0. (3.4-5)

aj) a3 A "9y

ag 0 (=ggmA)

The characteristic polynomial obtained by expanding Bq. (3.4-5) is

given below; i.e.,
(7\,4)+(g' A3) 4 ((gy 8y =8ay=8,,49 2 )2%)
4 9124173317 %42792%2

+((=g4a57+938,7 ) M)+ (=353, +ay 535y

+ gza32a4l—gza42a3l) = 0. (3.4-6)

Critical damping of the error E is obtained by determining the G
matrix such that all of the eigenvalues are negative and equal. This

yields the following values for the G matrix: i.e.,

A



ORIGINAL PAGE IS
OF POOR QUALITY 3z

9y = ((-6X°-ay=ay,49805) /-ag))) s

9 = ((Nayn tagny )/ (-agagage)
gy = ((-4>~3+g4a31)/a41) ,» and

gg = (=42).

3.5 Development of Identity Observer Systems for Balloon System With

Bias
In the case of the fif‘h order identity ohserver system the matrices
in Bq. (3.4-1) have the following form; i.e.,

0 0 1 -9 -gl""

0 0 0 (-9 -9
F=lay 33 0 =53 =93
31 ¥ 0 9y 9
0 0 0 ~Jg -gSJ
F'gl"‘
92
G=|gy|
94
95

and y, u, B and C are as described in Egs. (3.1-1) and (3.1-2).
The eigenvalues for the F matrix corresponding to the bias model
are obtained fram the following condition; i.e.,
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A 0 1 - -,

0 =A 0 (l-gz) Iy
3 3 0 (Mg =g,

The characteristic polynomial of Eq. (3.5-1) is given as follows;

i.e.,
)+ 949K+ (9311977257 24 )
+((93241 94251 95231 95242) )
+((=92341331%9531 33572331 -2y 235 A)
*+(95345731795%41337) = 0- (3.5-2)

The final form of the G matrix elements (cbtained fram the condi-

tion for critical damping) are given as follows;
9, = (A0 %-gjazhay +ap)/ay)),

4 _ |
gy = ((5A7-agyaz 4ayqa55)/(mag,as,+a,,a,,)) ,

g3 = | ('10"3*943‘31*‘35 (ag1tayy))/ay),

= ((2D A em \
g5 = ((-A7)/aga3,-a5,-a,355))

23
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CHAPTER IV
RESULTS AND CONCLUSIONS

4.1 Data for LACATE Mission

Figure (1.1-1) illustrates the actual LACATE balloon system and
Figure (2.1-2) illustrates the corresponding idealized system used in
this study. The values for the various lengths and masses of t.he ide-
alized syscvem are given in Table (4.1-1) .

The numerical values for the elements of the M and K matrices of
Bq. (2.6-5) were computed based on the data given above. The resulting
values are presented in Table (4.1-2). The numerical values for the A
and B matrices of BEq. (3.1-1) are given inTables (4.1-3) and (4.1-4).

The eigenvalue problem for the ballcon system was solved analyti-
cally. The sJolution for the eigenvalues (ﬂz)j and correspondi‘.ng eigen~
vectors are presented in Table (4.1-5). The values of Qj represent the
natural frequencies of the system. The modal shape functions and per-
iods corresponding to each natural freguency are shown in Table (4.1-6). -

Results for the balloon observer system were obtéined by employing
two separate time intervals. The equations for predicting the body axis
acceleration camponents from sensor outputs are presented in Appendix A.
Plots of the body axis acceleration components over the two time inter-

vals are given in Figures (4.1-1) through (4.1-6).

4.2 Results From Similation Study

By. (3.1-1) was employed to simulate the balloon platform angular
velocity and angular displacement. The inputs and outputs employed with
the simulated system were of the same order of magnitude as predicted




R

m 4-1_1

Tdealized LACATE System Properties

r, (distance from point 0 to mass ml) = 75 ft.
X, (distance f£rom mass m to mz) = 15 ft.
m (lunped mass) = 135 1bm
m, (lumped mass) = 375 lbm
TABLE 4.1-2

. Coefficients of m and k Matrices

m, = 89156 (Ibf - s° - ft)
my, = 13111 (Ibf - s? - £t)
m,, = 13111 (1bf + s° - £¢)
my, = 2622 (Ibf * s° * ft)
kp, = 38278 (Ibf - £t)
K, = 5629.4 (1bf - ft)

22
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TABLE 4.1-3

Coefficients of A Matrix

= -1.621 (s~2)

431

_ -2
a32 = 1.1923 (s )

_ -2

_ -2
a,, = 8.107 (s72)

TABLE 4.1-4
Coefficients of B Matrix
b§1> = -0.01334 (££™5)
(1) _

b4 - 0-0
béz) = 0.01334 (£t}

(2) _
b4 - 0.0

36
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2
q.
J 5 xJ
1 .3711 1.000
1.048
2 9.3611 1.000
~6.488

Balloon Systems Modal Shape Functions and Pericds

j Q. Period ()

1 .6092 10.314

2 3.0596 2.053
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by the actual LACATE flight data. For camparison purposes, all of the
simujation runs employed identical initial conditions and eigenvalues;
the magnitude of the latter was equal to -0,6.

The angular velocity (é) and angular displacement (8) predicted by
the fourth orxder observer system are shown in Figs. (4.2-1) - (4.2-4)
for the case when bias is not present in the cutput. The free response
case is illustrated in Figs. (4.2-1) and (4.2-2), while in Figures
(4.2-3) and (4.2-4), results are given for the case when a ramp input
was employed. )

Figures (4.2-5) = (4.2-13) illustrate the free response of the
fourth order observer system for the case when bias is present in the

output. The plant output for the case shown in Figs. (4.2-5) and (4.2<6)

contains a oconstant bias, while a linear bias was used to obtain the re-
sults shown in Figs. (4.2-=7) and (4.2-8).

Figures (4.2-9) - (4.2-13) give the free response results for the
fourth order observer system when a high frequency bias (8 = 0.005
cos(13t)) is present in the plant output. The results for the angular
displacement from the fourth'mrder observer system are presented in
Figs. (4.2-9) and (4.2-10). Figs. (4.2-11l) and (4.2-12) present the
results for the angular velocity predicted by the fourth order observer
model. Fig. (4.2-13) presents the results for the plant output (i.e.,
Yy =4q, + 8).

Figures (4.2-14) - (4.2-21) display the free response results from
the fifth order observer system for the case when bias in the output is
present. In the case of Figs. (4.2-14) and (4.2-15), the output con-
tained a constant bias, while a linear bias was used to obtain the re-
sults shown in Figs. (4.2-16) and (4.2-17).




Figures (4.2-18) - (4.2-21) show the results from the fifth order
obeerver system when the plant output contains a high frequency bias -

(q5 = 0,005 cos (13t)). Figs. (4,2~18) and (4.2-19) present results
for the angular displacement predicted by the fifth order observer sys-
tem. The angular velocity predicted by this system is shown in Figs,
(4.2-20) and (4.2-21). The results for the plant cutput (i.e., ¥ =

q, * qs) are presented in Fig. (4.2-13).
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4.3 Discussion of Simulation Study Results

The results in Figs. (4.2-1)-(4.2-4) verify that, after a finite
time interval, the fourth order cbserver system will reconstruct the
plant state exactly if all plant inputs and outputs are known. The
use of repeated ei;;envalues (i.e., >‘i = = 0.6) resulted in an error free
response aftgr a period of 20 seconds.

The fourth order observer results in Figs. (4.2~5)-(4.2~13) were
obtained for the case when the plant output contained a bias (8(t)).

From Figs. (4.2-5)=-(4.2-13), it is seen that the reconstructed states
contained an error resulting fram the bias present in the plant output.

Two methods can be used to determine the steady state error in this
reconstructed state due to output bias:

1. Revise Eg. (3.4-3) to inciude the error due to bias and then

solve this equation. ‘

2. Campare the results for the reconstructed state to the actual

state directly by employing the curves in Figs. (4.2-5)-(4.2-13).
For purposes of this work the latter method will be employed.
For comparing the reconstructed stat» to the actual state, a relative

error, ERi(tj) will be used. This is defined as follows; i.e.,

EA, (t.) (4.3-1)
- i
ERi(tj) C-I_inq;_ ,
where
EAi(tj) = magnitude of the error in the state q; at t = tj’ and

qi(tj)' = maximum value of the actual state variable at t = tj'
The curves in Figs. (4.2-5) and (4.2-6) indicate that the error in
the reconstructed state is a constant when the plant output contains

a constant bias (i.e., 8 = 0.001). In particular, for this case, a 5%

P it 7l )
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relative error (ERy) in the output resulted in errors (ER2 and ER4) of
17% and 100% in 92 and 62 respectively.

When a linear bias (i.e., 8 = 4.0x10-6t) is present in the plant
output, a linear error resulted in the reconstructed state (see Figs.

(4.2-7) and (4.2-8)). At t = 43s, ERy = 6%, ER, = 23% and ER4 = 133%.

2

The results shown in Figs. (4.2-9)-~(4.2~13) indicate that when the
plant output contained a high frequency bias (i.e., g = 0.005 cos
(13t)), the angular displacement (8) and the angular velocity (é) pre~
dicted by the fourth order dbserver contaired a sinusoidal error. The
error in the reconstructed state at peak amplitudes are ERy = 167%,
ER2 = 9% and ERy = 33%.

The results obtained from the fifth order chserver are shown in
Figs. (4.2-14)=(4.4-21). Figs. (4.2-14)-(4.2-16) indicate that, for the
case when the plant output contains a constant bias, the actual state will
be reconstructed exactly after a ginit‘e interval of time.

Figs. (4.2-16) and (4.2-17) show that when the plant output contained
a linear bias (i.e., B =-1x 10—4t) , a constant error resulted in the
reconstructed state. At t = 43s., the resulting errors are given as
follows; i.e., ER, = 1538, ER, = 64% and ER, = 100%.

Fiés. (4.2—18)-(4.2—21) show that when the plant output contains a
high freqpency bias (i.e., B = 0.005 cos (13t)) the state predicted by
the fifth order observer contains a sinusoidal error. The errors in the

reconstructed state at peak amplitudes are ER \ = 167%, ER, = 6% and

2

ER 4 = 35%.
In general, the results of the simulation study show that the form
of the error in the recdnstructed state will depend both on the order

of the observer model and the type.of bias (i.e., constant, linear, etc.)




present in the plant output. When an nth orde_r bias is present in the
plant output, the fifth order observer will yield a more accurate response
than the’ fourth order observer. For this case, the error in the fifth
order observer will be of order n-1, while the error in the fourth order
observer will be of order n.

For a specific form of bias, the magnitude of the errors in the re-
constructed state will depend on the elements of the F and G matrices.
For the particular case when ‘\i = = 0.6, the magnitude of error in the

_ reconstructed state 7, was much smaller than that in 2 Moreover, for.

2 4"
the case when the bias was of a sinusoidal nature (8 = 0.005 cos (l3t)),

the error in the reconstructed state %, was less for the fifth order

2
ocbserver model; however, a more accurate response was obtained in state

Z 4 for the fourth order ocbserver. ) : .

L3

4.4 Observer Results for Detemmining Orientation of Balloon Platform

The fourth and fifth order cbserver system models were employcd
to determine the orientation (62) of the balloon platform in the X2X3
 plane for the time interval t = 0s (initial LACATE data recording time)
to t = 500s. The observer transient error was assumed to decay to zero
after an elapsed time period of 250s. At this time the initial condition
for integrating the gyroscope was set equal to the angular displacement
(zz) predicted by the ocbserver. Fig. (4.4-1) illustrates the output (y)
obtained fram the gyroscope with sensing axis along the el' H body axis.

Figs. (4.4-2)-(4.4-5) give the angular velocity (Z4) and angular
displacement (zz) predicted by the fourth order observer model for the
case when ki = =0.5. The free response case is illustrated in Figs. (4.4-2)
and (4.4-3), while Figs. (4.4-4) and (4.4-5) give the response when the

wind acceleration is included.

69
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Figs. (4.4-6)-(4.4-13) illustrate the free response of the fifth
order cbserver system with Ay ==0.2and - 0.5 respectively. Figs. (4.4-6)
and (4.4-10) present the results for the angular velocity while Filgs.
(4.4-7), (4.4-8), (4.4-11), and (4.4-12) present the results for the
angular displacement. Figs. (4.4-9) and (4,4-13) contain the results
for predicted bias (25) .

Figs. (4.4-14)=(4.4-25) present the fifth order cbservers response
with wind acceleration for the case when Ai =-0.2, -0.5, and =0.7
respectively. Figs. (4.4-14), (4.4-18), and (4.4-22) present the results
for the angular velocity while Figs. (4.4-15), (4.4-16), (4.4-19),
(4.4-20), (4.4-23) and (4.4-24) present the angular displacement. The
bias predic‘t’:'ed fram the fifth order observer for the respective cases
is presented in Figs. (4.4-17), (4.4-21), and (4.4-25). |
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4.5 Discussion of Palloon Observer Results

Figs, (4, 4=2) and (4,U4-4) indicate that the angularﬁéflocity
results predicted by the fourth order obéerier differ significantly
from thosé obtained from the gyroscope, The actual angular velbolty
of the balloon platform is different than that obtained from either the
observer or gyroscope. Deficlencles in the ahility of the gyréscope
to reproduce the actual angular veloéity are caused by mechanical
insensitivity to sudden changes in angular velocity and blas, Erxors
in the angular velocity values predicted by tg; fourth order observer

result from the form of the elements of the F and G matrices (see

Sec, 4#,3) and the magnitude of blas present in the output of thg gyroscope.

Fig.(4.4-3) shows that the angular displacement predicted by the
_fourth order observer model without wind input differs significantly
from ﬁhat obtained by integrating the output from the gyroscope (yi).
The general trend of the angular ;isplacement predicted by this model
is simular to that obtained by integrating the outpug of the gyroscopes,
However, the output of this model contains errors; e.g., the maximum
difference between the tio curves is 0,172°, Th}sﬂis significant in .
view of the fact that the maximum displacement predicted by the obsetver
is 0.058° while that obtained by integrating the output from the gyxro-
scope 1is 0.23%, These errors can be attributeé‘to the fact that:

1. The effect of the wind acceleration 15 neglected,

2, Blas 1s present in the plant output,

Fig.(4.4-5) shows that the angular displacements obtained from
the fourth oxder observer including wind acceleration compare less

favorably (with the integrated gyroscope output) than those ohtained

from the previous model. The magnitude of the maximum angular displacement
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pradicted by this model is approximately 0.5 y while the maximum
doviation is of the order 0, 6°,

Flgs, (4.4-6), (b.4-10), (4.4-14), (4,4-18), and (4 4-22) show
that the angular veloclty results obtained from the fifth order otserver
model differ significantly from the results (biused) obtained from the
gyroscope, This is true rogar&less of whether the effect of wind
acceleration is included. HoweVer, as the mqgnitude of the repeated
elgenvalue (Ai) Increases, the differences hétween the two curves decrease,

Figs, (4.4-7), (4.4-8), (4.4-11), and (4.4;12) show that the angular
displacéments predicted by the fifth order observer model which was
developed byexcluding the affect of wind accleration, are in good
agreement with those obtalned by integrating the modified output from
the gyroscope (yim)., The latter was ;btained by subtracting the blas
predicted by this model from the actual gyroscope output, These
figures indicate that the difference~between the two curves increases
with increasing time. Moreover, this difference decreases with in-
creasing magnitude of A\;, The maximum displacement with ) y=-0:2 and
-0.5 1s of the order 0.05°; while the maximum error is 0,08° and
0.02° respectively.

Figs.(4.4-15), (4.4-16), (4.4-19), (4.4-20), (4.4-23), and (4.4-24)
indicate that the angular displacements predicted by the fifth order
observer which includes the affect of wind acceleration are in good
agreement with th. values obtained by integrating the modified output
from the gyroscope., The difference between these twe curves remains .
constant over‘the entire observed time period. Moreover, this difference
decreases with increasing magnitudes of >‘i' The magnitude of tlrlxe

maximum error and displacement for all three cases ls approximately

-
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0.25° and 0.5% respectively,

Flgs, (4.4-5), (b4-15), (4.4-18), (lp u~1°) (b, u-zo), (u. h=23),
and (4, 4-24) show that the angular displacements predicted by the fourth
and fifth oxrder obsexrver models nompare favorably regardleaa of the
value mf%i. This indicates tha;\»ha predicted angular diaplacement
is unchanged regardless which observer model is used., Thus, tha
fourth order observer model can be used to predict the angular displace-
ment of the talloon platform.

Mes. (B.4-3), (B.4-7), (b,4-8), (4.4-11), and (4.4=-12) show
that the angular displacementé predicted by the observer models with-
out wind input differ sié;ificantly fxom‘those results predicted by
the models which include wind input. -This indicates that knowledge

of wind accleraticn is npoessary in order to obtain accurate results

for the attitude of the platform, . -

4.6 Gonclusions' -

This study has shown that, for a completely observable balloon
system, observer models can be constructed to accurately determine the
angular displacement of the observational platform. Any errors in
the predicted platform state are due mainly to errors in the balloon
flight data (i.e.,acceleration and angular velocity data) as opposed
to deficiency in the observer model. Although thevresults for the
angular velocity are in poor agreement with those obtalned from the
gyroscopes, these deviations can be decreased considerably by proper
cholce of the elgenvalues.

This study has also shown that the angular displacements prgdi@}ed
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hy the Qtaaxvar models do not vary significantly with elther the Qr;ur
of the model or the magnitude of th’n/ rapeated elgenvalue, However,
tha results do vary signlficantl[’f;;rz’?’~d;panding'l on whether the affect

of wind apceleration is included, '
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APPENDIX A
Balloon Translational Acceleration Components

In the case of the LACATE experiment, the balloon's position was

tracked by radar; the tanslational components were cbtained with respect
to the earth fixed axis shown in Fig., (A-1). ‘ihe corresponding body
axis for the balloon platform system is ahwnxin Fig. (A-2). fThe angle
a measured between these two coordinate systeme (Fig. A-2) is given as
follows; i.e.,

184
a= | Wdt- tas(A) +ay, (A1)

‘0 ; -
Wy = spin component of angular velocity obtained from gyroacope' 1
Q = magnitvde of earth spin, .

(7.2722 x 10™° (zad * &™)’ | i

A = latitude angle (0.5724(rad)) ,’a.nd
ag = initial value of o as measured by magnetometer.

The velocity components of the balloon were obtained by numerically
differentiating the (radar tracked; translational components. The velocity
components of the balloon (V. Vy.) measured along the balloon's body axis
are given as follows; i.e.,

V.

1 == Vo) +V C (o), V) =V C (o) +V, S (),  (A2)

Y
where

Vl = balloon velocity component
11
along the e, body axis,
V2 = balloon veloéity component along the el' " body axis,

v, = balloon velocity camponent along the 2 earth fixed axis,

Vy = ballocn velocity component along the e, earth fixed axis,
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ani » is as defined in 5q. {A-l).
The balloon's translational acceleration camponents along the body
axis can be obtained by differentiating By. (A-2) with respect to time.
The ,resulting equations are given as following; i.e.,

a, = V S(a)+v C(a)-hc(-v C(m)-V S(a)), (a=3)
= V C(G)W S(ot)+a("V S(a)+V, C(d)) '
where .
a, = translational acceleration component along the e2' "' body axis,

a, = translational acceleration camponent along the el' "' body axis,

‘}x = translational acceleration component along the e, earth fixed axis,

{’v = translational acceleration cd:ponent along the e, earth fixed axis,

a *Wa-'QS(}\),a!‘ﬁ .

Vo Vy and o are as defined previously. It should be noted that, in the

abova development, the earth's rotational effects are neglected.

o e g
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Fig.(A-1) Earth Fixed Axis

102

x‘-nor:h sceking axis

x3 vertical axis

[

Xy %y horizontal plane

A latitude angle

3




103

ORIGINAL PAGE IS
OF POOR QUALITY
%
Vx ﬁ WGy
xif' }\\ £as ()
[ wattag
X
11 . /
Ny gp
Yy

FMg.(A-2) Body and Earth Fixed Coordinate Axes




1.000 ¢
2.000 C
© 3,000
4.000
5.000
6.000
7.000 2
8.000
9.000
10,000 3
11.000
12,000 5
13.000
14.000
15.000
16.000 4
17.000 1
18.000
19.000

y

4 [N
{

ORIGINAL PAGE IS
| OF POOR QUALITY
APPENDIX B

f y
gq A BSOS

Fortran Coding

Body Axis Accelerations

PROGRAM TO OBTAIN BODY ACCEL. FROM
SENSITIVITY ANALYSIS

OUTPUT 'INPUT N

INPUT N

DO 1 I=‘-1oN *

READ(103,2) T,P

FORMAT (2G)

READ(109, 2)T, PD

READ(104,3) TO, XX, VX, AX

FORMAT (4G

READ(107,5) ™, YY, VY,AY

FORMAT (4G)

A1=AX*COS(P) HAY*SIN(P) +(=VX*SIN(P) +VY*COS(P) ) *PD
A2=AX*(-SIN(P) ) +AY*COS (P)+(~VX*COS (P)-VY*SIN (P) ) *PD
WRITE(106,4) T,A1,A2

FORMAT (3E14.6) E

CONTINUE -

STOP

END
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2. BRalloon Fourth Order Observer
.000 C BALLIQOON 4TH ORDER OBSERVER SYSTEM
. COMMON/¥CTT/A%1,A%2,A41,A42,61,G2, (}3.64.1332 P
. EXTERNAL FCT, OUTP i

DIMENSION Y(5),DERY(5), PRMT(S),AUX(16,8)
OUTPUT 'INPUT Y10, Y20!
DATA (Y(I), I, 4)/0.,0..0.,0./
OUTPYT 'INPUT I’RMT(I) I=1,4'
INPUT, (PRMT(I); i=1 4)
OUTPUT 'INPUT BIG'
INPUT BIG
A% =-1,622
A32=1.1926
A41=8.1096
A42=-8.1096
B%2=.0437
G4=—4*BIG
G3=(GA*A1 -4 *EIGH*3) /A4
G2=(~EIGH4-A32%A41 HA42*A ){ }432*1\41 H42%A31 )
(1= (-6*BIG**2-A31 A42+A42%G2) / (-A41)
QUTPUT G1,G2,43,G4
NDIM=4 .
OUTPUT 'INPUT 1 TO RUN' .-
INPUT J
IF (J 1) GO T0 9
DO 1 1_1,4
1 DERY(I )=0.25
g%(x).% HPCG(PRMT, Y, DERY, NDIM, IHIF, ch OUTP, AUX)
END
SUBROUTINE FCT(X, Y, DERY, INO)
DIMENSION Y(1), DERY(1)
comou/mMm A32,A41,A42,G1, G2, G3, G4, B32
comow/DAB/m,mn

jX e

888888888388838882888

I
)
\

SR EBBBN
8888888

34.000 IF(INO .BQ. 0) GO TO 2

35,000 4 FORMAT (2G)

36.000 5 FORMAT(3G)

37.000 ‘READ(104.4)’I?1 THTD

28. 000 READ(103, 5)T2, A1, A2

39,000 2 DERY 1)=G1*$-ré4gmm)+¥§33

40.000 DERY (2)=G2*(~Y(4 ) +THTD)+Y

41.000 DERYEB§=GB*€-Y§4;+'I‘HTD;M31 *Y? ‘+A32*Y£ 3-332*,4\2,
42.000 DERY () =G4% (~Y (4 ) +THTD) +A41 %Y (1 ) +A42%Y
43.000 RETURN

44.000 END

45.000 SUBROUTINE OUTP(X, Y, DERY, IHLF, NDIM, PRMT)
46.000 COMMON /DAB/T1 , THTD

47.000 DIMENSION Y(1),DERY(1),PRMT(1)

48.000 WRITE(106, 10)X, Y(2), Y(4),, THTD

49.000 10 mmm(4m3 5)

50.000 RETURN

51.000 END

105
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1.000 ¢ PROGRAM TO TEST 5TH ORDER OBSERVER SYSTEM WITH INPUT BIAS
2,000 COMMON/FCTT/A%1,A%2,A41,A42, 01, G2, G3,G4, G5, B32
3,000 EXTERNAL FCT, OUTP

4.000 DIMENSION Y(5),DERY(5), PRMT(S) AUX(16,8) ,
5.000 9 OUTPUT ' INPUT Y10, Y20, Y30'

6.000 DATA (Y(I), I=! 5)/0.,0 .o.,o.,o/

7.000 OUTPUT 'INPUT PRMT(I),I=i,d"

8.000 INPUT, (PRMT(I),I=1,4)

9.000 OUTPUT 'INPUT EIG'

10.000 INPUT EIG

12.000 A%2=1.1926

13.000 A41=8.1096

14.000 A42=-8,1096

15.000 B32=.0437

16.000 G2= $S*EIG**4-A42*A31 H4 *Aszg/ (-A42%AB1 HA41 *AB2)
17.000 @1=(1 O¥EIG**2-A42%G2+A 31 +A42) /A4

18.000 G5==BIG**5/ (A42*A31 -A41 *A32)

19.000 G4=-5*ELG-G5

20.000 G3=(=1ONBIGHH34A 31 %G44 (A3 HA42) %G5 ) /A4
21.000 OUTPUT G1,G2,G3,G4,G5

22,000 NDIM=5 .

23,000 OUTPUT 'INPUT 1 TO RUN'

24..000 INPUT J

25.000 IF (J \NE. 1) GO TO 9

26.000 Do 1 I=1,5

27.000 1 DERY(I)-O 2

28,000 CALL HPCG(PRMT, ¥, DERY, NDIM, THLF, FCT, OUTP, AUX)
29, 000 STOP

30.000 END

31 . 000 SUBROUTINE FCT (X, Y, DERY, INO)

32,000 DIMENSION Y(1), DERY(1)

33,000 COMMON/FCTT/AB1 , A%2, Ad1,A42,G1,G2,G3, G4, G5, B32
34..000 COMMON /DAB,/™ ; TEITD

35. 000 IF(INO , Q. 0) GO TO 2

36.000 4 FORMAT (2G) |

37.000 5 FORMAT (3G)

28, 000 READ(104, 4)T1, THTD

39. 000 READ(103.5)T2 A1,A2

40.000 2 mmpg Y§3 Tm*g-yg )—Y§5)+’1‘HTD§

41.000 DERY(2)=Y 4§+Ga* ~Y(4)-Y(5)+THTD

42.000 DERY 3)—A31*Y£ gM32*Y§ ;+G3*§-Y§4; és;wmn;-mmz
43,000 DERY 4§-A41 *Y(1)HA42%Y(2) 4G4%(-Y (4 +THTD
44.000 DERY (5)=G5*(~Y (4)~Y (5)+THTD)

45.000 RETURN ;

46.000 END

47.000 SUBROUTINE OUTP(X, Y, DERY, IHLF, NDIM, PRMT)
48.000 COMMON/DAB/T1 , THTD

49.000 DIMENSION Y(1),DERY(1), PRMT(1)

50. 000 WRITE(106, 10)X, Y(2),Y(4),Y(5), THTD

51.000 10 NRMAT(SE13 5)

52,000 RETURN

53.000

END

7
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(. b,  Hamming-Predictor Corrector OF POOR QUALITY
1.000C .ll'.Q'.llil.'l."l.*."" Q."...‘...j"!..l.‘Q...l....":!.’
2,000 ¢ |
2'388 ) SURROUTINE HPCG(PRMT,Y,DFRY,NDIM, THLF, FCT, OUTP, AUX)
£, 000 C
€.000 DIMENSTON FRMT(1),Y(1),DERY(1),AUX(16,1)
7.000, N=1
&.000 TRLF=(
9. 000 X:PRMT(13
10.000 H=PRMT (%)
11,000 FRMT (5)=0 (
12.000 DO 1 T=1 NDIM {
1%.,000 AUX(16.I;=O. ,
14.000 AUX(15.T)=DFRY(I) P
15.000 1 AUX(1.I)=Y(I; ¥
16.000 TF(H*(PRMT(2)-X))%2, 2,4 /
17.000 €
18.000 C FRROR RETURNS
19.000 2 IHLF=12
20.000 . GOTO 4
21,000 2 THIF=13
22.000 C ;
23,000 C COMPUTATION OF DERY FOR STARTING VALUES
24,000 4 INO=1 |
25.000 CALL FCT(X,Y,DERY, INO) ’
26.000 C
27.000 C RECORDING OF STARTING VALUES
28. 000 CALL OUTP(X, Y DERY IHLF, NDIM, PRMT)
29.000 IF(PRMT(S))
20, 000 5 IF(THLF)7,7
z1,000 6 RFTURN ) -
72,000 7 DO & I=1,NDIM g ./
77, 000 8 AUX(8,T)=DPERY(I)
24,000 C
78,000 C COMPUTATION OF AUX(2.T)
%6. 000 TSW=1
27.000 GOTC 100
28.000 C |
79,000 9 X=X+H
40.000 PO 10 I=1,NTIM
41.000 10 AUX(2.1)=Y(T)
42.000 C -
43.000 C  INCREMENT H IS TESTED BY MEANS OF BISECTION \
44 .000 11 IHLF=IHLF+1
45.000 X=X-H
46.000 DO 12 I=1,NDIM
47.000 12 AUX(4,1)=AUX(2,1) N
48.000 H=H %\
4G.00C N=1 ~
50. 000 ISW=2
51.000 GOTO 100
52,000 C




5%, 000
54 000
55. 000
£6.000
57,000
8 000
59. 000
60.000
61.C00
62,000
6%.000
64.000
65.000
66.000
67.000
68.000
69.000
70.C00
71.000
72.000
72,000

74,000

75.G00
76.0CC
77.000
79.000
80. 000
81.00C
82.000
8%.000
£€4.000
85.000
86.000
87.000
&8.000
£9.000
20.000
91.000
92.000
2.000
94.000
95.000
96.000
97.000
98. 000
99. 000
100. Q0
101.000
102.000
105.000
104.000
105.0C0
10€. 000

aa

14

15
16

18

19

2C

21
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OF POOR QUALITY 108 v 1

X=X+H

TNO=Q = o ,

CALL FCT(X.Y,DFRY, INO) o
N=2 i :
DO 14 I=1.NDIM 7 : \

ACX(2.1 ~Y(I) 3

AUX(9.1)=DERY(I) | )

18W=3

GOTQ 100

COMPUTATION CF TEST VALUE DELT

DELT'-:O .

DO 16 I=1, NDIM

DELT= DIIT+AUX(15 T)*ABS(Y(I)-AUX(4,1))
DELT=. 0666666 T*DELT

GO T0O 19

TF(THLF-10)11,18&,18

NO SATTSFACTORY ACCURACY AFTER 10 BISFCTIONS. ERROR MESSAGE. |

THLF=11
X=X+H
COTC 4

THFRF TF SATISFACTCRY ACCURACY AFTER IESE® THAN 11 BISECTIONE

X=X4H

INO=0 i
CALL FCT(X,Y,DFRY.INO)
PO 20 T=1,NDIM )
AUX(3.1)=Y(I) : '
AUX(10.T)=DFRY(T) :
N=? '
TSW=4 '
GOTO 100

N=1 ' A

X=X+H :
INO=0

CALL FCT(X,Y,DERY, INO)

X=PRMT (1)

DO 22 1=1,NDIM

AUX (11, I) DERY(I)

220Y(I)~AUX(1 1)+H*(.375%AUX (&, ) o1 ??7*AUX(9,I)

23

24
25

2€

1-. 2083333*AUX(10 I)+ 0416€66T*D (

X=X+H
N=N+1 ‘

INO=1 ‘
CALL FCT(X, Y DERY, INO)
CALL OUTP(X DERY THLF, NDIN, PRMT)
IF(PBMT(R))e 24 6
IF(N- 4)2,,200 200
PO 2€ T=1.NDIM
AUX(N,1)=Y(T)
AUX(N+7 1)=DFRY(T)
IF(NA3)27 29,200
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143,000
144.000
145.000
14€.000
147.000
148.000
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aQQOQN
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/0
2233332 KH* (AUX (8, 1)+DELT4AUX(10,1))

DO 28 I=1,NDIM
DELT:AUX(9,1)+AUX(9 I)
DELT=DELT+DELT
Y(I)=AUX(1,1)+.
GOTO 22

DO %0 I=1,NDIM
DEIT:AUX( I)+Avx(1o 1)

DFLT=DFLT+DELT4DFLT

gé%é—ggx(1 yT)4.BTS*H* (AUX (8, T)+DFLT+AUX (11, 14)

27

28

29
A

THE FCLLOWING FART CF SUFRCUTINF HPCG COMFUTFS BY MFANS OF |
RUNGE-KUTTA MFTHCD STARTING VALUES FOR THFE NOT QELF-«wARwJNe
PPFLICTOR. CORRFCTOR METHOL. ]
PO 101 I=1,NPIM
'-H*AUX(N+7 1)
AUX (5.1
Y(l)—AUX(N T)4.4%2
Z I& AN AUXILIARY STORAGE LOCATION

Z2=X+4.4*H
INO=C o
CALL FCT(Z,
DO 102 I=1
Z=H¥DERY (I}
AUX(6,1)=2
Y(I)-AUX(N 1)4.2969776*AUX (5, T)4.15ET7596%%

Z2=X+.4557372%H

INO=0
CALL FCT(Z,Y,DERY,INO)
DO 103 I=1,NDIM
Z=H*DERY(T)
AUX(7,1)=2
Y(I)-AUX(N 1)+.2181004*AUX (5,

Z=X+H
TNO=0
CALL FCT(Z.Y,DERY, INO)
PO 104 I=1, NDIM
1040Y(I)-AUX(N I)+.1747603%ATX(5.1)-.5 4807*AUX(6 1) :
141, 205“36*AUX(7 1)+, 1711848*H*DEFY 1) :
GOT0(9,13 16,21).IsW ;

POSSIBLF EREAK-POINT FOR LINKAGE x\

STARTING VALUES ARF COMEUTED. ‘

NOW STAET BEAMMINGS MOLIFIED PREDIGTOP connncmon METHOD.
200 ISTEFE=3 ~
201 TF(N-8Y204,202, 204

N=8 CAUSES TEE ROWS OF AUX TO CHANGE THEIBFSTORAGE LOCATIONE .

1oe

(&)
)

101

-

102

107 1)-3.050965%AUX (6, T)+3. 83266542

<

S A
L ke ab by

Y, CERY, INO) - = §
NDIM - :



. 000
. 00Q
. 000
.000
. 000
97.000
198.000
199.000
200.000
201.000
202.000
203.000
204.000
205.000
206.000
207.000
208.000
209.000
210.000
211.000
212.000
21%.000
214.000

kO\D‘kOLO’tD‘.O\.D\O«m om0
O\U’lbtﬂl\)—'O&D X

QG 0o

MmO

AN

110
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202 PO 203 N=2.7 OF POOR QUALITY
DO 203 I=1,NDIM
AUX (N=1 IgaArx(n,I : .
203pAUX(N4 T)=AUX(N47.T)
N LESS THAN 8 CAUSES N+1 TO GET N
204 N=N+1
COMPUTATION OF NEXT VECTOR Y
DC 205 I= NDIM
. AUX (N-1, ; (1)
205 AUX(N+6 1)=DERY(I)
X=X+H .
206 ISTEP=ISTEP+1

PO 207 I=1,NDIM

ODELT-AUX(N-4 1)+1.33%3%2*%H* (AUX (N+6, I)+AUX(N+6 1)-AUX (N45,1)

1AUX (N44, I)+AUX(N+4 1))
O Y(I)= DELT-.92561°8*AUX(16 1)
207 AUX (1€, T)=DFLT

PREDICTOR IS NOW GENERATED IN ROW 16 OF AUY,  MODIFIED PREDIC

IS GFNERATED IN Y. DELT MEANS AN AUXILIARY STORAGE.

INO=0
CALL FCT(X,Y,DERY, INO)
DFRTVATIVE OF MODTFIED PRELTCTCR IS GENERATED IN DERY

DO 208 I=1,NDIM
ODFLT=.125%(9. *AUX (N-1
1AUY (N46, T)-AUX (N45.1)))
AUX (16, 1)=AUX (18, T)-DFLT
Y(T)=DFLT+.0743801 7T*AUX (16, T)

TEST WHFTHER H MURT BF HALVED OF DMOUBLED
DELT=0.

DO 209 I=1,NDIM

DELT= DELT+AUX(15 I)*AES(AUX(16.1))

GO TO 210

H MUST NOT BE HALVED. THAT MEANS Y(d) ARE GOOD.
210 INO=1
CALL FCT(X,Y,DERY, INO)
CALL onﬂr(x Y DERY IHIF, NDIM, FRNT)
IF(PRMT ( 5);21<,211 , 212
IF(IHLF-11)213,212,212
RETURN
IF(HE*(X-PRMT(2)))214,212,212
TF(ABS(X-PRMT(2))-. 1*AB°(H) 212,215,215
GO T0 201 ,

208

209

21
212
21%
214

H COUID BF DMOURLED TF ALL NECESSARY FRFCEEDING VALUES ARF
*AVATLARIF

216 IF(IHIF)201,201,217

T)-AUX(N=%,I)+3.*H*(DERY(I)+AUX(N+6. I)

"




i oaat
R R
YA

215.000
21€.000
217,000
218. 000
219, 000
220.000
221,000
222.000
22%.00C
224.00C
225.000
226.000
2217.000
228.000
229.000
230.000
2%1.000
2%2.000
233,000
222,000
2%5.000
226.000
2%7. 000
2%8, 000
27%90.000
240.000
241,000
242.600
24, 000
244.000
245.000
246.000
247.000
248.000
249.000
£250. 000
251.000
252.000
253,000
254 .000
2E5. 000
256.000
257.000
258. 000
259. 000
260. 000
261.000
262.000
263.000
264 .000
265.000
266.000
2€7. 000

QN0

224 AUX(N+4.T
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i
RN

217

218
219

220

IF(N-T7)201,218,218 ;

IF(TSTFE-4)201,219.219

IMOD=TSTEP/2 -

TF(TSTFP- IMCD- IMCD) 201, 220, 201

H=H . (”\

THLF=THLF-~1 B

TSTEF=0 ‘ 4

PO 221 T=1,NDIM ‘

AUX (N1, 1)=AUX(N 2,1

AUX(N-2.I)=AUX(N 4,1

AUX (N46,T)=AUX(N45.1

AUX (N45.T)=AUX(N+3. I

AUX(N+4,1)=AUX(N+1,1)

DELT=AUX(N46,I)+AUX (N45,1)

DELT=DELT+DELT+DELT

2210AUX(16,1)=8,96296%%(Y
14AUX (N+4.1)) ;

GOTQ 201 5

B MUST BF EALVED
222 THLF=IBIF+1
TF(IFLF-10)22%,22%,210
227 B=F
TETFP=0 -
DO 224 I=1,NDIM Cooe

OY(T)=.003Q0625% (80, ¥AUX(N-1,T)+1%

TWUX(NEWTT§%Vftt71875*(AUX(N+GVI)~6.%@UX(N&S.I ;
=.00300625%(12. #*AUX(N-1,I)+1%5. ¥AUX(N-2,1)+ :
T)4AUX(N-4,1)) .0234375*(AUX(N46.T)+18. *AUX(N+45.1)-8

OAUX (N-4,T
1108. ¥AUX (N-3
20, #AUX (N44.T)) *H
AUX(er.I;=AUX(N-2.I;
=AUX (N+5. 1
X=X-H

DFLT=X- (H+H)
INO=0
CALL FCT(DELT,Y,DERY INO)
DO 225 I=1.NDIM
AUX(N—?,I%:Y(I)A
AUX (N45.1)=DERY(1)
Y(I):AUX(N—4,I§
DELT=DFLT- (H+H
INO=0 |
CALL FCT(DELT,Y,DERY, INO)
DO 226 I=1,NDIM ‘
DELT=AUX (N+5, I)+AUX(N+4,1)
DELT=DFLT+DELT+DFLT
OAUX(16,1)=8.962963% (AUX (N=1,1)=-Y(T))-3.
14DFRY(T))
226 AUX(N43,I)=DFRY(I)
GOTO 206
FND

225

(I)-AUX(N-3,I))-3.361111%H%*(DERY(T)+DELT

H

.*AUX(N-Z,I;+40~*AUX(N$?;I)+ ¥

-AUX(N+44,1

261111 %H*(AUX (N+6, I)+DEL"
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