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ABSTRACT

The aim of this thesis is to formulate a reduced dynamical model for
the Shuttle based astro-mast antenna system by using a four degree
of freedom model. Four degrees of freedom are considered suffi-
cently representative of the response, caused by the application of
step function torques giving acceleration and deceleration of the
antenna dish. The aim is to obtain a model that can be clearly
understood in terms of dynamics and control by limiting the analysis

to only four degrees of freedom.

This thesis formulates the corresponding dynamical model of
the astro-mast antenna system. Using this dynamical model, an
open loop pitching maneuver is simulated, eigenvalue analy-
sis is applied, ‘and residual oscillations at the end of the ma-
neuver, are damped out by the d.c. servo motor using closed

loop feedback control.
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NOTATION :

©4, Ci, o, t, ... All scalars are written in normal print. In small or capital letters.
6.b.p.... All vectors are written in bold print. In small latin letters or
arbitrary greek letters.

MK. C ... All matrices are written in bold print and in capital latin letters.

Q

real constant [-]

—

moment of inertia [kgm?]
damping constant [Nmsec]
dissipative function [Nm/sec]
force [N]

length [m]

crossover point [-]

mass per length/unit [kg/m]
lumped mass [kgl

torque of servo motor or bending moment [Nm]
strain energy {(Nml]

work [Nm]

generalized exciting force [N]

WO 8 < 2 g 8 W r°omom oy

length ratio [-]

time [secl

~

T kinetic energy {Nml
TE total energy [Nml

X.¥.2 coordinates [-]
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pitch angle [radl

damping ratio {-]

error [-]

stiffness of torsional springs [Nm/rad]
normalized stiffness of torsional springs [1/sec?]
discrete time value [sec]

generalized angle [radl

phase lag [rad]

shape function [-]

real part of complex eigenvalue [1/sec]

natural frequency or complex part of complex eigenvalue [rad/sec]

state space differential equation system matrices
control influence matrix

structural damping matrix

gain matrix

stiffness matrix

mass matrix

weigting matrix

vector of constants

vector of generalized exciting forces
parameter vector

control vector

configuration vector

object vector

Lagrange multiplier vector

vector of generalized coordinates
(right) eigenvector

left eigenvector



1. INTRODUCTION

The aim of this thesis is to formulate a reduced dynamical model for the Shuttle based
astro-mast antenna system by using a four degree of freedom system. These are considered
sufficently representative of the response, caused by the application of step function torques
giving acceleration and deceleration of the antenna dish. The aim is to obtain a model
that can be clearly understood in terms of dynamics and control by limiting the analysis to

only four degrees of freedom.

The aim of such antenna experiments was to perform accurate maneuvers through a pres-
cribed angle, so that the antenna is pointed to a target in space, and to verify mathemati-
cal modelling and simulation. Vibration due to the maneuver must not be excessive and at
the end of the maneuver it is required to use active vibration control, feeding back the
systems displacements and velocities into the gimbal servo motor, in order to reduce the

residual vibration, caused by the maneuver, to zero as quickly as possible.

This thesis does not examine yawing motions, which is the subject of another investigation.
Normally a maneuver, involving pitch and yaw, does perform, say, pitch first, followed by
the yaw maneuver, after the oscillations from the first maneuver have beeen damped out,

since it is much more complex to consider both maneuvers simultaneously.

It is assumed that the Shuttle does not rotate due to the small torque transmitted from the

base of the mast. The degree of rotation is deteremined as a check.



2. DYNAMIC MODEL OF ASTRO-MAST ANTENNA SYSTEM
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Fig. 2.1 : ASTRO-MAST ANTENNA SYSTEM, MOUNTED ON THE SHUTTLE



2.1 INTRODUCTION

The purpose of this section, is to define a dynamic model of the astro-mast antenna sy-
stem. As a dynamic model, we choose an aquivalent double pendulum system, for which
the Lagrangian approach is applicable.

The astro-mast system and the antenna system are linked together by the servo motor
pivot. For the purpose of dynamic modelling, both systems can be considered on their

OWIL..



2.2 NATURAL FREQUENCIES OF ASTRO-MAST
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The astro-mast consists of the mast. the offset structure and the payload platform (fig. 2.2).

Data from NASA report (Ref. 1):

length of mast : L-60693 m

mass per length/unit: mi,mz see later discussions.
(constant) bending stiffness of mast: El, - 32.39 E6 Nm?

natural frequencies of mast only: w1 = 1.294 rad/sec

w2 0 9.022 rad/sec

mass of offset structure: ms = 102409 kg
mass of payload platform: ms = 172,176 kg
moment of inertia of offset structure (left frame of ref.): I = 810.683 kgm?
moment of inertia of platform (right frame of ref.): \ I+ = 31.54 kgm?®
lengths: a=0358m

b-=332Tm



The natural frequencies of the astro-mast (including offset structure and payload plat-
form) are unknown. The astro-mast can be idealized as a flexible cantilever beam with

a point mass and rotary inertia at the free end:

HASS FREE LINK

CoNsTANT MAsssLenaTH TTL

FIXED B8ASE

.

,-\\\b\

\\\\ \\\\\\\\

Fig. 2.3 : IDEALIZED ASTRO-MAST

We will use this idealized astro-mast, to evaluate the first 2 natural frequencies and
mode shapes. First, we need to determine the parameters Lo . Mo and m of the idealized

structure.
Mo is equal to the total mass of offset structure and payload platiorm:

Mo = m3 + m« (2.1)

Mo = 274.585 kg

The total moment of inertia of the offset structure and payload platform with respect to

the longitudinal axis of the mast (fig. 2.2) is:

Ip=Is + I +ma b’ (2.2)



where Is is the moment of inertia of the payload platform with respect to the center of
mass of the platform:

Is » I+ -~ mea® (2.3)
Thus, the total moment of inertia is:

Ipsls « Is eme (b? - &%) (2.4)
Ip = 2T25.TTT kgm®
For same moment of inertia, the length of the mass free link must be:

Lo - { 1/Mo (2.5)
Lo = 3.150 m

The natural frequencies of the uniform mast are known. We idealize the mast by a
flexible cantilever beam, which has the same natural frequencies. Natural frequencies for

the uniform cantilever beam are given by:

wn = (@) y I/mL* (2.6)
Where:
ail = 1.875 for the first mode.

a2l = 4.694 for the second mode.

For given bending stiffness EI and natural frequencies w:, w2 , the corresponding mass/

length of the beam is:

ms* (1.875)°El/ (wL*) first mode (2.7)
m: = (4.694)° El/ (w°LY) second mode
mi1 = 17.623 kg/m me = 14.238 kg/m

One would expect, that the masses ms for the first mode and m for the second mode are
the same. These are not the same, because the mass/length of the original mast is not

constant, due to several instrumentation packages mounted on the mast. This results in



slightly different natural frequencies, which we would obtain from the idealization as
flexible cantilever beam with constant mass/length. We compensate this error, if we use

mi for the first mode, and m2 for the second mode.

Now, the idealized astro-mast, as flexible cantilever beam with additional lumped mass

and rotary inertia at the free end, is defined:

length of idealized mast = length of original mast : L=606093m
Bending stiffness of idealized mast = bending stiffness of original mast : EI = 32.39 Nm®

Mass/length of idealized mast is constant, for first mode: m+ = 17.623 kg/m
for second mode: ma2 = 14.238 kg/m

Tip mass : Me = 2745 kg

Tip inertia : Ip = 2725.77 kgm?

The natural frequencies are the roots of the harmonic function (appendix A) :

1 «cos(aL)cosh(al) + (2.8)
+ (Mw?/Ela®) [cos(al)sinh(al) - sin{aL)cosh(alL)] «
- (Ipw?/Ela) [cos(aL)sinh{al) +sin(al)cosh{al)] +

+ (MI,w?/EIm) [1- cos(al)cosh(al)] = O

Where:
a* = wm/El (2.8a)

The corresponding shape function is:

®(x) = A{sin(fax) - sinh(ax) +« klcos(ax) - cosh{ax)]} (2.9)

Where k is a real constant:

k - {Elalsin{al) + sinh(al)] + w,{cos(al)-cosh(al)l} / (2.9a8)

{ 0%, [sin(aLl) + sinh(al)] - Elalcos(al) +cosh(al)1}
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The natural frequencies for the first 2 modes are listed in the table below. For

son, the natural frequencies of the single mast are listed too:

compari-

tip mass natural frequency relatio to case natural frequency| relatio to case
tip inertia first mode Mo=1:=0 second mode Mo=1=20
Mo =0
1.294 rad/s 100 % 9.022 rad/s 100 %
I=0
Mo = 274.5 kg
- 0.905 rad/s 699 % 7.162 rad/s 764 %
Mo = O
1=2T287T kgmz 1.291 rad/s 90T % 8.664 rad/s 96.0 %
Mo = 274.5 kg
9 9. . .
[ - 272577 kgm? 0.904 rad/s 699 % 7.001 rad/s 7.6 %
The natural frequencies of the astro-mast are:
First mode: 1= 0904 rad/sec = 0.144 Hz
Second mode: w2 = 7.001 rad/sec = 1.114 Hz

The shape function of the second mode is depicted in fig. 2.4

cantilever beam. fixed on the left end. The dimensionless coordinate is X = x/L .
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A characteristic value of the second mode shape is the crossover point. The crossover point

for the flexible mast is K = 0.9029 L .

Mo = 0O Mo = 2T4.5 kg

I-0 I - 2725.7T kgm]
®w = 9.022 rad/s w = 7.001 rad/s

crossoverpoint 0.783 L 0.9029L




- 12 -

2.3 MAST DYNAMIC MODEL
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As a dynamic model of the astro mast, we choose a discrete double pendulum, which is
the most simply model, to describe 2 modes of vibration. The offset structure with payload
platformn is replaced by a single luraped mass, connected to the mast by a massless link.
This configuration provides the additional mass and inertia at the top. The dynamic

model is prescribed by 7 parameters:

2 mass parameters: Mass/length m of links Li, L2 and lumped mass Mo.
2 stiffness parameters: Stiffness of torsion springs A+, Az.

3 geometry parameters: Lengths of links Li, L2, Le.
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The parameters have to be evaluated in order to obtain the same dynamic characteristics
in the first 2 modes of vibration, as the original mast. The length of the mast is given

by:

L1+ L2=L = 60693 m (2.10)

Where we introduce the dimensionless length ratio:

R - (L1/L2) (2.11)

Both links of the dynamic mast model should have the same constant mass/length. We

choose it as the algebratic middle of the masses from section 2.3 for the first and the

second mode of the mast:

m={mi+ + m2)/2 = 15031 kg/m (2.12)

The lumped mass Mo and the length Lo of the massless link are given by egs. (2.1) & (2.5) :

Mo = 2T4.58 kg
Lo - 3.150 m

Up to now, 3 parameters of the dynamic model are not determined: R, As, Az . We will
evaluate these parameters to obtain the natural frequencies w1 . ©2 and the crossover
point K. Applying the Lagrangian approach on the model, yields to the natural frequen-

cies as a function of the unknown parameters.
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MODES OF VIBRATION OF THE DYNAMIC MAST MODEL:

Fig. 2.6

first mode second mode

©1 and O: are the Lagrangian coordinates, which we assume as smaill. K denotes the

crossover point.

Kinetic energies of dynamic mast model :

KINETIC ENERGY OF RIGID LINK1:

L4
O

z Fig. 2.7
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The kinetic energy of a mass element on the link is :

dT+ = 1/2 Vi dm
Where :

dm = mdZ m - mass/length unit
For small angle ©., the linearized equation for velocity is:
V- (6:2)°
Integrating from Z = 0 to Z = L+ vyields the kinetic energy of link 1:
T ["1/2mé/2%az
0

Ti= 1/6mO: L%

KINETIC ENERGY OF RIGID LINK 2 :

0:

L1é1
Fig. 2.8

(2.13)

(2.133a)

(2.14)

(2.18)

Since we assume small angles @1, ©2 , vertical velocities can be negelected. Thus, the

velocity of a mass element on link 2 is:

V(2 - éd.n + ézz

(2.16)

The kinetic energy of link 2 is obtained by integrating from Z = 0 to Z = La:

To - 1/2m [ V'az
[+]

(2.17)



- 16 -

To » 1/2m [(O/L% +6.2° +2640:L.2)az

(2.1F)
3 - - - .
Tz = 1/2mL2 [1/30; + ©©2(Lv/L2) +O+ (Ly/L2)* ]
KINETIC ENERGY OF LUMPED MASS Mo:
L1(:)1
Ve
Lr éz Y
Y = n-{o+ ©2)
cos (y) + -cos (o + ©2) (2.16)
Fig. 2.9
The resultant velocity of the lumped mass is:
2 2 - 2 2 - 2 T
Ve = L1®1 + LO2 +« 2LiL-©OO2c0s (0t+©O2) (2.19)
Since o >> @2 , we can neglect ©: in the argument of the trigonometric function:
cos (+®2) & cos{a) for o >> G- : (2.20)

The length L. is denoted by the theorem of Pythagoras:

L 1% L% (2.21)
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Since Lrcos{o) = L2 :
V2« L300 « (L24L0)02 « 2111002 (2.22)

The corresponding kinetic energy is:
Ts = 1/2MoV? (2.23)

Ts = 1/2MoL2 ((LvL2)*®: « (1+(Lo/L2)?)O2 + 2(Lv/L2)OO2)

TOTAL KINETIC ENERGY OF MAST DYNAMIC MODEL:
We replace Ls and L2 by the dimensionless length ratic R and the total length of the mast:

R = {Li/L2) L =L+ + Lo

L1 = RL/(R+1) L2 = L/(R+1) (2.24)

Hence, the kinetic energies of the rigid links 1 and 2 and the lumped mass Mo are

T+« 1/6mL [R/AR+1)1° O+ (25.1)
3 3 2= 2 . 2 . .

T2+ 1/2mL[1/(R+1)T [R°®: + 1/302 + ROO:2] (25.2)

Ts = 1/2MoL [1/(R+ D12 RO+ + (1+(Lo(R+1)/L) )02 + 2ROB2] (25.3)

The total kinetic energy is the sum of all corresponding single kinetic energies:

T = T1+T2+Ts (2.26)

Introducing eqs. (2.25.1) - (2.25.3) into eq. (2.26). and ordering to the Lagrangian

coordinates yields :

T/mL’ - [R776(R+1)° « R*/2(R+1)" - (Mo/mL)(R*/2(R+1)) | &4 (2.27)
« [R76(R+1)" - (Mo/mL)(1 +(Lo(R+1)/L)) | &2

- [rr2re1) - (Mo/mLY(R/(R+1)7) | €402
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Where. for convienience, we abbreviate the factors of the Lagrangian coordinates:

T/mL’> - A®r + BO:2 + C610:

£
[ 28]
(3]
-3
S

Where A, B, C are functions of the unknown length ratio R:
A AR - R/6(R+1)® « R/2(R+1)° + (Mo/mL)(R*/2(R+1)?) (2.27.1)
B -B(R) =« RV6(R+1)’ + (Mo/mL)(1+(Lo(R+1)/L)") (2.27.2)

C+CR + R/2(R+1) + (Mo/mLYR/(R+1)) (2.27.3)

Strain energy mast dynamic model:

The strain energy is provided by 2 torsional springs :

Vo= 172001 « 1/222(02-09)° (2.28)

We introduce normalized spring constants:

Ar = Av/mL’ and Az = AmL’ (2.29)

Thus the total strain energy of the mast dynamic model is denoted by:

V/mL’ + 172 M08 + 172 A(02-04)2 (2.30)

Differential equation of motion:

The system of Lagrange differential equations for linear., conservative systems is denoted by:

(d/dt) (3T/301) + (dV/08) = O i«1.2...n (2.31)

The partial derviatives of the total kinetic energy T and the total strain energy V are:

(d/dt)(3T/304) = 240, + CO: (2.32.1)
(d/dt)(9T/062) = 2BO2 + CO: (2.32.2)
(oV/084) = A1O1 « AA(B+ -02) (2.33.1)

(oV/0@2) - A2(82- 801) (2.33.2)
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Introducing egs. (2.32) - (2.33) into eq. (2.31) yields the system of second order diffe-

rential equations:

28001 « CO2 + (A1 + A2)O1 - A2©2 - 0

(2.34)
CO+ + 2BO2 - A1O1 + A202 = 0
Natural frequencies of mast dynamic model:
A solution of the system of second order differential equations is:
O, 0 ei(")t O = e (-:‘i“‘)t (2.35.1)

Where 04,02 are amplitudes of displacement. Differentiating with respect to time gives:
é1 = —é1 w2ei(ﬂt éz = -é'zb)zeimt (2.35.2)

We introduce eqs. (2.35) into the system of differential equations (2.34):

(2A0°-A1 -A2)O1 + (Co®+A2)O2 = 0
] ) (2.36)
(C(:)2+A2)91 + (28(:)2 -A2)O2 = 0

©1,0:2 can be eliminated. The natural frequencies ®: are the roots of the fourth degree

polynominal :

(4AB -CH ' -2((A+«B+C)A2+BA1) »° +A1A2 = 0 (2.37)

Thus, the natural frequencies of the first and second mode are:

w5 = (((A+B+C)A2 + BAY) - SQR(((A+B+C)A2 +BA«)® - (AB-CHAA2)) / (AB -C?) (2.38.1)

w2 = (((A+B+C)Az + BAY) « SQR(((A+B+C)A2 +BA«)? - (AB-C?)AsA2)) 7/ (AB -C?) (2.38.2)

Geometry of second mode shape:
Until now, we have 2 equations to determine the 3 unknown: A:, A2,R. The third equa-
tion is provided by the geometry of the second mode shape. where we demand that the

crossover point should be the same as of the original mast.
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GEOMETRY SECOND MODE SHAPE:

©:

kbL-L1 (kL -L)©O¢ = L1©O+ (2.39.1)

* kL/Ls -1 = -©®+/0O2 (2.39.2)
KL
Where k is the crossover point, evaluated in

L1 section 2.3 .

1 Fig. 2.10
The displacement ratic ©1/©: can be elininated:

O 02 = (Co%2 + A2 / (-2A0% +A1+A2) (2.40)
Hence:

(-2Aw2 + A+ A2)(k (R+1)/R -1) + Cw2 +A2 = O (241)

Numerical results:
To evaluate the missing 3 parameters A1, A2, R of the dynamic mast model, we have to

solve the system of 3 nonlinear equations:

(A+B+C)A2 + BA+ - SQR( ((A+B+C)A2 +BA1)? - (AB-CHAA2) - (AB-CIw% = 0 (2.42.1)
(A+B+C)Az + BA+ + SQR(((A+B+C)Az2 «+BA1)? - (AB-C)AiA2) - (AB-CHw% = 0 (2.42.2)
(-2A0% + A+A2)(k (R+1V/R -1) « Cw% «A2+ 0 (2.42.3)

where A, B, C are functions of R:

A =R /6(R+1)® + R¥V/2(R+1)" + (Mo/mL)(R*/2(R+1)%) (2.27.1)
B - R76(R+1)° + (Mo/mL)(1 +(Lo(R+1)/L)%) (2.27.2)
C - R/2(R+1)° + (Mo/mL)(R/(R+1)?) (2.27.3)

The roots are found numerically. using standard software. (Damped Newton iteration.

using Jacoby matrix).



For the constants:

length of mast:

length of link to tip mass:
mass/length of mast:

tip mass:

natural frequencies:

crossover point:

We obtain the roots:

Torsional spring constants:

Relatio Li/Lz:

- 21 -

L=60693 m

Le = 3.180 m
m= 15931 kg/m
Mo = 274.58 kg
W = 0.904 rad/s
w2 = 7T.001 radss
k = 0.9029L

A= 1867 10° Nm/rad
X2 = 1.150 10° Nm/rad
R = 3.237

Which defines the mast dynamic model completely.

X
First mode shape of flexible cantilever beam and equivalent double pendulum.
Y 15
yis
- L1 L2

Ea___— 2 ) 2 1 ’

& 67 L

Fig. 2.11

Second mode shape of flexible cantilever beam and equivalent double pendulum.
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2.4 ANTENNA DYNAMIC MODEL:

UPPER HOOP
SUPPORT CABLES

SURFACE
TENS!ONING CORDS

Figure 6-2. Diametrical cross section \_ri_evi qt‘hodb:-"— columnantenna. . .
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The Charles Stark Draper Laboratory (ref. 1) idealizes the antenna as three-rigid body
system (Fig. 6-4), where two bending modes and one torsional mode is considered. It is
clear, that the torsional mode has no meaning for the vibrations of the pure pitch maneu-
ver. The model for the bending modes is a discrete double pendulum for the first 2 modes

of vibration. For simplification, we consider only the first mode, which can be modelled by

a single pendulum :

Lumped mass M

Massless link

L /

Torsional spring A4

Column base

Fig. 2.13

We choose A+ equal to the stiffness of the column/base spring ki1 ., and the lumped mass

M. equal to the total mass of the antenna (column + feed mast + hoop) :

A+ = k1= T.144 10* Nm/rad (2.28)
M. =mc + me + ma (2.29)
M« - 126.951kg + 117.234kg + 118.33Tkg

M. = 362522 kg

The length L.t of the massless link is deteremined, in order to obtain the same natural fre-
quency of the first bending mode. The natural frequency of a single pendulum is denoted
by:

wo = A/mL’ (2.30)
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For woe = 1.508 rad/sec, we obtain the length of the massless rigid link:

Lat = SOQR( A e/ M4 o)

Lat = 4.246 m

(2.31)

The column base is connected to the pitch gimbal hinge by a beam, which has the length

Lz = 5.22 m and moment of inertia I, = 1620kgm?® . We replace this beam by a mass-

less link with tip mass Ms. The tip mass provides the same moment of inertia.

Hence the dynamic model for the system of antenna and beam is defined by a discrete
double pendulum:

Pitch ginmbal hinge

Beam to column base

Lat
M
M«

"

5.220 m
11432 m
50.453 kg
362.522 kg

Aa = T.144 10* Nm/rad

Antenna

M

Fig. 2.14
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3. PITCH MANEUVER

3.1 INTRODUCTION

Having defined a dynamic model for the first 4 modes of vibration of the astro-mast
antenna system, now we use this dynamic model. to investigate the vibrational characteri-
stics. First, we are interested in the vibrations, which are caused by a pitch maneuver of

the antenna. The pitch maneuver is decribed by the pitch angle o.

final position

Fig. 3.1

The maneuver is achieved by a step functional torque. applied by the d.c. servo motor at
the gimbal. We assume constant acceleration and constant deceleration. Thus the time de-
pendent torque is a step function. In the report of the Charles Draper Laboratory (see ref.
1), page 82, the maximum available servo motor torque is 25 foot-pounds « 33.89 Nm,

thus we assume a constant torque of +/- 30 Nm.

TORQUE T

>

a0
00007 .

e

Fig. 3.2



- 26 -

Also, we assume zero vibrations initially. In practice, this means, all vibrations caused by

previous maneuvers are damped out, so far to have negligible magnitudes.

The motion of the antenna model is described by the time history of the generalized angles
©,, used to model the system as shown in the previous section. We apply the Lagrangian

approach to obtain the equation of motion. The approach is as follows:

1. Determine the kinetic and the potential energies as a function of
generalized angles: ©1, ©2, O3, ©O..

2. Apply the Lagrangian equation to obtain the differential equations
of motion.
3. Solve the equations of motion under step function servo motor excitation,

causing angular acceleration of the antenna.

The differential equation of motion will be valid for arbitrary pitch angles o. As an

example, we will solve the differential equations for a pitch maneuver from 0 < o < 90° .
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3.2 DETERMINATION OF THE KINETIC AND POTENTIAL ENERGIES

P2
Ve Va

Las
‘ -
Mo
Ve e} ©:

"'———7—@

‘ Lo
Servo motor and gimbal

L2
Q:

Az
A& Astro mast

L+

Fixed shuttle

M

Antenna

Notes:

Vs is perpendicular to Laz.
V4 is perpendicular to Las.

fig. 3.3

VELOCITIES Vi AND GENERALIZED ANGLES ©: OF THE DYNAMIC MODEL
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The system can be divided in 2 parts: The astro-mast and the antenna. Both are linked
together by the servo motor gimbal pivot. In section 2, we have aiready determined the
equations of motion of the astro-mast dynamic model. Now we investigate the dynamics of
the antenna, to obtain finally the vibrational response of the complete system., caused by
the servomotor torque. As in section 2.4 defined. the antenna dynamic model consists of

two massless links L23s, L. and two lumped masses Mi., Me«.
The motion of the antenna dynamic model is described by the generalized angles ©s and

©O4. O4 can be assumed to be small, but @3 is a large angle, because it is the sum of

the pitch angle « and vibrational displacements, as shown in fig. 3.5:

o (@ - o) O3

+ N NI N, ==
A A W AR A A

t t 1

required pitch angle o + vibrational displacements o= generalized angle ©s
fig. 3.4

a(t)

-5\_\.--,----.___-
AN

~

\

v .
time

To T T2
fig. 3.5

For constant torque Mo, the recfuired pitch angle o is defined by a quadratic function:

a) = oo + 172 Mot’/1a To <= t <= T4 Accel.
(3.1)

2
alt) = a0 + MosIa (11 - 2Tt » 1/2t°) <t <12 Decel.

Where oo is the initial pitch angle oo = O.
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Where Mo is the constant torque of the servo motor and Ia is the moment of inertia of the

antenna system. The motion is a function of time and we define 3 discrete time values:

To : dish in initial position, start of acceleration.
T+ : end of acceleration, start of decceleration.
Tz : end of deceleration, dish in final position.

Since ©s is a large angle rotation, we are not allowed to use linearized equations. Thus,

the absolute velocities of the the lumped masses M3 and M+ are obtained using the cosine

rule (see fig. 3.3). as:
2 2 2
Var = V2 + Vs - 2V2Vacos(dy) (3.2)
2 2 2
Vir = V2 + Vi - 2Va2Vicos(d2) (3.4)
V2 is the horizontal velocity of the gimbal, which we have determined in section 2 as:
Va2 = ©1L1 + Ozl (3.8)

The vertical velocity of the gimbal was found to be negligible.

The relative velocities Vs and V. are:
Vi = (02+05)Las (3.6)
VisVas (02+03+0)Lar = (©2+03)Las + (O2+03+04)La (3.7)
We eliminate the angles ®+ and ®: by using trigonometric relations:
Dy = /2 +O2+03 cos(®P4) = -sin(O2+03) (3.8)
D2 - /2 +02+40340. cos(®2) = -sin(@2+03+04) (3.9)

We introduce egs. (3.5) - (3.9) into egs. (3.2) and (3.4) to obtain the absolute velocities

of the masses M3, M«, as a function of the generalized angles ©:

Vi = (@11.1 . @2 Lz)2 + (@2 *éa)zfzs + 2 (611_1 +®2Lz) (@2 *é)s) L23sin(©2 «©3) (3.2.a)
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Vfr = (G1L1 + ész)z + {(éz + éa)Lza * (@2 *éa + 64)1..1}2 + (3.4.a)
« 2(O4Ls + 02L2) {(éz *@3)L23 + (92 « O3« 64)La1} sin(©2+01+04)

For convenience, we arrange these equations in the following way:

2
V3r

Var =

+

+

+

+

+

£ . (3.2.b)
{I% +I’n +2LeLaasin(@2 +©3)) O

Ix 05 +

{2LiL2 + 2LiLsin(@2 +©03)} €102 +

{2L1L2s sin(@2 +02)} 0105 »

{2% + 2L:L»sin(0:z +03)} 020

136, - (3.4)
(%2 + I’ » Lat + 2LassLar + 2(LeLas « LzLay) sin(©2+05+04)) 0% +

(% +I% + 2LassLa) O3 +

L ©F +

{2LiLe + 2 (Lilzs + LiLat) sin(©2+©:+04)) 0102 +

{2(Lils + LiLa) sin(©2+©3+04) ) €463 «

{2L1La sin(©2+03+04)) 8104 «

(2% + 21% + 4LasLar + (Lol + LaLa)sin(©2+05+04) )} 0205 +

{20% + 2L2sLer + 2L2Lusin(@2+03+04)} 0204 +

{20 + 2LzaLu) ©304

The total kinetic energy is the sum of all the compounds:

where:

T = T1+T2+Ta+Ta+Ts (3.10)

T+ = kinetic energy of rigid link 1

T2 = kinetic energy of rigid link 2

Ts.= kinetic energy of lumped gymbal mass Mo
T+ = kinetic energy of lumped mass Ma

Ts = kinetic energy of lumped mass M.
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Assumed rigid links X Lu Lumped mass M«

Lz Lumped mass Ms

Lo

L2

»xz

Lumped mass Mo

Assumed rigid links

==

L4

A

7

Fig. 3.6

T1. T2, Ts are the kinetic energies of the astro-mast dynamic model, which we have determined

in section 2 (see egs. (2.25.1) - (2.25.2)):

(T1 + Tz « T)/mL’ = mL [ R7/6(R+1)* + R/2(R+1) « (Mo/mL) (R%/2(R+1)*) | ©: (3.11)
. mLa[Ra/b(Rd)a . (Mo/mr_)(l+(I_<>(R~1)/1_)2):|(5322

e mL [ R/2(R+1) (Mo/mL)R/(R+1)") | ©62

The kinetic energy of the antenna dynamic model is the sum of the kinetic energies of the

lumped masses Ms, M«. The kinetic energies of the lumped masses Ma and M. are:

Te = 1/2MsVa, (3.12)

Ts

1/2 MaVir . (3.13)

We introduce eqs. (3.2.b), (3.4D) and eqgs. (3.11) - (3.13) into eq. {3.10) to obtain the
total kinetic energy of the complete dynamic model. As in section 2 we use the factor

1/mL’ to normalize the kinetic energy.
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Total kinetic energy of the astro-mast antenna dynamic model:

CiO7 -+
+ {Ce + C3sin(@z2 +0Q3) « Casin(©z+03+04)} @22 +

T/ml’

.2
+ Cs O3 +
-2
+ Ce Ou »

+ {C7 +Cosin(@a2 +@3) + Cosin(B2+05+04)} é1é)e +

+ {Cuosin(@2 +03) + Cusin(©@2+03+0))10:0; + (3.14)
+ {Cwsin(@2*93*94)}é1é4 +
+ {Cus + Cusin(@z +03) « C1ssin(@2+®3*@4)}(‘.‘)2®3 +
+ {Cw + C17sin(@2*®3+@4)}(’:)2@4 +
+ Cus 9394
C1. C2. . . ., Cw are real constants, which are defined by geometry and mass parameters
of the model (See section 2. definition of dynamic model) :
L - total length of astro-mast. [m]
Ly - length of first link of mast. (ml
Lo = length of second link of mast. [m]
Lo = length of horizontal link to gimbal mass Mo. [m]
Lo = length of first link of antenna system. [m]
Lat = length of second link of antenna system. [m]
R = dimensionless length ratio Li1/L2. [—1
m = mass / length of links L1, Lo . [kg/m]
Mo = lumped mass of gimbal. [kgl
Ms - first lumped mass of antenna system. {kgl
Ma = second lumped mass of antenna system. [kgl
Ci» R/6(R+1)’ + R°/2(R+1)’ «+ MoR*/ 2mL(R+1)® + MsL{'/ 2mlL’ (3.15.1)
« MaLiS/2mL?
Cz = R/6(R+1)" + (Mo/mL) {1 +((Lo/L)(R+1))°} + Ma(L2 « L)/ 2mL> » (3.15.2)

o Me(1%+ 0% + I'ss +2L2sLar) 7 2mL>



Cs

Cs

Cs

Cs

Cr

Ce

Cse

Ce

Co

Cu

Cs

Ce

Cs

= Ms L223/2)t'|:1/L3 + M4(L223 I SR 2LasLla)/ 2mL’

«R/2(R+1)° + MoR /mL(R+1)° + MsLsL2/mL> + MsLiL2/ mL’
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MaLlaLa / mL3

Mi(L2L2 + L2Lw)/mlL’

Malw 7/ 2mL’

MsLiLz / mL

M«(L1L2s + L La1)/mL3

MsLiLz / mL3

M«(L1L2s + LiLat) /mL’

M+L1La1 / mL3

Mslas /mL’ « Ma(L2s + L + 2LzLar)/mL’

MsLzL2s / mL’

Me(L2Lzs + L2Lat)/ml’

Ma(Lsr + LzsLa)/mL’

M4L2Ln/mL3

Cw

(3.18.3)

(3.15.4)

(3.15.5)

(3.15.6)

(3.18.7)

(3.15.8)

(3.15.9)

(3.15.10)

(3.15.11)

(3.15.12)

(3.15.13)

(3.15.14)

(3.15.15)

(3.15.16)

(3.15.17)

(3.15.18)



Total strain energy of dynamic model:

The total strain energy is the sum of all strain energies. provided by 3 torsional springs.
The torsional spring stiffness constants are A+, Az, A« [Nm/rad]. Similar to the kinetic
energy, we also normalize the strain energy, using the factor 1/ mL’. Hence we use the

normalized torsional spring stiffness constants:

A= Ni/mL’ ic1,2 4 [1/sec?) (3.16)

O
As

8
A2
O
A
Z

V=Vis+ Vo+ Va (3.17)

Fig. 3.7

Total strain energy:

V/mL’ = 172 AMO5F + 172 A2(82-01)° « 172 A+©5 ' (3.18)
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The generalized exciting forcee
We have to use generalized exciting forces for the Lagrange approach. The generalized

exciting forces are defined as follows:

1. Give each generalized coordinate ( ©1, 2, ©3, ©O.)

an independent virtual displacement 8§60 .

2. Determine the associated virtual work 8We., done by the the external forces F..

3. Derive the virtual work with respect to the generalized coordinates, to obtain the

generalized exciting force:

Qi = 0(8We) /7 0(80) i=1,2, 3 4 (3.19)

The external exciting force is the torque Mo of the servo motor, applied at the gimbal pivot.
Due to Newtons law: actio = reactio , we have to apply a positive external torque +Mo

at the link L2 and a negative external torque -Mo at the link La.

Las

L2 +Qo

y 1

[

fig. 3.8

The virtual work, done by the external torques +Mo and -Mo, is:

SWe = -ModO2 + ModOa (3.20)
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We obtain the generalized exciting forces by derivating the virtual work:

Qi ~0(d3W.)/3(8©®4) - 4]
Q2 =0(dW.)/0(802) = -Mo
(3.21)
Q: =0(3W.)/0(803) = +Mo
Q¢ =0(8W.)/0(80.) - 0

The generalized damping forces

Since passive damping is unknown, we neglect it in the analysis, counting active damping
to dissipative vibrational energy. Any passive damping present, will then be a bonus in the
system in increasing the decay rate of the vibration. Also modal damping cannot be used

in the prersent formulation and actual values are unknown.

3.3 DIFFERENTIAL EQUATION OF MOTION

We apply the Lagrange differential equation to the 4 degree of freedom system.

The Lagrange equations for nonlinear systems are:

d/dt(dT/90)) - 3T/3® =+ dV/d®: + 9F/9@ - Qi i«1,2 ..n
Where:

© - (01, O ... ©.) =« Generalized coordinates « Lagrangian coordinates.

T-T(6.8) = Total kinetic energy.

Vv = V(8) = Total strain energy.

F - F(©, 8) = Dissipative function for passive structural damping.

Q - Q(® = Generalized exciting forces.
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Since we neglect structural damping, the dissipative function F is equal to zero. The

exciting forces are given by eq. (3.21). The differential equation system for the astro-mast

antenna dynamic model is :

d/dt(dT /9 01)

d/dt(dT /9 0,)

&/dt(dT/98s)

d/dt(dT /0 04)

0T /001

0T/00:

0T/00:s

9T/00.

+

oV/900,

oV/00:

0V/3d0s

oV/00.

~-Mo
(3.23)
+Mo

For convenience. we introduce the following abbreviations in egs. (3.14) and (3.18):

P - 02+0:
V- 0:24+03+06;

® - 0:+05

¥ . 0:+0s5+ 0,

(3.24)
(3.25)

We differentiate the total kinetic energy T with respect to the angular velocities <Y

i=1,2,3, 4:

0T /3@1 = 2C1O1 + (C7 +Cosin® +Cosin¥ )02 + (Cwosin® + Cusin¥) + (3.26.1)
+ Cesin¥ @4

OT/3@2 = 2(Cz +Casin® + Cesin¥)Oz2 + (C7 + Cesin® + Cosin¥)O: -+ (3.26.2)

+ (Cin + Cusin® -+ Cosin‘i’)(‘:):s

0T /0 Os

(‘)T/()él = Cusin® é1 + (Cw + Cﬂsin‘i’)éz - Cwés

(Crosin® + C11Sin‘1")91
+ 2C5éa + Cnét

+ (Cwx + C17Sin‘Y)é‘

(Cw + Cusin® + Cussin¥)©2 - (3.26.3)

+ 2Ce@q ‘ (3.26.4)

And differentiate the partial derivatives (dT/ c)é.) with respect to the time:

dsdt (3T/001) = 2C1©4
+ (Cosin® + Cnsin¥)©s + Crosin¥ 0. +
+ ®cos® (Cséz + Cwéa) +

+ (C7 + Cesin® -« Cgsin‘f')éz

(3.27.1)

‘i’oos‘f(Cs@z + CnOs + C1294)



- 38 -

d/dt (0T/98@2) = (Cr + Cesin® + Cosin¥)©: - (3.27.2)
+ 2(Cz + Cssin® + Cesin¥)O:z « (Cp + Cusin® + Cusin¥)O: -
+ (Co + Crsin¥)Os + Dcos®(2C302 + Co®1 « CuBa) +
+ ¥oos¥(CoB1 + 2C402 « CsOs + CrO4)

d/dt (0T /0©s)

(Cosin® + Cnsin¥)©1 + (Cw» + Cusin® + Cusin¥)O2 + (3.27.3)

+

2Csé3 - Cwé4 - C.Dcosd)(Cw(;L + Cuéz) +
+ "POOS‘Y(C119‘1 + Cwéz)

d/dt (0T/904) = Cresin¥®: + (Co « Cusin¥)®2 + CuwOs + 2CeO. -+ (3.27.4)
+ ‘i’cos‘i’(Crzéh + C17é2)

The partial derivatives of the kinetic energy with respect to the generalized angles are:

dT/9®+ =0 (3.28.1)

dT/30: = (C:03 + Ce©102 + C0010s + Cu203)cos ® + (3.28.2)
+ (CAéi + Cgé1@2 + C11@1é3 + Crzé1(’:‘)4 + Ctsézés + C17(:32®4)COSIY

OT/3@s « (C:02 + Cs@®102 + C010s + Cu®203)cos ¥ (3.28.3)
+ (C4@22 + Cgétéz + C11E")1("93 + szé)1é4 + CS®2®3 + Cwézédcos‘i’

AT/00. = (C4ézz + Cné1(':‘)2 - C11é)1éa - C1291é4 + C15(':)2®3 + C17éz(:34)cos‘l' (3.28.4)

The partial derivatives of the strain energy with respect to the generalized angles are:

OV/301 = A1O+ - A2(02-04) ' (3.29.1)
oV/90:2 = A2(02- 04) . (3.29.2)
oV/98s = 0 {3.29.3)

OV/90Bs = A4BO. (3.29.4)
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We introduce eqs. (3.24.) - (3.29.) into eqs. (3.23) to obtain the differential equation

of motion. The common notation for the differential equation of motion is :

MO .CO .KkKO -0Q (3.30)
where:
M . Constant mass matrix.
C » Constant quadratic structural damping matrix.
K - Constant quadratic stiffness matrix.
Q . Vector of generalized exciting forces: Q- [O -Me Mo O]T
e . Vector of generalized coordinates.

Unfortunately, the particular problem yields a nonlinear differential equation system and
the elements of the vector @ are arguments of trigonometric functions. Also. is the mass
matrix time varying: M = Mo + M(t) . Thus, we use the state space form of the differen-
tial equation of motion.

First, we can set the damping matrix C equal to zero, since we do not consider passive

structural damping. Hence Eq. (3.30) gets:

MO kKO -0 (3.31)

We define a new (4 x 1) vector:

p - KO (3.32)

Which yields the state space form of the differential equations:

& - M '(-p-Q) (3.33)

The right side of equation (3.33) is a (4 x1) vector. where M is time varying mass
matrix. Introducing the partial derivatives (3.24) - (3.29) into the system of differential
equations (3.23), the vector © can be separated, which yields the mass matrix M and to

the vector p.
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Introducing the partial derivatives (3.24) - (3.29) into the Lagrange equation (3.23),

yields a system of 4 coupled, nonlinear, second order, differential equations:

2C10; + (C7 +Cs « Cgsin‘i')(:)z + {Cosin® -« C11sin‘i’)é3 + Cosin¥0: =
) cos@(Ce@z + C1o@3) + li’cos‘l’(Cx;éz + Cu®s « Caz(':‘)4) + A©1 - A(O:2 - Oy

(C7 + Cesin® + Cosin¥ )®4 « 2(C2 + Casin® + Cusin¥)@: «+ (Cis + Cusin® + Cussin¥)Os «
+ (Cw + Crsin¥)Os =

Bcos B(2C302 + Ce®1 + CuBs) + Voos ¥ (2C+02 + Co®y + Cs®s + Cu®4) »

+ cos®(Cs02 + Co®102 + Co®:Os + Cu203) -+

- cosW(Ci@3 + Co®i@2 + CuiOs + CuO:Os + Cu®20: + Cr®:0.) »

+ A2(@2 - ©1) -Mo

(Cosin® + Cusin¥)O1 + (Co « Cusin® + Cusin¥)O2 + 2Cs0s + Cus =
Dcos ®(CoO1 + CuB®2) - ¥oos¥(CnOs + CisO2) -

-cos @(Ca@zz + Cs®102 + C100105 + Cu@z@s) +

~cos ¥(CiO2 + Co®1O2 + C®1@s + C®iO4 + CO203 + Cr:204) + Mo

Cresin¥ @1 « (Cs + C17sin‘i’)é)z + 2C180s + 2Ce@s =

-'i’cos‘i’(sz@a + C17®2) - COST(C4(’:)§ + C9®1éz + Cné)1(;)3 + Cn®1®4 + C15€:')2é)3 C17(:32€:)4) +
+ A4@4
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The left side oft the previous equation systern can be written in matrix notation. where M

denotes the time varying and symmetric mass matrix:

2Cs C7 + Cesin® + Cosin¥
C7 + Cssin® + Cosin¥ 2(C2 + Cssin® + Cusin¥)
M -
Cwosin® + Cusin¥ Cun + Cusin® + Cessin¥
Crsin¥ Cw + Cwsin¥
-
Cwosin® + Cusin¥ Cusin¥
Ci + Cusin® + Cuwssin¥ Cw + Cusin¥
(3.34)
2Cs Cie
Cs 2Cs
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The elements of vector p of eq. (3.33) and the exciting force vector Q are written on the

right side of the previous differential equation system.

p1
P2
p - (3.35)
ps3
28
P - d) cosd>(Cséz + Cnoéa) + ‘i’cos‘l’(Coéz + Cﬂéa + Cné‘) + (3.35.1)
+ MOy - AAB2 - B9)
pz - Cif)oos Q(ZCa@z + Ceé1 + Cués) + (3.35.2)

+

Yoos ¥ (2Ci02 + CaOy + CuB®s + Cu®d) +

r cosB(Cs07 » Co®1B2 + Co©:@s + CuB:20s) -

- cosP(CeO2 + Ce102 + CuO1Os + C20:104 + Cs0:05 + Cu0:04) »
+ A2(©:2 - 99

p: - ‘i>oos ‘P(Cwé1 + Cuéz) - ‘i"cos T(Cﬂ@v + Ciséz) - (3.35.3)
- cos (P(Ca(é?z + Caé1é2 + Caoé1és + Cuézéa) +
—cos‘i’((héez + Cné1éz + C11é1é3 + C1291é4 + C15é)2€:)3 + Cﬂézé4)

ps = -‘i’oos‘i’(Cné1 + Cﬂéz) + (3.35.4)
- oos‘i’(Coéi + Csé1é2 + C11é1éa + C1261é4 + Cﬁézéa Cﬂézéd +

+ MO

Exciting force vector:

0
-Mo(t)
Q - MO (3.36)
0
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3.4 SOLVING THE DIFFERENTIAL EQUATION OF MOTION

The differential equation of motion is given by eq. (3.33), where the right side denotes
6 - [91 6. 6, é4]T and the left side is a (4 x 1) vector which is a nonlinear

function of @ . ® and time :

6 - M'(-p-Q) (3.33)
Now, we solve this system numerically, to obtain the time history of the generalized coordinates

04(1), O2(t). O1(1). ©4(t). when applying a torque M (1) at the gimbal.

For convenience, we introduce a new (4 x 1) vector b, which we define as:

b - M '(-p+ q) (3.37)
Hence we can write the differential equation system as:

6 - b (3.38)
Which are 4 coupled differential equations of the second order. We do not determine
the vector b analytically, because the effort is too high and it would yield to vast equations.
Since we know that b is a function of ©, ©,t. we can write equation (3.38) as:

é1 = b1(©., O2, O, O éi, éz. éa, éc. t)

éz = b2(O4, O2, Os, O, @1. éz. és. é4.t)

(3.39)

O - b3(0O1, B2, O3, O, é1, éz. éa, é4.t)

é4 = be(O1, B2, s, O, é1, é)a. és, é4. t) -
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We will use a numerical method to solve this system. because a direct analytical solution

is not feasible. First. we reduce the second order system to a first order system. Therefore,

we define new variables:

Yi«(t) = 6.(1)
Ya(t) ©2(1)
Ya(t) - ©s(t)
Yo(t) = Ou(1)

Using these variables, the 4 equations / second order system, becomes a

8 equations / first order system:

Y
Y2
Ya
Y4
Y-S
Yo
Ye
Ye

This first order equation system describes a typical initial value problem:

Ys
Yo
Y7
Ye
b1(Ys, Y2, Ya,
b2 (Y1, Yz, Y3
ba(Y+, Y2, Ya,
ba (Y1, Y2, Y3

Y - Fet.(

Ys(t) = ©4(1)
Ye(t) -+ ©:2(t)
Y.(1) - @a(t)
Ya(t) = 84(1)

. Yo, Vs,

. Y4, Vs,

Y. t)

Ye, Ys,

Yo, Ys,

Ys,
Ys,
Ye.
Y,

Ys,
Y,
Ys.
Ys,

t)
t)
t)
t)

(3.40)

(3.41)

We can use common standard software, to obtain a numerical solution. For this thesis,

there is used a Runge Kutta iteration, which is taken from the mathematical software

library of the University Aachen in Germany. The Runge Kutta subroutine is written in

Fortran 77 and the source code is printed in the appendix. In addition to this Runge

Kutta subroutine, we have to develop further subroutines and a main program which suits

our specific requirements. Especially we need a program, which calculates the time hi-

story of the generalized angles ©:.. This requires a numerical solution of the differential

equation of motion for continuing descrete time values within given time boundaries In

addition, we are also interested in the total vibrational energy of the system. We define the

tasks, which our program has to fulfill:
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1. interactive input: 1.a Initial values of angular displacements and angular velocities.
1b Time boundaries (tswurt, tens ) and number of K discrete time values,
for which the initial value problem has to be solved.
1.c Demanded accuracy and maximum permissible number N of
iteration steps.
2. Determine discrete time values.
3. Calculate numerical solutions of the initial value problem for all discrete time values.

4. Calculate the total vibrational energy for all discrete time values.

8. Write results on file. Use format. which is readable by a graphical post-processing

program.

The program is named "IVP” (Initial Value Problem). and all subroutines are written in Fortran

TT. The source code is printed in the appendix. The structure of "IVP”, can be seen on

the simplified floating chart (fig. 3.11)

Brief description of the program “ITVP"

The program IVP has an interactive input by keyboard:

Y instial * Initial value vector for angular displacements and angular velocities (8 values).

Time values for start and end.

tsun . tend

K * Number of required discrete solutions within the time boundaries.

= Limit for the absolute error of the iteration. The iteration terminates, if

€ max

the absolute error is less then Emax.

N = Number of iteration steps. after which the iteration terminates, even if the

demanded accuracy is not succeeded.
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The Runge Kutta iteration subroutine calculates discrete numerical solutions of the
differential equation.

Input: Initial value vector Y, initial time value twua , and aimed time value tam.
Output: Aimed vector Yum for aimed time value.

All input values are provided by the main program. The iteration terminates, either if the
demanded accuracy is succeeded, or if the maximum number of iteration steps is succeeded.

Since the mass matrix is a function of the variables, it has to be calculated and inverted

for each iteration step.

An additional subroutine calculates the total vibrational energy for each discrete time value.

The total energy TE is the sum of the total kinetic and the total potential energy:

TE =T + V

The total energies are given by eqs. (3.14) and (3.18). To obtain the total vibrational
energy, we have to deduct the total energy, which the system would have, if it would be
infinite stiff. This energy is simply the the product of constant torque Mo and pitch angle
o (eq. (3.1)).

TErsgod = Mo

TE rigis

A 4

accelerating decelerating tine

. :.-_-4--_-_-------_--_--_-_

g
Y-

Fig. 3.10

Thus we obtain the total vibrational energy:

TE'=T «+ V - Moot
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On run time, all results are stored in Matrix A:

O tnlr(
1 t4
2 t2
K tena

Finally, this Matrix

processing prograrm.

O1(tetart) O2(teur) . . . O+ (ter)
®.(t4) (1) ... é1(t1)
O4(t2) ®2(t2) e é)1(t2)
O1(tend) O2(tend) . 61 (tend)

will be stored on hard disk and is readable by a graphical post-

O2(t start)

éz(h)

é)z(t 2)

C':‘)z(t end)

TE ’ (tstlr()

TE'(h)

TE (t2)

TEI (t end)
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FLOATING CHART OF THE PROGRAM IVP

.'/"_b\\
{_ START

/". Read interactive:
/ .
// Yinitinat , tstart , tend, K //
/ L 1 . max
'l £ N ~ //

l

Calculate Total Energy

TE" = TE(Yinitiat)

Determine time step
At = (tend - tsur{)/K

tinival <= tstart

taim <== tinua + At

Write Matrix A TN
on file (_END )
" ~—

F N

SR
(4}
e
/" \\.
//
/ N
< tinitiart = tend/\ Jes
\‘\\ e
N yd
No
¥ RUNGE KUTTA [TERATION
Yes
SN
SN
/ \,

Fig. 3.11



{2

Store results in Matrix A

A s taim
A (= Ynlm
A <= TE

Determine new inital values:
tima <= taim

taim = tinua + At

Yina <= Yaim

N

&)

Fig. 3.11
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(T)—-——-) Differential Equation System e Calculate mass matrix

N—

. Y - Y{(Y, b(Y. 1)} M - M(Y)

e —

Invert mass matrix

-1

M

Calculate the sum (p + q)
p - p(Y)
q - q(t)

Matrix multiplikation:

b-M (p+ q)

Fig. 3.11



- 81 -

NUMERICAL RESULTS

We use the program "IVP” to calculate the time history of the angular displacements for a
typical pitch maneuver. The program "IVP” is valid for arbitrary pitch maneuvers and
arbitrary initial values. As an example we investigate a pitch maneuver from oo = 0° to
a2z = Q0°. We assume no vibrations initially. To achieve this maneuver, we apply a con-
stant torque Mo = (+/-) 30 Nm at the gimbal. The maneuver is divided in constant accel-
leration and constant deceleration. If we neglect friction, both parts of the maneuver take

the same time. Thus acceleration goes from oo = 0° to a1 = 45° and decelaration goes

from o1 = 45° to o2 = QO0°.

Torque @

+ 38 Mn

time t

- 38 Bn _|

To T1 T2

fig. 3.12

We determine the time for constant acceleration from oo = 0 to o,

If oo=0 , we can write:
(t1 - 100 V2 o/ o (3.45)

The constant angular acceleration o is determined by the constant torque Mo of

the servo motor and the moment of inertia I of the antenna dish:

o = Mo/1 (3.46)

Thus eq. (3.45) gets:

(11 - 1) = Y2Io1/Mo (3.47)
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The moment of inertia of the antenna dish is I - 102 1434 kgm2 . Applying equation

(3.47). we obtain the results:

Pitch maneuver: time:

o1 -~ oo = 45° T+ - To = T3.135 sec

o2 - o4 = 45° T2 - T+ = T3.135 sec

oz - ®o = 90° T2 - To = 142.263 sec

We are interested in the time history of the displacements for the complete pitch maneuver
plus the first 70 seconds after the satellite dish has reached its desired position. Since the
torque M = M(t) is a step function, we have to divide the calculations in 3 parts and link
the results together afterwards. The final values of the previous parts are the initial values

of the following parts. Only the motor torque changes.
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INITIAL AND FINAL VALUES

Ltime: | To T4 12

O+ [rad] I 0 -1.555 E-4 2.053 E-4
©: [rad] 0 -2.811 E-4 4311 E-4
©s [rad] 0 0.7862 1.5690

O+ [rad] 0 -6.458 E-4 9.252 E-4
. ] i
©1 [rad/sec] 0 -1.199 E-5 - 6438 E-6
©. [rad/sec] 0 -3.428 E-5 -1.157 E-4
©s [rad/sec] 0 1.973 E-2 -6.1T3 E-3
_ i

©. [rad/secl 0 2.696 E-3 9.496 E-3
t [sec] 0 73.135 146.263
TE (Nml 0 5.12T7 E-2 1.526 E-1

For all calculations the maximum absolute error was set to €mex = 1E-6 and it was used
an Atari ST computer. {Motorola 68000 processor. 16 bit, 8Mhz). The running time for
calculating 300 discrete solution vectors was approximately 40 minutes. The results are

shown in the diagrams:

Diagram 3.1 Angular displacement ©1(t)
Diagram 3.2 Angular displacement ©2(t)
Diagram 3.3 Angular displacement @3 (t)
Diagram 3.4 Angular velocity s (1)

Diagram 3.8 Angular displacement ©4 (1)

Diagram 3.6 Total energy TE (t)
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3.6 VERIFICATION OF THE RESULTS

Since the results are obtained by numerical iteration we have to verify them. For this

purpose. we will apply following verification opportunities:

A. Compare the magnitude of dynamic displacements with (theoretical) static displacements.

B. Compare the periods of vibration with the natural frequencies, obtained by eigenvalue
analysis.

C. Calculate the total energy as an analytical function of the results. For no damping

and no external forces, the total energy must remain constant.
D. Compare the generalized angle ©®s(t) with the pitch angle o« (t). eq.(3.1) .

Except vibrational displacements, both must be equal.

We must not use thes verifications as an evidence for correct results. But we can use

them as an indication, whether the numerical results make sense or not.
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Static displacements of the astro mast:

To obtain the static displacements, we consider the mast dynamic model and the

dynamic model as separated systems with external forces.

Fy

Fx

Fig. 3.22: Astro-mast model with external forces at the gimbal.

antenna

We consider the 2 dimensional mast model. In general we apply a horizontal and a

vertical force, and a bending moment at the gimbal. The forces and the moments are

caused by the pitch maneuver and we want to describe them as functions of time:

Fx = F.(t)
Fy - Fy(t)
M = M®

The pitch maneuver is prescribed by the pitch angle af(t):

alt) = 1/2 at’ 0 <= t <= T4
alt) - &(Ti - 211t +1/72t) T <t <=2
aft) = at 0 <= t <= T4
oc(t) = &(-2‘[1 + t) T+ < t <= 12
() = +Mo/1 0 <= t <= T4
at) = -Mo/I o<t <= T2

(3.48)
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The forces at the gimbal are the sum of mass forces of the dish:

1. centrifugal force, when the satelite dish rotates. Idl >0

2. Transversal force, when accelerating or decelerating the satellite dish. lii | >0

We determine the centrifugal force as a function of the angular velocity o:

Fig. 3.23

F: = o {LssMs + (L2s + La)Mus) (3.49)

And the transversal force as a function of the angular accelleration o :

L]

Fig. 3.24

Fre = o {LzsMs + (L2s + La)Mas? ‘ (3.50)



- 63 -

To obtain the horizontal and vertical gimbal forces, we use the coordinate transformation:

Fy
Fz
//
/./
Ve
N
(% ! Fx
AN
\\
\\\
Fr Fig. 3.25
Fx = F:cosx + Frsino
(3.51)
Fy = F:sina - Frcoso
To obtain the gimbal forces as a function of time, we eliminate «, ®. o in egs. (3.49)
and (3.80) with eq. (3.48) and introduce them into eq. (3.51) :
For O <=t <= 11:
2
Fx(t) = {{(Mo/Dt} {LzsMs + (L + La)M4} cos(Mo/21 tz) + (3.52)
+ Mo/l {LzaMs + (L2s + La)Ma) sin(Mo/21 t%)
Fy() = {(Mo/Dt}*{L2sMa « (L2s + La)M4) sin(Mo/21I t7) (3.53)
+ Mo/l {LosMs + (L2s + La)Ma} cos(Mo/21 t7)
M({) = -Mo (3.54)
For 11 < t <= 1T2:
Fu() - (Mo/I (271 - )Y {LasMs + (Lzs + La)Ma) cos(Mo/I (-1 « 21t - 1/21%)) + (3.52)
- Mo/l {LzsMs + (Las + Le)Ms} sin(Mo/I (-1 + 2Tst - 1/2¢%))
2
F,() = {Mo/1 (211 - t)}z{Lstz + (Lz + La)Md} sin(Mo/I(-1+ + 2Tt - 1/2t2)) (3.53)
2
- Mo/l {LzsMs + (Lzs + LadMs) cos(Mo/I(-11 + 271t - 1/2t%))
(3.54)

M{) = +Mo
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t > T2:

Fx() = O (3.52)
Fy(t) - O (3.83)
M(t) - 0 (3.54)

We apply egs. (3.52) - (3.54) on the pitch maneuver:

»

8 56 les 158 200 time [sec]

Fig. 3.26: horizontal gimbal force Fx

8 58 188 158 8 time [eec]

Fig. 3.27: Vertical gimbal force Fy
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M [Nm]
A
+38
8
-36
8 28 a0 68 88 18 128 "
time [secl
Fig. 3.28: Torque M at the gimbal
We determine the torques M1, M2 at the torsion springs A+, Az:
L2
L1
Fig. 3.29
Mi = -Fx(L:i + L2) + FyLo +M (3.55)

M2 = -FxL2z + FyLoe +M (3.56)
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M+ [Nm]
158
100

58

-158

-208

-258

58 ies 158 288 time [sec]

Fig. 3.30: Torque M1 at torsion spring A+

M2 [Nm]

st

40

188 158 208 time [sec]

Fig. 3.31: Torque M2 at the torsion spring Az

It is remarkable, that the bending moment at the base of the antenna mast is about
8 times greater than the torque of the server motor. Thus we see, that the displacements
are mainly caused by centrifugal forces and reaction forces of the pitch maneuver. We

obtain the static displacement as:

O+ = Mi/ A (3.57T)
Oz = Mi/ A1 + M2/ A2 (3.58)
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©1 [urad]

! ;\f“ﬂﬂr\ ﬁﬁ

2081
1581

ige

«n
==
T

A

e e e — e,

2
<

LV

8 50 160 158 760 e Leec]
Fig. 3.32: ——  dynamic displacement of O+
- - - static displacement of ©s
©: [urad]
! .
’\ )
400 f
2001
. IREERRANNNN
-200 U L
-480- J
1 A i ] h U u l“ Il ’
8 L] 180 15 260 time [sec]
Fig. 3.33: dynamic displacement of ©:2

- - static displacement of O:
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Figs. 3.32 and 3.31 confirm the numerical results! We recognize also an advantage of the
Langragian approach: We obtained the dynamic displacements without concerning about any

internal forces.

Now we want to calculate the static displacement of ©., which is a linear function of the

torque M« at the torsion spring A«

@4,:!‘(!: = M4/)\4 (3.50)

For constant acceleration o. we determine the torque M4 to:

M+ = (Lot + L2)MaLes (3.60)

Intruducing eq. (3.60) into eq. (3.59) and eliminating o by eq. (3.48) yields to the static

displacement of O+, as a function of time:

OQustanc (1) = Mo(Lat + L2s)MaLat/I A4 0 <=t <= 14
Ousuc () = ~Mo(Lst + Ls)MaLat/ I A4 T1 < t <= 12 (3.61)
@4.stauc (t) = 0 t > 12
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Applying eq.(3.61) to the particular pitch maneuver, we calculate Q4 suuc = +«/- 1794 yrad.

We compare the static displacement with the dynamic displacement, which confirms the numerical

resuits:

O. [u.rad]

A

iaea-

s8er

-108881

N

e

I

i

Fig. 3.34:

58 108 150 708

dynamic displacement ©.

---------- static displacement ©4,swuic
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Total energy:

The total energy is an analytical function of angular displacements and angular velocities
(eq. (3.42)). In the specific case of no structural damping and no external forces, the
total energy must remain constant. We can use this fact to verify the numerical resuits for

t > 12. We define a relative error:
Ere = Mavimum ( TE/ TE4) i=1,2,...N (3.62)

TE: are discrete values of the total energy of the system for T2 < t <= T2 « 42 sec.
TE+ is the total energy of the system at t = T2. (12 : end of the pitch maneuver).

N is the number of calculated discrete values.

In the first iteration, the numerical results had a relative error of £« = 3% . Increasing the
accuracy of the iteration and using double precision variables. lowererd € to 1%. We see
that the error is a result of numerical inaccuracy and increasing the accuracy yields an

improved approximation to theoretical values.

It is interesting, that we can improve the accuracy significantly, when we put a torsion
spring at the gimbal, after the dish has reached its desired position. In practical, this can
be realized by blocking the gymbal, after the pitch maneuver has finished. Even a small
torsion spring constant at the gymbal, lowers the the relative error to € < 1E-6. This is
an excellent confirmation of the numerical result! Obviously, it leads to a poor convergence
of the iteration, if there is no constraint at the gimbal, which keeps the satellite dish in

the desired position.
Pitch angle:
Another easy opportunity to verify the numerical results, is to compare the time histories of

the generalized angle ©: and the pitch angle o. where af(t) is a analytical quadratic

function eq. (3.1) . Except small vibration amplitudes, both angles must be equal.
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3.7 EVALUATION OF RESULTS

Magnitudes of displacements:

We want to verify, if our assumption of small angles, and therefore the use of linearized
equations is valid. The maximum amplitude of the small angles ©1, ©2, O. is approxima-
tely 400 yrad - 0.023°, which indicates that the of linearized equations are a very good
approximation. To get an idea of the displacements, we calculate the maximum horizontal

displacement of the gymbal:

Y = L1©1 +« L20:

Ymx = 2.2 Ccm

Which is very little, compared to the mast length of 60.6 m .

Large angle O3, without any constraints:

At the hinge of ©s is no torsion spring, which constraints the angle O3 to a determined

position. Thus we can see 2 effects:

1. (@3 - o) is relatively large, compared to ©1, ©2, ©s.

2. After the pitch maneuver has terminated, ®s does not remain constant.
The reason for this behaviour is, that it is not possible to deccelerate absolut
precisly to zero angular velocity o . Since we neglected friction, the motion o
continues.

Total vibrational displacement of satellite dish:

For our applications it is interesting to know the total vibrational displacement of

the antenna dish. This is simply the sum of the vibrational angles:

@2*(@3-0()4'@4

The amplitude is approximately 2E-3 rad = 0.115° .



-T2 -

Total vibrational energy:

The total vibrational energy has a maximum value of aproximately 0.13 Nm.

This value looks quite small. It is an effect of the very small vibrational displacements.

Effects of the step function of servo motor torque:

If we consider the vibrational displacements, we recognize a significant increase, after the
servo motor torque is switched from acceleration to deceleration. Unfortunately this maneu-
ver feeds maximum energy into the system, because both directions of the motor torque and
the angular velocities é)a,é)z, are the same. For this reason it might be useful to use a

shaped function for the motor torque.

A more interesting alternative would be, to switch off the servo motor after accelerating
and to switch it on for deceleration, after a half period of the first vibrational mode. In
that case, motor torque and angular velocities would have opposite directions. This means,

vibrational energy would be deductet from the system.
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4. OPEN LOOP EIGENVALUE ANALYSIS

4.1 INTRODUCTION:

During the pitch maneuver the equations of motion are nonlinear, the system is open loop,
and eigenvalues do not exist due to the nonlinear and time varying nature of the system.
In this section we examine the natural frequenciesand mode shapes at the end of the
maneuver for small perturbations in order to obtain qualitative information on the system

dynamics.

In particular, we will investigate the characteristics of vibrations for constant pitch angle
o = 90°, which is the final position after the pitch maneuver of section (3) has finished.
For constant a = 90°, the equations of motion can be linearized as a very good approxima-

tion.

We will apply eigenvalue analysis on the system. Results of eigenvalues are displayed in

the complex plane and mode shapes are obtained from the eigenvectors.

It is little effort to investigate particular modifications of the system. We will compare 3

different configurations:

1. No constraint at the gimbal hinge.
2. Gimbal hinge blocked.

3. Servo motor on short circuit.

The first case simulates an uncontrolled system, where the satellite dish can rotate freely.

The second case means, that the gimbal hinge is blocked by a brake, after the desired

pitch angle is achieved.

The third case simulates open loop damping by servo motor, which means that the servo
motor runs on short circuit and dissipates vibrational system energy. In section (5) . we
consider closed loop damping. Open loop damping might be used as emergency run, if the

closed loop electronics have a male function.
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4.2 LINEARIZED EQUATION OF MOTION

-~

Antenna
Q2 « Os

-,
a = 90°
S ~_Servo motor
Astro-mast
O
/.

77

Dynamic model in the final position, after the pitch maneuver has finished.
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Total kinetic energy:
The total kinetic energy for arbitrary pitch angles was found to be

T/ml® = C1O1 +
+ {Co + Casin(@2 +@3) + Cesin(©2+@3+04)) O3 +
+ Cs O3 +
. Co©i
+ {Cr +Cosin(©2 +©3) + Cosin(02+03+04)) 0102 «
+ {Crosin(@2 +03) + Cusin(O2+0:+04)) 0403 + (3.14)
+ {Crsin(02+03+04)) 010, «
+ {Cn + Cusin(®2 +03) +« Cusin(@2+0:+04)} 0:0; +
+ {Cwx + Crsin(©2+0:+04))0:04 «
+ C.©:04

To linearize this equation, we replace the generalized angle ©s:
O O3 + o (4.1)

Where ©®%3 is the new generalized coordinate, which denotes small angular displacements

caused by structural vibrations, and o denotes the constant pitch angle.
sin{@z2 + ©Os) = sin(@2 «+ O3 + o) (4.2)
sin(@2 « Oz + O » sin(O2 + O3 + Ou +ax) (4.3)

where we consider a final position o = Q0°.
Typically values for vibrational displacements are: @2 , ©3 , ©®« ® 1000 prad = 0.0T5".
Thus ©2, O3, O« €« o, and we can neglect the vibrational displacements in the arguments

of the sine functions, which results in:

sin(@: + O3 + o) ® 1 (4.4)
for ¢ =+ 90° and 62, O, O« « «
sin(@2 + ©3 « B4 +a) & 1 (4.5)
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This simplifies the equation of motion significantly.

The total kinetic energy for constant pitch angle o = 90° can be written as:

T/ml® & C1Of +
+ (C2 + Cs ¢C4)('.322+
+ Cs @32 +
-2
+ Ce O +
+ (Cr +Cs « C9)®1(':32 +
+ (Cwo = Cﬂ)é1él3 + (4.6)
+ Cu @1@4 +
+ (Cz ¢+ Cu + Css) é2®'3 +
+ (Cwu + C17)ézé4 +
+ Cus (':')'3@.4

Where the constants C: are denoted by egs.(3.15.1) - (3.15.18).

Strain energy:
The total strain energy is denoted by eq. (3.18). We also want to investigate the charac-
teristics of the system, if the gimbal hinge is blocked. This can be modelled by a torsion

spring As at the hinge. Hence, the total strain energy is:

3 2 2 2 2
V/mL = 1/2 [A1@1 + A2(O2-04) + AO35 « A4®4] (4.7)
Where:

Az = 0 : Original system.
As > 0 : Blocked gimbal hinge.

Generalized exciting forces:

After the pitching maneuver has finished, we do not consider any exciting forces.
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Generalized damping forces:

We obtain a simple open loop damping, if the servo motor works on short circuit. Vibrati-
onal system energy will be transferred into electrical energy, which will be converted into
heat. The motor torque can be assumed to be proportional to the angular velocity 05,

which implies viscous damping. The corresponding dissipative function is:

-2
F=1/2D O (4.8)

Where D is a real constant. D = 0 means no damping and D > 0 means positive damping.

Thus we obtain the generalized damping force:

OF /0@ » D@4 (4.9)
Partial derivatives:
Analogous to the third section, we evaluate the partial derivatives of the total kinetic

energy and the total strain energy.

The partial derivatives of the total kinetic energy are:

d/dt (dT/909) 2C10s + (C7 + Cs +» Co)®2 « (Cwo + Cn)O3 + CrO: (4.10.1)

d/dt (GT/c)éz) (C7 + Cs + Cg)é1 + 2(C2 + C3 + C4)é2 + (Cn + Cu + C1s)é'3 + (4.10.2)

+

(Cw + C17)é4

d/dt(dT/003) = (Cwo + C)O1 + (Cn + Cu + Cs)O2 + 2Cs@3 + CwO. (4.10.3)

d/dt (aT/c)é)4) Cwé1 + (Cwu « C17)é2 + Cwé'a *2Csé4 (4.10.4)

OT/d01 = OT/3@2 = JdT/305 = 9T/9@. =0 ' (4.11)



The partial derivatives of the total strain energy are:

OV/3dB1 = (A1 + A2)O1 - A20: (4.12.1)
oV/002 = -A204 + A20: (4.12.2)
oV/903 = A30O; (4.12.3)
0V/904 = A.O. (4.12.4)

System of differential equations:

The system of Lagrange differential equations for linea conservative problems is denoted by:

d/dt(dT/90) +« dV/d®, + OF/00, - 0 i=1.2, ..4 (4.13)

Or in matrix notation:

MO . CO . KO - 0 (4.14)

Where M, C, K are constant 4 x 4 system matrices.

Introducing the partial derivatives (4.9) - (4.12) into eqs. (4.13) and ordering to the

configuration vectors, leads to the constant system matrices.



MASS MATRIX :

2Cs C7+Ce+Co
Z(Cz +Cs+ CA)
M -
symmetric
STIFFNESS MATRIX:
A+ Az -A2
A-
K -
symraetric
STRUCTURAL DAMPING MATRIX:
0 0
0

symmetric

- T9 -

Cw+Cn Cx
Cu+Cu+Css | Ce+Cr
2Cs Cis

2Ce
-
0 0
0 0
As 0
As
0 0 )
0 0
D 0
0

(4.15)

(4.16)

(4.17)
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4.3 EIGENVALUE ANALYSIS:

We transform the system of second order differential equations (4.14) into a system of first order

differential equations. First, we extend the system of second order differential equations:

MO - M8 - o

(4.18)
MO . C6 . kKO - 0
The reader can verify easily. that equation system (4.18) is equal to:
M 0 e 0 M e
0 M 6 B K -C é
(4.19)
or: Az - Bz
Where we replace the vectors and matrices by new variables A, B, z :
Az - Bz (4.19)
Eq.(4.19) is a system of first order differential equations.
z is the new (8 x 1) configuration vector and A .B are the corresponding
(8 x 8) system matrices:
e M 0 0 M
z - . A - B - (4.20)
e o M -K -C
Applying the Euler approach, a general solution of this system of first order differential
equations is:
z(t) - ce M (4.21.1)

z (1) - Aceht
= az (1) {(4.21.2)
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Where X\ is a complex eigenvalue, and ¢ is a (8 x 1) vector of real constants.

Introducing eq. (4.21.2) into the system of differential equations:
MAz - Bz (4.22)
Yields to the system of charcteristic equations of the particular eigenvalue problem:
(A7'B -X«E)z =0 (4.23)

Since we seek nontrivial solutions of eq.(4.23), the coefficient determinat must be

equal to zero. Thus, the eigenvalues A« are the roots of:
det[A7'B -A«E] -0 (4.24)

Where E - (8 x 8) unity matrix, and k = 1, 2, .. 8 .

The corresponding eigenvectors ®« are defined by:

(A7'B -\E)®« - O (4.25)

Physical interpretation of eigenvalues and eigenvectors:

A solution of the first order differential equation is:

Z=Ce At (4.21.1)

We separate the real and the imaginary part of the eigenvalue:

A=0 + i

zZ-c (eot elﬁ)t)

= cem(cos ot + isinwt)

- ce% cos(ot - ¢) (4.26)
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From eq.(4.26). we see:

The imaginary part &« of the eigenvalue Ax is equal to the (damped) natural frequency of the
k-th mode in rad/sec.

The real part ox of the eigenvalue A« describes the damping of the k-th mode. Thus we

have:

6 = 0 : constant amplitudes = undamped vibration.
0 < 0 : decreasing amplitudes = damped vibration.

6 > 0 : increasing amplitudes « unstable system.

The eigenvector ®« is a solution of the system of differential equations, corresponding to

the eigenvalue A«. Since the (8x1) configuration vector is:

z - [GT éT]T

The first 4 elements of the eigenvector denote the displacements ©i, and the last 4 elements

denote the corresponding wvelocities 0.

The k-th eigenvector describes the displacements and velocities of the k-th mode. All linear
combinations of the eigenvectors are also a solution of the system of differential equations

(modal analysis).



- 83 -

4.4 NUMERICAL RESULTS

44.1 Time histories of displacements

The time histories of the generalized coordinates ©: were studied for the first

5 minutes, after the pitching maneuver of section 3 has finished. We use the program
"IVP-C”, which is derived from the program "IVP", solving an initial value problem.
Since the system matrices are constant, "IVP-C” evaluates and inverts the system matrices
only once. This speeds up the computational time significantly. (In case of the pitching ma-
neuver, it was necessary to evaluate the systemm matrices for each iteration step, because

the geometry was continously changing during the maneuver).

In investigating the principal effects of slight modifications of the system, we consider 3

cases:

Case 1: No constraint at the gimbal hinge. The system is equal to the system of section 3.

Case 2: Gimbal hinge blocked by a brake, or accidential blocking, which is simulated by

a torsion spring As at the gimbal hinge. As an example, we choose As equal to As:

A3 = he = T.1442E 4 Nm/rad

Case 3: Servo motor on short circuit. This case also simulates friction at the gimbal hinge,
caused by the gearing of the servo motor. As an example, we consider a maximum

gimbal torque of 2.5 Nm, which requires a damping constant:

D = 2.0E 3 Nm/rad sec



CASE 1 :

Diagram
Diagram
Diagram
Diagram

CASE 2 :

Diagram
Diagram
Diagram

Diagram

CASE 3:

Diagram
Diagram
Diagram
Diagram
Diagram
Diagram
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A =0, damping = O

4.1 : O:(t)
4.2 : ©:(1)
4.3 : 03(1)
4.4 : 0. (1)

A3 = A+, damping = O
45 01(1)
4.6 : ©2(t)
4.7 : o5(t)
4.8 : O.(1)

A3+ 0, damping > O
4.9 : ©.(1)
4.10 : O:(t)
4.11 : 0:(1)
4.12 : O.(t)
413 Total system energy.
4.14 Gymbal torque.

Evalution of results:

Case 1: The missing constraint at the gimbal hinge causes a free drift of the pitch angle.

Case 2: The blocked gimbal hinge has a great influence to the vibrational characteristics

Case 3:

of the system.

Friction at the gimbal hinge, damps out higher frequencies more effectively than
lower frequencies. Because of the missing constraint, the pitch angle converges to

a position, which is not necessarily the desired position.
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4.4.2 Eigenvalues and eigenvectors

Eigenvalues and eigenvectors are evaluated by the program "EIGEN", using the system
matrices (4.18) - (4.17).

For each configuration (except case 3, first mode), we obtain pairs of complex conjugate
eigenvalues. Each pair of eigenvalues describes one mode. Thus, the first 4 modes of the
system are described. The magnitudes of the imaginary parts are equal to the natural fre-
quency of the k-th mode. It is characteristic, that in case of As = 0 , the natural frequency
of the first mode is equal to zero, which means that this mode is a rigid body mode. Since
in the case of As > O the system gets more stiff, the natural frequencies are shifted to-
wards higher frequencies. For the undamped cortfigurations. the real parts of the eigenva-

lues are equal to zero, which means constant amplitudes for all oscillations.

In case of the damped configuration, all real parts of existing modes are naturally negati-
ve. The natural frequencies are slightly smaller, as for the undamped configuration. Like in
the first case, the first natural frequency does not exist and the real parts of the eigenva-

lues of the first mode have no physical meaning exg#ept a rigid body mode.

COMPLEX EIGENVALUES

Case 1 Case 2 Case 3

A3 = 0, damping = O A3 = A« , damping = O A3 = 0 , damping > O
1. MODE 0.000E 0 + i O.000E O 0.000E O + i 0.398E O 0.000E 0 + i 0.000E O
I 0.000E 0 +« i 0.000E O O0Q00E O - i 0398EO0 | -0.589E-1 + i 0.000E O
2. MODE 0.000E 0 + i 0490E O 0.000E 0 + i 0812E O -0.T48E-2 + i 0490E ©
0.000E 0 - i 0490E O 0000E O - 1 0812E O -0.T48E-2 - 1 0490E O
3. MODE 0.000E 0 + i 1417TE O O.000E O + i 1480E O} -0.108E-1 + i 141TE O
I 0.000E 0 - i 141TE O 0.000E 0 - i 1.480E O -0.105E-1 - i 141TE O
4. MODE 0.000E 0 + 1 9QQ36E O 0.000E 0 + i 1.207TE 1 -0.622E 0 + i 9913E ©
I 0.000E 0 - i 9.936E OJ QO000E 0 - i 1.20TE 1 | -0622E 0 - 1 9Q13E O




EIGENVALUES IN COMPLEX PLANE

CASE 1

®
-

1. mode

v

I Re

2. mode

In

v

3. mode

4. mode
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CASE 2

In
'S

1. mode

A 4

v

Re

3. mode

4. mode

-

Re

CASE 3

b

1. mode

In

L

2. mode

3. mode

4. mode

L 4
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NATURAL FREQUENCIES

| |
Case 1 Case 2 Case 3
A3 = 0 , damping = 0 X3 = A+, damping = 0 As = 0 , damping > 0
W« [rad/sec]  wk [1/sec] o« [rad/sec] w« [1/sec] W« [rad/sec]  w« [1/sec]

.
1. MODE 0.0000 0.0000 0.3979 0.0633 0.0000 0.0000
2. MODE 0.4903 0.0780 0.8120 0.1292 0.4902 0.0780
3. MCDE 1.4172 0.2256 1.4803 0.2356 14172 0.2256
4. MODE 9.9362 1.5814 12.0785 1.9218 29126 1.8776
Eigenvectors:

For each mode, we evaluate the corresponding eigenvector, which shows us the mode shape.
The first 4 elements of the eigenvector denote the displacements and the last 4 elements

denote the wvelocities.

We see, that in case of no damping, the phase lag between the displacements is equal to

zero and the phase lag between the displacements and the velocities is 90°.

In case of damped vibration, the phase lag between the displacements is non zero. Thus

the mode shape can not be depicted, like for the undamped cases.
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COMPLEX EIGENVECTORS

Case 1 Case 2 Case 3 I
Az = O , damping = O A3 = A+ , damping = O Xz = 0 , damping > 0
1. MODE 0.000E O + i 0.000E 0 0492E O +« i 0.000E O 0.000E O + i 0.TOTE-5 l
0.000E 0 +« i O.00CE O 1.000E O + i 0.000E O O0.060E 0 + i 0.321E-5
displacements |
1.000E O + i 0.000E O 0498E O + i 0.000E O 1.000E O + i 0.985E-3
0.000E 0 + i 0.000E O 0.208E O « i 0.000E O 0.000E O - i 0.266E-2
0.000E 0 + i 0.000E O 0.000E 0 « i 0.212E O 0.000E 0 + i 0.1T1E-2 l
O0.000E O « i O.000E O OO000E O +« i 0431E 0 0.000E O + i 0951E-4
velocities 0.000E O « i 0.000E O § O0.000E O « i 0.214E 0 | 0.000E 0 - i 0.436E 0 I
0.000E O + i 0.000E O 0.000E O + i 0.899E O OO00CE O + i 1.000E O
]
i
l2. MODE 0.928E-1 +«+ i O.O00E O O0.000E 0 - i 0.188E 0 0.116E-1 - i 047T6E-3
-0.210E 0 + 1 0. O0QE © 0.00CE 0 + i 0.182E 0 0.230E-1 - i 0.T2TE-3
displacements
1.000E O + i 0.000E 0 0.000E 0 - i 0.886E 0 0.000E O « i 1.000E O
0.10TE 0 « i 0O.000E O 0.000E O - i 0.3T4E © 0.857T8E-2 - i O.TO5E © I
1
0.000E 0 - i 0455E-1 0.176E 0 + i 0.000E O -0.454E-1 + i 0.280E-4
0.0C0E 0 - i 0.103E 0 0.1T1E 0 + i 0.000E O ~-0.103E 0 + i 0428E-4
velocities I
0.000E 0 - i 0492E O 1.000E 0 + i 0.000E O 04%91E O - i 0.589E-1
0.000E O - i 0.524E-3 C422E 0 + i O.000E O 0435E 0 + i 0415E-4 I
3. MODE 0.000E O « i Q.189E © O.000E 0 + i 0.625E-1 0.189E 0 - i 0923E O
0.000E 0 - i 0439E-1 O.0C0E O + i 0.214E-2 -043%E-1 - i 0.210E O I
displacements
0.000E O - i 0.699E O O0O000E 0 - i 08522E 0 -0.7T00E 0 « i 1.000E ©
0.000E 0 - i 0.124E-1 0.000E O - i 0.236E 0 -0.124E-1 + i OQT8E 3 |
-0.228E 0 + i 0.000E © 0.120E 0 + i 0.000E O 0.927TE-2 - i 0.500E-2
0.628E-1 +«+ 1 0.000E O -0410E-2 + i 0.000E O -0.838E-2 - i 0Q9T2E-2 |
velocities .
1.000E O +« i 0.000E © 1.000E 0 « i 0.000E O 0.000E 0 - i 0.T48E-2
0.1TTE-1 + i O.000E O 0481E O +« i 0.000E © 0.169E 0 - i 0.284E-2
4. MODE Q000E 0 - i 0.112E-3 0.C00E O - i 0.123E-3 J-0.112E-3 + i 0.T66E-2
O0000E O - i 0.610E-5 0. 000E O - i 0.119E-4 -0.636E-5 - i 0408E-2
displacements
0.000E O + i 0.285E-1 O.000E O + i 0.268E-1 0.285E-1 - i 0.514E-2
O000E O - i 0.684E-1 0.000E O - i 0.899E-1 0.654E-1 « i O.11TE-1
0.1T1E-2 « i 0.000E O 0.206E-2 - i 0.000E © 0.178E-3 - i 0.228E O
0.933E-4 + i 0.000E O 0.198E-3 + i 0.000E O 0529E-4 + 1 0.62TE-1 I
velocities )
-0436E 0 «+ 1 QO00E O -0442E 0 + i 0.000E O -0.2T2E 0 - i 1.000E O
1.000E 0 + i 0.000E O 1.000E 0 + i O.000E O 0.000E O + i O0.1T6E-1 |
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MODE SHAPES , CASE 1 : As = 0, damping = 0

CCTTLNTNR™
TiT g 0004 4701
1. MODE w1 = O 2. MODE w2 = 0.078 Hz
b
NAY

3. MODE s = 0.226 Hz 4. MODE w« = 1.681 Hz
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MODE SHAPES . CASE 2 : A3 * A+, damping = O

N~

1. MODE 1 = 0.063 2. MODE w2 = 0.129 Hz

m?ctvv

3. MODE ws = 0.236 Hz 4. MODE w« = 1.922 Hz
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CLOSED LOOP FEEDBACK CONTROL

8.1 INTRODUCTION

After the pitching maneuver has finished, residual oscillations caused by the maneuver
must be damped out as quickly as possible. To fulfil this demand, active damping by the
gimbal servo motor is used. Therefore we consider closed loop feedback control, feeding
back the systems displacements and velocities. A transfer function determines the corre-
sponding servo motor torque from measured displacements and velocities. Finding the
transfer function can be solved in terms of eigenvalue optimization, for which we apply an

approach of Bodden and Junkins (ref. 2).
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8.2 EIGENVALUE OPTIMIZATION ALGORITHMS
Parameterization of the controlled system’s eigenvaluss and eigenvectors:
We consider the system of differential equations for closed loop feedback control:
Mx + Cx + Kx - Bu (5.1)
M * n x n symmetric positiv definite mass matrix.
C - n x n symmetric positive semidefinite structural damping matrix.
K = n x n symmetric semidefinite stiffness matrix.
B » n x m control influence matrix.
X = n x 1 configuration vector.

u-:=m x 1 control vector.

For linear output feedback control, the local position, velocity and acceleration

measurements are denoted by:

y+ = Hix y2 = H.x Yy 3= Hs.x. (5.2)

which represent the linear relationship of the locally measured position yi velocity ya.

and acceleration ys, where:

y+ = m+ X 1 vector H+ = m+ x n matrix
y2 = m2 x 1 wvector H: » m2 x n matrix
y: = m3 x 1 vector Hs = ms x n matrix

We seek the constant gain matrices G1. G2, and Gi so that:

u - -(G1Y1 + Gay2 + Gay2) ' (5.3)
» -G+Hix -G:H2x -GsHax

Introducing eq. (5.3) into eq. (5.1), the system of differential equations for closed loop

feedback control can be written as:



- 107 -

Mx - Cx +Kx -0 (5.4)

Where the closed loop system matrices are defined as:

M-M + BG:H; C-C + BG:H: K -X + BG:H: (5.5)

We introduce the notations:

M - M(a) C - C(a) K - K(a)
B - B(o) H: - Hi(b) G- Gn(g) i=1,2,3

(8.6)

Where & is a vector of the geometric snd structural parameters of the model, b is a vector
of sensor location parameters, ¢ is a vector of the actuator type and location parameters.
and g is a vector of the control gains. We define the N x 1 global structural and control

parameter vector as:

pr . (aTchTgT) (5.7)

It is apparent from eq. (5.5) that:

M - M(p) C - C(p) K - K(p) (5.8)

We consider the first-order state-space differential equation, which is equivalent to the

second -order closed-loop system of eq. (5.4) :

Az - Bz (5.9)
Where:
b 4 M O 4] M
z = A - — B-1 _ @ _ (5.10)
b 0 M -k -C

It is evident that:

A - A(p) B - B(p) (5.11)
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The left and the right eigenvector problems are:

left: MA'F, - B'YF, right: MA®, - BY, (6.12.L), (5.12R)

Where the conventional normalizations for the eigenvectors are adopted as:

?JTAQ| = 3y ‘F}TB $. - Nidy (5.13.1) . (5.13.2)
Since A+ A(p) and B - B(p) it seems natural to consider the eigenvalues {A1,. .. Azn)
and the eigenvectors {®1, Wi, . . . ®2.,%¥2s} to be functions of the parameter vector p:
A= )\i(p) P - Qa(p) ) 0 ?i(p) (5.14)

Except for occasional singular events (e.g. multiple eigenvalues, eigenvalues = 0) the nonlinear

functional dependence of eqs. (5.14) can be assumed as continuous.
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Minimum modification strategy for structural/controller design iterations:

Consider a constrained optimization problem wherein we seek the optimal value of the

parameter vector p that extremizes some performance measure:

J=T7 Oulp). . .. Aan(p). ®4(p). . .. ®au(p).p!}

Subject to the satisfaction of the N equality constraints:

o {A(p). . . . A(p), ®i(p). ... Pan(p).p) = 0 j= 1.2, .. Ny

And NB inequality constraints:

Bi < By {Xa(p). . . . Axn(p). Di«(p). ... Panlp).p} < B j= 1.2, ..

Bj = lower limit Bju = upper limit

Ng

(5.185)

(5.16)

(8.17)

Thus. the performance measure and constraints are defined in terms of the eigensolution,

but we also admit explicit dependence upon p to include, for example, structure and

control system criteria. Eqs. (8.18) - (5.17) define a nonlinear programming problem. One

iteration strategy confines local attention to only the locally violated inequality constraints

and all of the functions of egs. (5.18) & (5.16). Specifically. we can seek the smallest

correction vector Ap that achieves specified increments of AJ, Aay, AB; for a subset of the

functions of egs. (5.18) - (5.17). Linearizing these equations about a typical value p, re-

sults in:

Ay = 15 Ap

Where ¥ is the object vector:

Y- o, B)

(5.18)

(5.19)
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The quadratic correction norm for Ap is defined as:
N:=1/2Ap' W Ap (5.20)

Where W is a suitable weight matrix to highlight certain terms. Since eq. (5.18) constitu-
tes typically, a small number of equations for a large number of unknowns, we expect an
infinity of exact Ap solutions; some criterion must be introduced to select a particular
solution. Motivated by the desire to satisfy as nearly as possible, the implicit local linearity
assumption, we seek a "small Ap” solution. To mimimize the correction norm of Ap subject
to the linearized constrained equation(5.18), we multiply eq. (5.18) with the unknown La-
grange multiplier vector A and add eq. (5.20) to form the Homiltonian :

-
£(Ap) - 1/28p "W Ap + A AY -Lg—;lp Ap | (5.21)

We seek the mimimum of eq. (5.21). Differentiating with respect to Ap results in:

(0L/Ap) - (0L/Ap") - WApP - A 2—: ol 0 (5.22)
- =T
. 9y .
or: WAp 3 |, A 0
ﬂT
hence : Ap - W' _S)—Y—l A (5.23)
c)p pi

We introduce eq. {5.18) into eq. (5.23):

aY w'1 C)Y

—_ = A 8.24
op Ipi op |pi Y ( )

Eq. (5.24) is a linear, inhomogenous equation system. to determine the unknown Lagrange
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inultiplier vector A. The number of unknowns is equal to the number of equations. The

parameter vector Ap is subsequently determined by eq.(5.23).
Partial derivatives of closed loop eigenvalues with respect to structural and control parameters:

For the linearized constrained equation (5.18), we have to determine the sensitivity matrix:

oY
Op |pt

The object vector ¥ is a function of the eigenvalue vector A. whichis a function of

the parameter vector p:
Y- [ 2]
Differentiating with respect to p results in (chain rule):
(0y/9p) = (079X} (@AX/0p) (5.28)
The derivatives (0¥/JA) depend on the constrained functions of the specific problem. but
the derivatives (0A/Jp) can be solved generally. We consider the partial derivative
(0A«/9pL) for two typical elements Ak and p..
We use the definitions for the left and right eigenvalue problems:
MA'E, - B'Y, MA® - B, (5.12.1) , (5.12.R)
Where the conventional normalizations for the eigenvectors are:
T
AF A D= Ay ‘Y}TB@ = Xidy (5.13.1) . (5.13.2)

Equating eq. (5.13.1) to eq. (5.13.2) results in:

)u'FJTA = ‘F;TB (5.13)
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To obtain the partial derivatives (0Ax/0pi). we differentiate eq. (5.12.R) with respect to a
T
typical element p, and premultiply the result with ¥, :

%[ (00/0p0A®: + M[(3A/3p) @1 + Ad®w3p0] ] - /[ (9B/3p)®: « B(3®v3p)] (5.26)
(1 (2)

To eliminate the terms (1) & (2). we postmultiply eq. (5.13) with (0 ®:/dp.) :
MEFCA®/op) - ¥B (9®./3p)) (5.27)

And substitute term 1 of eq. (5.26) with the left hand side of eq. (5.27). We then see,

both terms 1&2 are equal and therefore cancel out, leaving the following equation:

¥/ [ (OA/3p)A @ + A (3A/0p)® | - ¥, (9B/0p) &, (5.26)
(3)

To eliminate term (3) of eq. (5.26), we multiply eq. (5.13.1) by (dX:1/dpL) to give:
T
Y. RO (0 )u/apx.) = 8y (a)\l/c)pL) (5.28)

And substitute term 3 with the right hand side of eq. (5.28) to give:

54 (OA/3py) + ¥ Mi(3A/3p)®: - ¥, (3B/3p)®: (5.26)
For i = j =k . eq (8.26) gives:

T
(3 xw/0pu) - ¥ (9B/3p) - Ak (9A/3pL) | @« (5.29)

Having solved for the closed loop eigenvalues A« and the left and the right hand eigen-

vectors, eq. (8.29) yields the first order eigenvalue A« sensitivities with respect to p,.
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8.3 EVALUATING THE CONTROL PARAMETERS FOR OPTIMAL ACTIVE DAMPING

We intend to damp out the structural vibrations of the antenna system, using the d.c. servo
motor. Consider linear displacement and velocity closed loop feedback, the motor torque
Q(1) is a linear function of the displacements (01 . ©2 . ©3 , ©) and the velocities

(©1. 02, 0, 0.

. 8
Q) - Q(e.8) - g 6 (5.30)

Where g is the constant 8 x 1 control parameter or gain vector described earlier. We will
apply the eigenvalue optimization algorithms, to evaluate the constants g, of the gain vec-

tor. As input parameters, we choose desired damping ratios for the first 4 modes.

The dimensionless damping ratio Bk, for the k-th mode, can be determined as a function of

the complex system eigenvalues:
Bk = Bx[Re(Ax). Im(X«)] (5.31)

The damping ratio on its own, does not specify a particular eigenvalue. Thus, we need the

damped natural frequency w as another parameter:

wk = Im(A«) (5.32)

® can be evaluated as a function of the undamped natural frequency wo and the damping

ratio:
2 2 2
wk = wok (1-B%) - (5.33)

The system parameters above define an (8 x 1) object vector Y. which con-

tains the damped natural frequencies and damping ratios for the first 4 modes:

Y*[&h,&)z.&h,&k,Bv.Bz,B3.B4]T (5-34)
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Parameterization of the closed loop feedback differential equation:
The system of differential equations for the closed loop feedback is denoted by eq. (5.1):
MXx + Cx + Kx - Bu (8.1)
We consider linear displacement and velocity feedback control:
yr - Hi® y> - H20 (5.2)
y: = mi x 1 feedback vector
Hi » mi x 4 feedback matrix
© - 4 x 1 configuration vector [@1 02 O3 (")4]T

(Angular displacements of the mast/antenna system).

We choose the feedback matrices as unity matrices:

1 0 0 0 100 0
g 1 0 O 0 1 0 o0
Hy - H- - (5.35)
0O 0 1 O ¢ 0 1t 0
0O 0 0 1 0 0 0 1
Introducing (5.35) into (5.2) leads to the feedback vectors:
01 O1
Q- 02
Yy - y: * . (5.36)
Os Os
®s | | 6.

The 8 x 1 control gain vector ¢ consists of the unknowns. The first 4 coefficients are
associated with displacement feedback, and the last 4 coefficients are associated with
velocity feedback, thus:

T
g- [g1 gz g3 g+ gs ge g7 ga] (8.37)

e 2}
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Since the servo motor torque is applied only to two adjacent links, the gain matrices for

displacement feedback (G+1) and velocity feedback (G2) must be (2 x 4) matrices:

G - G2 - (5.38)

The control vector is denoted by eq. (5.3):
u-= - I:G‘y1 + Gay2 « GsY:] (6.3)
Inroducing egs. (5.36)&(5.38) into eq.(5.3) yields the (2 x 1) control vector:

G101 + G202 + g303 + GuOus + gsOy + gs(':)z + gr@s « ge©.
u - . . . . (5.39)
g1@1 . ga@z - g3®3 + g4@4 + ,g5@1 * gs@z + 97@3 + ge®¢

The control influence matrix describes the application of the control torque to the system:

0 O

B - (5.40)
0 -1

0 0

We then obtain the right hand side of eq. (5.1) which is a (4 x 1) control vector:

0

g101 + @202 + g303 + guBs g5®1 + gs@z + g7€:)3 + gs@4
Bu - . . . . (58.41)
- @101 - 3202 - g303 - O« - gsO1 - ge®2 - 7O - geOu

0
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The matrices of conservative system are:

Mass matrix M -

Struct. damping matrix C -
(assumed zero)

Stiffness matrix K-

m#1 mIe

sym.

o O O o
o O © O

kn k2

o O O o

kae

The closed loop system matrices are denoted by eq. (5.5):

M:-M C:-C + BG:H:

Introducing egs. (5.35). (5.38). (5.40) and (5.42)-(5.44) into eq. (5.5) yields

the closed loop system matrices:

XK -K + BG:H:

(5.42)

(8.43)

(5.44)

(5.8)
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Closed loop system matrices:

mn mi2 mi3 mu
— m22 meas mas
M - (5.45)
Sym. mas 34
M4
L —

[0 0 0 0]
— -gs -gs -g7 -gs
C - (5.46)
gs gs gr gs
0 0] 0 0
[ i
kn ke 0 0
— ke-gt ko2-g2 -gs ~g+
K - (5471)
g g2 g3 g+
| © 0 0 ks |

The first order state space differential equation is denoted by egs. (5.9)& (5.10):

Az - Bz (5.9)
2] M 0 0 M
Z = . A - — B - — — (56.10)
(2] 0 M -K -C

Introducing eqgs. (5.42) and (5.45) - (5.47) into eq.(5.10) yields the (8 x 8) system

matrices of the first order differential equation system (5.9):



- 118 -

System matrices of first order differential equation system:

B mm mi ms M 0] 0 0 0 ]
ma1 me2 maz3 ma24 0 0 0 C
ms1 maz m3s 3+ 0 0 0] 0
Mt ma2 M4 s (4] 0 0 0
A - (5.48)
0 0 0 0 mu mre mi mu
0 0 0 0 ma1 ma2 mes3 Mo«
0 0 0] 0 ma1 ma2 ms3 M3+
0 o 0 o M4 ma2 M3 e
. -
0 0 0 0 mn me mu M
0 0 0 0 ma1 m22 ma3 Mo+
0 0 0 0 must M3z ma3 s
0 0 0 0 M M4z M43 M4t
B - (5.49)
-k -ke 0 0 0 0 0 0
-kreegr  -ka+ge gs g+ gs gs g7 gs
-gt g2 -g3 -g+ ~gs -gs -g7 -ge
L 0] 0 0] -k 0 0 0 0
The corresponding state vector is denoted by:
o, ]
@ 2
03
O.
Z = } (5.50)
O+
é) 2
é 3
H
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Eigenvalue and eigenvector problem:
The specific eigenvalue problem of the first order differential equation system (eq.(5.9)) is:
det[A"'B -A«E]-0 (5.51)
We obtain 4 complex and 4 complex conjugate eigenvalues (- 8 eigenvalues):
Ak = Re(Ak) (+/-)Im(A«) k=«<1,2 ..4 (8.82)
Concerning the eigenvalue optimization, the complex conjugate eigenvalues provide no further
information. Thus we consider only the eigenvalues with positive imaginary part, which can
be labeled according to the ordering:
Im(X1) < Im(A2) < Im(X3) < Im(Aa) (5.53)
The corresponding left and right eigenvectors are obtained from:
A Py = B'¥x AxA @« - B O« (6.12.1) , (5.12.R)

We use the conventional normalizations for the eigenvectors:

¥AD -5, ¥,'B® - LS, (5.13.1) . (5.13.2)
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Partial derivatives of the object vector ¥ with respect to gain vector g:

The sensitivity matrix is denoted by the 8 x 8 Jacobi matrix:

w1 0 w1
c)g1 c)gz
dw2 w2
g1 g2
dw3 ows
c)g1 (‘)gz
oW ows
ogt 2g:z
oY | .

g i 9B+ IB
g1 gz
dB2 B2
dg1 Jdg2
ﬁs dBs
9g+ dg2
0B« 0B«
dg1 dg2

The damped natural frequencies wk and the corresponding damping ratios B« in eq.(5.54) are
obtained from the eigenvalues A« (see eq. (5.33).(5.34)) :

wx = Im(Ax)

Bu = -Re(A«) / [ (Re(M))® + (m(O))?1"”

Since Ak = Ak(g). the partial derivatives of the damped natural frequencies with respect

to a typical element g. are:

SIAY)

ags

o2

dgs

oW

dgs

0B

B2
dgs

JdBs
dgs

0B«
dgs

k=1,2,..4

(5.55)

(5.56)

W2

dgs

dws

ogs

oW+

dgs

ogs

(5.54)
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K=1,2,..4
dwk/9gL = Im{dA/0gL) L-1,2,..8 (8.57)

The partial derivatives of the damping ratio B in eq.(5.54) with respect to a typical
element g, arefound from eq.(5.54):

3/2

(()Bk/()gJ = [ReK(ReK Re'kt + ImeIm'vl) - Re'xL(Rei + Imzx)] / (Rezx + Imzx) (5.58)

K=1,2,..4 L=1,2,...8
Where :
Rex = Re(X«k) Imk = Im(Ak)
Re'kL = Re(c))w/c)gn_) Im'k = Im(())\K/C)gL)

The partial derivatives of eigenvalues are denoted by eq.(5.29):
T
(32w/3p) = | (3B/dp) - Ax(9A/dpe) | B« (5.29)
Since the partial derivatives of Matrix A (eq.(5.48)) are equal to zero:
OA/dpL - O L-1.2....8 (5.59)
We can simplify eq. (8.29) to:

(3rk/3pL) = ¥« (OB/3pL) B« (5.60)
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Where the partial derivatives of the matrix B (eq.(5.49)) are constant matrices:

0 0 0 o 0 0 0 0
0 0 0 0] 0 0 0 0
0 0 0 0 0 . 0 0 0]
0 0 0] 0 0 0 0 0
d0B/Jp. - (5.61)

o 0 0 0 0 0 0 0
St dau San Sar dst dst a7 Sav

- dn - 82 - daL - da - dst - oL - dn - deu
0 o 0 0 0 0 0 0

L=1.2,..8 34 = Kronecker delta

Iteration procedure :
For each iteration step, we have to solve the linear, real. inhomogenous equation system, to

obtain the 8 x 1 Lagrange multiplier vector A (eq. (5.24)):

R w' ooy A - Ay (5.24)
(‘)g gL c)g’ gu

We choose the weigting matrix W as the 8 x 8 unity Matrix:

W:E (5.60)
Thus we can write eq. (5.24):
T
Y oY A = Ay (5.61)
c)g' gL c)g’ gL

Where Ay is a “small change” of the object vector, and A is obtained by solving
eq.(5.24) The corresponding change of the gain vector is obtained from eq. (5.23):

T

oY
Ag 5a | A (5.23)
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Finally, we evaluate the new gain vector, for the next iteration step:
gncw = gold + Ag (5.63)
From eq. (§.61), we see, that the solution for a desired object vector Yobe is obtained in

terms of small changes AY. Thus, we need a sequence of local object vectors ¥ leading

from an initial object vector Yo to the final object vector ¥n = Yobject. Where:
Ay = Yier - ¥ (5.64)

The sequence of local object vectors can be denoted by descrete values of a step parameter o:
Yi = v (o) 0 <a =<1

As an example, one can choose the step parameter o = 0.1, 0.2, ... 1.

We set the damping ratios of the initial object vector equal to zero. Thus the damping

ratios for the k-th mode are:
Bk,i = o Bu,object 0 <a =<1 (5.65)
And the corresponding damped natural frequencies are denoted by:

172

wk, = Im(k.0) (1 - BKZ,I) (5.66)

Where Ak.o is the eigenvalue of the k-th mode of the undamped system.
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8.4 PROGRAM FOR EIGENVALUE OPTIMIZATION:

Program "EIGOP” applies the eigenvalue optimization approach. which is described above.
It evaluates the corresponding gain vector for given damping ratios for the first 4 modes

{object vector).

It is the task of the user, to choose a reasonable number of intermediate steps.
Too few steps might cause no convergence. and too many steps

takes a long calculating time. Typically, the number of intermediate steps is
between 10 and 30.

The user has the opportunity to set an initial gain vector. It would speed up the iteration

process, if a gain vector is known, which approximately satisfies the desired object vector.

Caution:
To set an initial gain vector which is equal to zero, causes a singularity. (Reason: The
missing constraint at gymbal hinge of the uncontrolled system). Thus, it is necessary to

choose at least:
T
Gwas [0 .0, 0001 .0.,0.0,0,0] (5.67)
The program is structured for high flexibility. Thus it might not only be used for this

particular problem, but also used as a basic program for different eigenvalue optimization

applications.
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~ Floating chart of subroutines and functions of the program “EIGOP"

3ub. CONSTANTS

Evaluate constants of conservative system

mass matrix and stiffness matrix.

l

Sub. INTINPUT

Interactive input of iteration parameters:
Initial gain vector g, desired object

vector Y, number of intermediate steps.

Sub. C-EIGENVALUE

Evaluate eigenvalues of

conservative system.
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1)

Sub. EIGENVALUE
Evaluate eigenvalues for current

gain vector g. (closed loop system)

Fct. CONTROL

Decide, whether iteration

should start/continue

or terminate.

Control = 1

Sub. EIGENVECTORS
Evaluate left and right eigenvectors for
current eigenvalues of controlled system.

Normalize eigenvectors.

i

Sub. DERIVATIVES

Evaluate partial derivatives (dAx/dgL).

1

Sub. SENSITIV
Evaluate partial derivatives (dvi/dgL)

for sensitivity matrix.

1

Sub GVEC

Evaluate new gain vector g.

Control = O
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Floating chart of the function CONTROL :

Y
Z1 > N CONTROL = 0 4 RETURN

O

EVALUATE STEP PARAMETER
o = a{Z)

]

EVALUATE LOCAL OBJECT VECTOR
AS A FUNCTION OF THE STEP PAR.
AND DESIRED OBJECT VECTOR

Yiocal = Y tocal ((x . Y object)

EVALUATE RESULTANT OBJECT

VECTOR AS A FUNCTION OF ACTUAL
CLOSED LOOP EIGENVALUES
Yresun = Tresui((k)

l

EVALUATE RELATIVE ERROR OF

THE RESULTANT OBJECT VECTOR
€ = E(Yresm."{loc.a)
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€ < Emax
Y I

FARRS VAREEE Zo <= Z2 + 1

Z2 <=0 *
Z2 < N2 ol
)
(2 ) /
Y

CONTROL = 1 CONTROL = 0

L

RETURN RETURN

The function "CONTROL" steers the iteration process.

The variable Z1 is needed to evaluate the local object vector. If the resultant object vector

is equal to the local object vector (within the demanded accuracy), Z1 will be increased by

1 and the succeeding local object vector will be calculated. N1 is the number of intermediate
steps, and is given by the user. If Z. exceeds N, the desired object vector is evaluated,
and the iteration terminates succesfully. '

The variable Z2 counts the number of iteration steps for each local object vector. If Na is

exceeded. then the process terminates without having gained the solution. (No convergence).

Control = O Stop the iteration.
Control = 1 Start/continue the iteration, seeking the solution for the local

object vector.
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8.8 NUMERICAL RESULTS
We use the program EIGOP’ to evaluate the corresponding gain vector for desired closed
loop damping via server motor.

The motor torque = control torque is denoted by eq. (5.30), which is a linear function of

displacements and velocities and the corresponding elements of the gain vector:

Q- g (5.30)

= g101 + g202 + g303 +guOs + gsé1 + gs@z + g7c:')3 + geés

In general we are allowed to demand arbitrary damping ratios. The damping is limited by
the maximum motor torque, which is +«/- 30Nm. We demand 10% damping for each of
the first 4 modes:

Bi= B2 =fP3=Be= 10% =B
Thus the desired object vector is:

T
Yowa = [0 @2 @ @ 0.1 01 0.1 0.1]

The corresponding damped natural frequencies are evaluated by the program. We choose

an initial gain vector (see eq. (5.67)):
g = [0 0 0002 0 0 0003 0.003 0]
And we choose 10 intermediate steps:

N:= 10
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The convergence of the iteration is excellent. Only 3 iterations are needed for each inter-
mediate step.

We obtain the final gain vector for 10% damping:

-9.0716 E-3
3.6000 E-3
2.0000 E-3
-2.3008 E-4
-6.4060 E-2
1.0892 E-2
2.7T535 E-3
1.6554 E-3

The time history of the angular displacements, the control torque and the total system
energy are plotted in the diagrams for the first 120 seconds. At t = 0 , the system has just
finished the open loop slewing maneuver from chapter 5.4, and it is switched to the closed

loop feedback damping maneuver.

Diagr. 5.1 Angular displacement ©4(t). B - 10%

Diagr. 5.2 Angular displacement ©2(t), B = 10%

Diagr. 5.3 Angular displacement ©s(t), B - 10%

Diagr. 5.4 Angular displacement ©.(t), B - 10%

Diagr. 5.5 Total sytern energy. B - 10%

Diagr. 5.6 Control torque of servo motor, B = 10%

We consider the amplitudes of the absolute angular displacement (diagr.5.5) in the begin-

ning of the damping maneuver and after 2 minutes:

O (t - 6sec) = 2350urad
O (t - 118sec) - 24 urad

After 2 minutes, the magnitude of structural vibrations has declined to approximately 1% of
the initial value.

The maximum magnitude of the control torque is 23 Nm, which is within the limits.
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6. CONCLUSIONS

The Lagrangian approach has been used to model a complex flexible antenna/
astro-mast system as a simpler alternative to that employed in ref. (2) where the
finite element model was used to formulate the system mass and stiffness matri-
ces. In order to keep the open and closed loop dynamic models to an reasonable
size an reduced model having four degrees of freedom was selected. This implied

that the higher modes of vibrational response were neglected. The aim of the re-

search was to investigate the possibility of using the d. c. servo motor in a closed
loop system so as to damp out the oscillations produced by the step function motor
torque required for acceleration and deceleration. It is considered to be a justify-
able simplification in restricting the model to four degrees of freedom since the
main aim was not to model the very small amplitude oscillations in the higher
modes but to obtain a simple model for the purpose of designing an effective
feedback control system which would damp out the residual oscillations at the

end of the maneuver in a specific time.

The Lagrangian method was applied yielding a set of non-linear equations having
time varying mass matrix arising from the large angle ©s3. The reduced dynamic
model is of practical use in verifying the control system design and obtaining the
maximum dynamic response during the maneuver. The maximum bending moment
in the astro-mast is also of interest to the mast designer and is easily obtained
using the stiffness of the torsion spring at the mast/shuttle interface and the

angle ©O;1.

During the maneuver the equations of motion were highly nonlinear and hence no
true modes of vibration of the system are present, however if the angle ©s changes
slowly due to the small servo motor torque, then for small increments of time the
system will be linear. Thus the system natural frequencies and mode shapes
during the maneuver phase are of general interest to the system ‘designer, even

though modal analysis is not used.
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It has has been demonstrated that by using state feedback in a closed loop system
the d. c. servo motor, whith was responsible for producing the system response, is
also able to effectively damp out the residual oscillations in about two minutes
without overloading the servo motor. Thus a complex system can be controlled and
its vibration level quickly reduced to zero using a single actuator provided the
state of the system can be measured at appropriate locations to obtain @, , with

i=1,2,3,4.

The main aim of the closed loop analysis was to obtain effective damping in the
four degrees of freedom. A study of the various methods of pole placement was
made and it was found that the eigenvalue optimization method of D. S. Bodden
and J. L. Junkins ref. (2) was a straight forward and computationally efficient
method of the determining syst'em feedback gains to provide specific damping.
The interesting thing is the verification that application of a contrel torque at a

single location is easily able to damp out all the modes of oscillation effectively.

The pitch maneuver was performed as an open loop operation because of the

occurence of motor saturation due to the high torques present., see ref. (4) and
ref. (2). Also it is not important to control the system during the maneuver but
only at the termination of the maneuver. Experiments on antenna maneuvers in
space are time consuming and effective damping of the systems oscillations are
essential to the accurate pointing of the antenna and the overall reduction in the

duration of a particular test series.

In order to simply the analysis it was assumed that the rotational inertia of the
shuttle was sufficenty great that rotation of the shuttle could be ignored. subse-
quent elementary calculation of the shuttle rotation due to the torque of the

astro-mast proved that this assumption was completely justified.
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Rotation of the shuttle, caused by vibrations of the antenna system:

This section shows that the assumption of zero shuttle rotation is justified.

Equilibrium of torque at the mast base:

. A
Is @s = - )\1 @1 sin wt
where:
Is = moment of inertia of shuttle

Qs - rotary displacement of shuttle

A
O - amplitude of displacement
Integrating yields the rotary displacement of the shuttle:
A
1.0, = (k1@1/ﬁ)2) sin wt

The amplitude of displacement is obtained for sinwt = 1 :

A

A
@s = )\1@1/15&)2
where:

w=21n/T

A
From diagram 3.1, we read for t > T2 : T » 10.8sec and ©1 = 212 urad.
The moment of inertia of the shuttle is Iy, - 8.9134 E6 kgm?®. Thus we obtain the

amplitude of rotary displacement of the shuttle:

A
©, - 131yrad = 0.0075°

which shows that the maximum rotation of the shuttle is extremely small.
The maximum bending moment at the mast base is approximately 400 Nm. This obtained

from M = ,\19](max).
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APPENDIX C : OBTAINING FEEDBACK SIGNALS

In section (5) we require feedback signals:

8 - [0 @ o @)‘]T

The displacements of the Lagrangian coordinates of the dynamic model are proportional to

the angular accelerations:
8- [6: 6: 6 6.]

Accelerations can be measured by accelerometers, mounted on the astro-mast. To obtain the
corresponding values of 9 we have to transform the signals, obtained from the real
systerm.

As an example we determine ©1 and ©: of the mast dynamic model. Therefore we place
two accelerometers on the astro-mast. We choose places, which are equally defined for the
real system and for the model. The first accelerometer is placed of course at the top of
the mast, and the second one is placed at the crossover point of the second mode shape,

which is equal for the real system and for the dynamic model (see section 2).

1. accelerometer

2. accelerometer A

real system dynamic model
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We neglect vertical motion. Thus the acceleration at the top is:

X1 = (d®/dt?) (O+L1 + O2L2)
X1 = é1L1 + ész

The corresponding acceleration at the crossover point is:

X2 = (:)11'_1 + (:)z(kL - L)
L = Li+ L2

Where X1 and X2 are measured from the real system by filtering out the higher modes.

©+ and ©: are obtained by solving the system of linear equations:

L4 L2 é1 X1
L KL - L 0. X2
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APPENDIX D: SOURCE CODE OF PROGRAMS

This appendix contains the source code of the programs, which were developped for this
thesis. All programs are written in FORTRAN 77, but input/output routines may be diffe-

rent, since they depend on the machine.

IVP: 145

Initial Value Problem, computes the time histories of the Lagrangian coordinates for

the pitch maneuver of section (3).Open loop.

IVPC: 155
Initial Value Problem Constant, computes the time histories like IVP, but for constant

pitch angle. Open loop or closed loop. Section (4).

EIGEN: 167
EIGENvalues and Eigenvectors for constant pitch angle. Open loop or closed loop.

Section (4).

EIGOP: 173
ElGenvalue OPtimization, computes the control gain vector for closed loop feedback.

Section (5).

G-FORCES: 192
Gimbal FORCES, computes forces and bending momerts for pitching maneuver for

rigid system. Section(3).

Subroutines taken from the mathematical software library University Aachen/Germany,

which are needed for the programs above:

Inverse of a real matrix: 195
Eigenvalues and eigenvectors: 199
Initial value problem: 217

Solving systems of real linear equation systems: 228
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PROGRAM IVP

(2322233322

COMPUTES DISPLACEMENTS AND VELOCITIES FOR OPEN LOOP PITCHING MANEUVER.
REQUIRES SUBROUTINES FOR INITIALVALUE PROBLEMS AND INVERTING OF REAL

MATRICES.
PROGRAM IVP

C 12333223223

C DECLARE PROGRAM SPECIFIC VARIABLES:

C ___________________________________

C N: ANZAHL DER GLEICHUNGEN

C M: ANZAHL DER STUTZSTELLEN DER LOSUNGSFUNKTION
EXTERNAL DGL

INTEGER N,M, INDEX, IFMAX, IFANZ, IFEHL K
REAL XA,XE,XK,HK, XENDE, EPSABS, EPSREL
PARAMETER (N=8,4=300)

REAL YK(1:N),A(1:N+2,0:M)

CHARACTER NAMEs7

DECLARE PROBLEM SPECIFIC VARIABLES:

REAL LM1,LM2,LM3,1M4,TO,ALPHA
COMMON/CONST/C1,C2,C3,C4,C5,C6,C7,C8,C9,C10,C11,C12,C13,
1 C14,C15,C16,C17,C18,C19, 1M1, LM2,LM3,1M4, TO

CALL SUBROUTINES:

CALL EINGABE(N,XK,HKM, YK, INDEX, IFMAX,EPSABS,EPSREL, XA, XE, K, NAME)
HK=HKM

CALL FACT(N,ZXK, YK}

CALL TE(M,N,A,XK,YK)

CALL UEBERGABE(N,M,XK,YK,A HK,IFANZ)

IF (ABS(XK/XE-1).LT.0.0001) THEN
CALL SPEICHERN(K,M,N,A,NAME)
GOTO 2
ELSE IF (IFEHL.NE.O) THEN
CALL FEHLER (IFEHL)
CALL SPEICHERN(K,M,N,A,NAME)
GOTO 2
ELSE
CALL ZIELVERT(XENDE,XA,XE,K)
HK=HKM
CALL AWP(XK, HK, YK, N, DGL, XENDE, EPSABS, EPSREL,
1 INDEX, IFMAX, IFANZ, IFEHL)
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CALL TE(M,N,A,XK,YK)
CALL UEBERGABE(N,M,XK,YK,A,HK, IFANZ)

ENDIF
GOTO 1

CONTINUE
END

SUBROUTINE FACT(N,XK,YK)

(2322322222222 2223223234

COMPUTE PROBLEM SPECIFC CONSTANTS

INTEGER N
REAL XK

REAL YK(1:N)

REAL LL,L0,L1,12,123,LA1, MM, M0, M3, M4, RR,LM1,LM2, LM3,1M4,TO, ALPHA
COMMON/CONST/C1,C2,C3,C4,C5,C6,C7,(8,C9,C10,C11,C12,C13,

C14,(C15,C16,C17,C18,C19,1M1,LM2, LM3,1M4, TO

DEFINE CONSTANTS:

LL=60.693
L0=3.15
L1=46.575
12-14.118
1.23=5.22
[A1=11.432
MM=15.931
M0=274.58
M3=59.453
M4=362. 522
RR=3.237

LM1=1.867E6

LM2=1.150E6
IM3=0.03E6

IM3=0.

LM4=0.071442E6

T0=0.

LM1=LM1/{MMsL1#+3)
LM2=1M2/(MMsLL2s3)
LM3=1M3/(MMsLL*43)
LM4=1M4/(MMsLLs+3)
TO=TO/ (MMsLL##3)
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COMPUTE CONSTANTS:
C1-RR*#3/(6+(RR+1)s+3)+RRs+2/{2¢(RR+1)##3)+(MO*sRRe+2)/
1 (MMsLL#2#(RR+1)%22)+(M3eL1#42) /{26MMeLL a3 )+ (MAsL12¢2)/
2 (2sMMsLLas3)
C2-=BR#+3/(6#(RR+1)#¢3)+(MO/{MMsLL) )#(1+(LO*(RR+1)/LL)##2)
2 +(M3/(2eMMeLLae3) ) s (L2#%2+123882) +(M4/(2¢MMa]123))
3 #(L2#22+123262+LA1#22+21,234LA1)
C3=(M3+L.2¢1.23) /(MMeLL#¢3)
C4={M4»(1241.23+12¢LA1) } / (MMsLL#+3)
C5={M3#L23%#2)/(2¢MMsLL##3 )+ (Md* (L23##2+LA1#424241.2321A1) )/
1 (2¢MMsLL*e3)
CE=(M4sLA1#22)/(2eMMeLL#+3)
C7=R/(2#(RR+1)##3)+(MO*R)/(MMsLL* (RR+1)%2)+(M3¢L14L2)/(MMeLL#+3)
1 +(M4sL1#L2)/(MMsLL*23)
C8=(M3+L1+L23)/(MMsLLx23)
C9=(M4#(L1+L23+L1sLA1) ) /(MMeLL##3)
C10=(M3#L151.23) / (MMs1L#+3)
C11=(M4#(L1+123+L1¢LA1) )/ (MMsLL#23)
C12={M4+L1+LAL )/ {MMeLL*+3)
C13=(M3¢L23)/(MMsLL*#3)+ (M4 (123#+2+LA1#42+2¢123¢LA1) ) /(MM¢LL*23)
C14=(M351L2+123) /{MMsLL##3)
C15=(M4#(12¢1.23+12¢LA1) ) / (MMsLL##3)
C16=(M4e(LAL1s22+1.23¢LA1) )/ (MMeLL*+3)
C17=(M4+L2¢LA1)/(MMsLL#23)
C18=(M4x(1A1#2+1,23¢LA1) ) /(MMsLL##3)

C19=(TOsMMeL.L*#3)/(1.23¢+2¢M3+{L23+LA1 ) £#24M4)

END

SUBROUTINE EINGABE(N,XK,HK,YK, INDEX, IFMAX,EPSABS,EPSREL, XA, XE,
1 K,NAME)
I T T T T Iy

INTERACTIVE INPUT

XK: START VALUE OF TIME VARIABLE

HK: PACE OF TIME VARIABLE FOR ITERATION

XENDE: FINAL VALUE OF TIME VARIABLE

EPSABS: ABSOLUTE ERROR

EPSREL: RELATIVE ERROR

INDEX: CHOICE OF ITERATION FORMULA 0 : RUNGE KUTTA

<> 0 : FORMULA OF ENGLAND

IFMAX: MAXIMUM NUMBER OF ITERATION STEPS
YK: SOLUTION VECTOR

INTEGER N,K, INDEX, IFMAX
REAL XA, XE,XK,HK,EPSABS, EPSREL



1000
1001
1002
1003
1004
1005

REAL YK(1:N)
CHARACTER NAME#7

EPSABS=0.0001
EPSREL=0
INDEX=1
IFMAX=5000

WRITE(+,1000)
WRITE{#,1001)
READ(#,#) XA, XE,K

WRITE(#,1002)
READ(+,#) YK

INITIAL SOLUTION VECTOR :

YK(1)=-155.481E-6
YK(2)=-281.0657E-6
YK(3)=1.56904
YK(4)=-645.777E-6
YK(5)=-11.9926E-6
YK(6)=-34.2818E-6
YK(7)=19731.44E-6
YK(8)=2696.293E-6

WRITE(#*,1003)
READ(+,+) HK
WRITE(*,1004)
READ(#,1005) NAME

XK=XA

END

SUBROUTINE ZIELWERT(XENDE,XA,XE,K)

1332222222222 22232223 2233232222222

EVALUATE NEV TIME VALUE

INTEGER K, I
REAL XA, XE, XENDE
SAVE I
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")

FORMAT(* INTERVAL AND NUMBER OF STEPS OF TIME VARIABLE')
FORMAT(" XK, XEND, N : ')

FORMAT(* INITIAL SOLUTION VECTOR YK(8 X 1):
FORMAT(" PACE OF TIME VARIABLE HK :
FORMAT(' NAME OF FILE FOR STORING RESULTS (MAX 7 CHARACT.):
FORMAT(A)

")

")
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I=1+1
XENDE=XA+FLOAT(I)#(XE-XA)/FLOAT(K)

END

SUBROUTINE UEBERGABE(N,M, XK, YK,A,HK, IFANZ)

(233223222222 2222222 2232233323233 223223223222 3

STORE DISCRETE RESULTS IN MATRIX

INTEGER N,M,I,IFANZ

REAL XK,HK

REAL YK(1:N),A(1:N+2,0:M)
SAVE I

Af1,1)=XK
D0 1,J-1,N,1
A(J+1,1)=1E6#YK(J)
CONTINUE
WRITE(#,#) I,IFANZ,A(1,1),A(4,1),A(10,1)
I=1+1

END

SUBROUTINE DGL(X,Y,N,F)

132233332222 2223233222232 34

DETERMINE FIRST ORDER STATE SPACE DIFFERENTIAL EQUATTION.

INTEGER N
REAL X
REAL Y(1:N),F{1:N)

INTEGER IFEHL,FLAG

REAL 51,52

REAL MM(1:4,1:4) MI(1:4,1:4),B(1:4)
INTEGER MX(1:4) MY(1:4)

REAL LM1,IM2,IM3,LM4,TO,ALPHA

REAL SH,SS,CH,CS,DH,DS

COMMON/CONST/C1,C2,(C3,C4,C5,C6,C7,(C8,(9,C10,C11,C12,C13,
C14,(C15,C16,C17,C18,C19, 1M1, LM2,LM3,1M4, TO

ACCELERATION:

ALPHA=0,5¢C19#X¢22
ALPHA_=C19¢X



Yy 3y O 2y O
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DECELERATION:
ALPHA0=0.785398
ALPHA_0=2.14801E-2
TIMEO=73.135
ALPHA=ALPHAO+ALPHA_O+#{X-TIMEOC)+0.5#C19#(X-TIMEQ)#*2
ALPHA_=ALPHA_0+C19+(X-TIMEO)

CONSTANT PITCH ANGLE:

ALPHA=1.57079633
ALPHA =0

SH=SIN(Y(2)+Y(3))
SS=SIN(Y(2)+Y(3)+Y(4))
CH=COS(Y(2)+Y(3))
CS=COS(Y(2)+Y(3)+Y(4))
DH=Y(6)+Y(7)
DS=Y(6)+Y(7)+Y(8)

MASS MATRIX:

MM(1,1)=2¢C1
MM(1,2)=C7+C8¢SH+C9%SS
MM(1,3)=C10+SH+C11#SS
MM(1,4)=C12+SS
MM(2,1)=-MM(1,2)
MM(2,2)=2#(C2+C3%SH+C425S)
MM(2,3)=C13+C14+SH+C15¢SS
MM(2,4)=C16+C17%5S
MM(3,1)=MM(1,3)
MM(3,2)=-MM(2,3)
MM(3,3)=2+C5

MM(3,4)=C18
MM(4,1)=MM(1,4)
MM(4,2)=MM(2,4)
MM(4,3)=MM(3,4)
MM(4,4)=2%C6

RIGHT HAND SIDE OF DIFFERENTIAL EQUATION:

B(1)=-DH#CH*{C8#Y(6)+C102Y(7))-DS*CS#(COsY(6)+C11#Y(7)+C12#Y(8))
-IM16Y(1)-IM2#(Y(1)-Y(2))

B(2)=-DHeCH* (C8+Y(5)+2¢C3+Y(6)+C14#Y(7))
-DS#CS*#(CO¢Y(5)+2+C4sY(6)+C15¢Y(7)+C174Y(8))
+CH# (C3#Y(6)#%2+CBY(5)2Y(6}+C10¢Y(5)#Y(7)+C14+Y(6)¢Y(7))
+CSe(C4eY(6)#42+CO¢Y(5)2Y(6)+C118Y(5)#Y(7)+C15¢Y(6)£Y(7)
+C17¢Y(6)#Y(8)+C12+Y(5)+Y(8))-LM2¢(Y(2)-Y{1))-TO
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B(3)=-DH+CHe (C10#Y(5)+C14#Y(6))-DSeCS#(C11#Y(5)+C15¢Y(6))

1 +CHe (C3¢Y(6)##2+4C8¢Y(5)#Y(6)+C108Y(5)2Y(7)+C14#Y(6)2Y(7))
2 +CS#(C4Y(6)##2+4CO+Y(5)#Y(6)+C118Y(5)*Y(7)+C12¢Y(5)+Y(8)

3 +C15¢Y(6)#Y(7)+C17+Y(6)+Y(8))-LM3#(Y(3)-ALPHA)+TO
B(4)=-DS#CS#(C12+Y(5)+C17+Y(6))

1 +CS#(C4aY(6)e22+COY(5) oY (6)+C118Y(5)#Y(7)+C12¢Y(5)£Y(8)

2 +C15¢Y(6) Y (7)+C17+Y(6)+Y{8))-LM4#Y(4)

INVERT MASS MATRIX:

CALL PIVOT(MM,4,4,MI,S1,52, IFEHL,MX, MY, VERT)

IF (IFEHL.EQ.2) THEN
WRITE(#,#)" MASSEN-MATRIX SINGULAR'
SToP
ENDIF
IF (S1.GT.0.001.0R.52.GT.0.001) THEN
WRITE(#,+)" INVERTIERUNG ZU UNGENAU
SUMME1=0
SUMME2=0
DO 1,1I-1,4
DO 2,J-1,4
SUMME1=SUMME1+ABS(MM(I,J))
SUMME2=SUMME2+ABS(MI(I,J))
CONTINUE
CONTINUE
WRITE(#,#)’ S1,52,SUMME MM, SUMME MI: °
WRITE(#,#)S1,52, SUMMEL, SUMME2
STOP
ENDIF

FIRST ORDER DIFFERENTIAL EQUATION IN STATE SPACE FORM:
F(1)=Y(5)

F(2)=Y(6)

F(3)=Y(7)

F(4)=Y(8)
F(5)=ML(1,1)+B(1)+MI(1,2)#B(2)+MI{1,3)¢B(3)+MI(1,4)+B(4)
F(6)=MI(2,1)+B(1)+MI(2,2)+B(2)+MI(2,3)*#B(3)+MI(2,4)#B(4)
F(7)=MI(3,1)+B(1)+MI(3,2)#B(2)+MI(3,3)#B(3)+ML(3,4)+B(4)
F(8)=MI(4,1)sB(1)+MI(4,2)+B(2)+MI(4,63)+B(3)+MI(4,4)+B(4)

END
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SUBROUTINE TE(M,N,A.X,YK)

1323322222 22222332232232224

COMPUTE TOTAL ENERGY:

INTEGER M.N

REAL MM,LL

REAL A{1:N+2,0:M),YK(1:N)

REAL LM1,1M2,LM3,1M4,TO, ALPHA, ALPHA_
COMMON/CONST/C1,C2,C3,C4,C5,C6,C7,C8,(9,C10,C11,C12,C13,

1 C14,C15,C16,C17,C18,C19,1M1,1M2, LM3,LM4, TO

SAVE 1
MM=15.931
LL=60.693

ACCELERATION:
ALPHA=0.5%#C19#X*%2
ALPHA_=C19+X

DECELERATION:

ALPHA0=0.785398

ALPHA_0=2.14801E-2

TIME0=73.135
ALPHA=ALPHAO+ALPHA_O#(X-TIMEO)+0.5#C19#(X-TIMEO)#+2
ALPHA_=ALPHA_0+C19#(X-TIMEO)

CONSTANT PITCH ANGLE:
ALPHA=1.57079633
ALPHA =0

Y1=YK(1)
Y2=YK(2)
Y3=YK(3)
Y4=YK(4)
Y5=YK(5)
Y6=YK(6)
Y7=YK(7)-ALPHA_
Y8=YK(8)

SH1=SIN(Y2+Y3)
SH2=SIN(Y2+Y3+Y4)
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A(10,1)=(C1Y5¢+2+(C2+C3sSH1+C4#SH2 ) ¢ Y6#42+C5¢ Y744 2+C64 Y8442
+(C7+C8+SH1+C9#SH2 ) # Y54 Y6+(C104SH1+C11#SH2 ) ¢ Y5#Y7
+C12#SH2¢Y5+Y8+(C13+C14#SH1+C15¢SH2 ) #Y64Y7
+(C16+C17#SH2 )+ Y6+ YB8+C18+Y7+Y8
+0.5% (LM1#Y1#82+4LM2# (Y2-Y1 ) ##2+LM3# (Y3-ALPHA ) ##2
+LMa#Y422) ) aMMeLL##3

o W DD =

WRITE(+,1000) A(10,1)
I=1+1

1000 FORMAT(' TOTAL ENERGY = ',E10.3)
END

SUBROUTINE SPEICHERN(K,M,N,A,NAME)

C LA AR i i s 2222222232222

¢ STORE RESULTS ON FILE.

INTEGER K,M,N

REAL A{1:N+2,0:M)

CHARACTER ORDNER#23,NAMEs7,NAMEXT+8,DATEI*35, TEXT1#7,
1 TEXT#19,EXT*1

ORDNER-= ' F : OPLOTFITUPLOTFIT . DAT{"
TEXT1="X-TEXT:"

DO 20,J=2,N+2,1
EXT=CHAR(J+63)
NAMEXT=EXT//NAME
DATEI=ORDNER/ /NAMEXT
TEXT=TEXT1//NAMEXT
OPEN(UNIT=1,FILE=DATEI, STATUS="UNKNOWN" )
WRITE(1,1004) TEXT
WRITE(1,1001)

Do 10,1=0,K,1
WRITE(1,+) A(1,1I),A(J,1I)
10 CONTINUE
WRITE(1,1002)
CLOSE (UNIT=1)
20 CONTINUE

1001 FORMAT('DATA: X,Y')
1002  FORMAT('END")
1004 FORMAT(A19)

END
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SUBROUTINE FEHLER(IFEHL)

(2222222222222 2222222223

ERROR INDICATOR.
INTEGER IFEHL

IF (IFEHL.EQ.0) THEN
WRITE(#,#)' VERFAHREN ERFOLGREICH'
ELSE IF (IFEHL.EQ.1) THEN
WRITE(#,#)" FEHLERSCHRANKEN ZU KLEIN'
ELSE IF (IFEHL.EQ.2) THEN
WRITE(#,+)' ANFANGSWERT <= ZIELWERT: XENDE (= XK'
ELSE IF (IFEHL.EQ.3) THEN
WRITE(#,#)’ SCHRITTWEITE HK <= 0’
ELSE IF (IFEHL.EQ.4) THEN
WRITE(#,s)' ANZAHL DER GLEICHUNGEN GRUBER ALS 20
ELSE IF (IFEHL.EQ.5) THEN
WRITE(#,#)’ ANZAHL DER ZULASSIGEN FUNKTIONSAUSWERTUNGEN NICHT”
WRITE(#,*)’ AUSREICHEND FUR GEFORDERTE GENAUIGKEIT'
ENDIF

END
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PROGRAM IVPC

(232223222224

COMPUTES DISPLACEMENTS AND VELOCITIES FOR FIXED PITCH ANGLE.
OPEN LOOP OR CLOSED LOOP FEEDBACK. REQUIRES SUBROUTINES FOR
INITIAL VALUE PROBLEMS AND INVERTING OF REAL MATRICES.

PROGRAM IVPC

C EEEEEERRERRS

PROGRAM SPECIFIC VARIABLES:

N: ANZAHL DER GLEICHUNGEN
M: ANZAHL DER STUTZSTELLEN DER LOSUNGSFUNKTION

NN

EXTERNAL DGL

INTEGER N,M, INDEX, IFMAX, IFANZ, IFEHL,K
REAL XA,XE,XK,HK, XENDE, EPSABS, EPSREL
PARAMETER (N=8,M=400)

REAL YK(1:N),A(1:N+3,0:M)

CHABRACTER NAMEs7

C PROBLEM SPECIFIC VARIABLES:

REAL MIK(4,4),MID(4,4),CONST(8)

REAL C1,C2,C3,C4,C5,C6,C7,C8,(C9,C10,C11,C12,C13,C14,C15,C16,

1 C17,C18,LM1,1M2,IM3,LM4, DF

COMMON/CONST /MIK,MID,C1,C2,C3,C4,C5,C6,C7,C8,C9,C10,C11,C12,C13,
1 C14,C15,C16,C17,C18,1M1 ,LM2,1M3,1LM4, DF

C CALL OF SUBROUTINES:

CALL EINGABE(N, XK, HKM,YK, INDEX, IFMAX,EPSABS, EPSREL, XA, XE,K,NAME)

HK=HKM

CALL CONSTANTS(N/2,CONST)

CALL TE(M,N,A,XK,YK)

CALL TORQUE(M,N,A,YK,CONST)

CALL UEBERGABE(N,M,XK,YK, A, UK, IFANZ)

1 IF (ABS(XK/XE-1).LT.0.0001) THEN
CALL SPEICHERN(K,M,N,A,NAME)
GOTO 2
ELSE IF (IFEHL.NE.O) THEN
CALL FEHLER (IFEHL)
CALL SPEICHERN(K,M,N,A NAME)
GOTO 2
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ELSE

CALL ZIELWERT(XENDE,XA,XE,K)

HK=HKM

CALL AWP(XK, HK, YK, N, DGL, XENDE, EPSABS, EPSREL,
1 INDEX, IFMAX, IFANZ, IFEHL)

CALL TE(M,N,A, XK,YK)

CALL TORQUE(M,N,A,YK,CONST)

CALL UEBERGABE(N,M,XK,YK,A, HK, IFANZ)

ENDIF
GOTO 1
2 CONTINUE
1000 FORMAT(A)
END

SUBROUTINE CONSTANTS(DIM,CONST)
C COMPUTE CLOSED LOOP SYSTEM MATRICES.

INTEGER DIM, IFEHL,FLAG,MX(4) MY(4)

REAL 51,52,FACT

REAL MM(4,4) MI(4,4),K(4,4),D(4,4),F1(4,4) F2(4,4), CONST(8)
REAL K _(4,4),D_(4,4) MIK(4,4) MID(4,4)

REAL LL,L0,11,12,123,LA1,MA, M0, M3, M4 ,RR, LM1,LM2,LM3,LM4, DF

REAL C1,C2,C3,C4,C5,C6,C7,C8,(9,C10,C11,C12,C13,C14,C15,C16,C17
1 C18

CHARACTER NAME#8

COMMON/CONST/MIK MID,C1,C2,C3,C4,C5,C6,C7,C8,C9,C10,C11,C12,C13
1 C14,C15,C16,C17,C18,1M1,LM2, 1M3, LM4, DF

C DEFINE PROBLEM SPECIFIC CONSTANTS:

LL=60.693
L0=3.15
L1=46.575
12=14.118
[23=5.22
LA1=11.432
MA=15.931
M0=274.58
M3=59.453
M4=362. 522
RR=3.237
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LM1=1.867E6

IM2=1.150E6

IM3=0.

LM4=0.071442E6
DF=2E3

LM1=LM1/(MA+LL*#3)
LM2=1M2/(MAsLL#+3)
IM3=-1M3/(MA+LL##3)
LM4=1M4/(MA+L1.*#+3)
DF=DF/(MA*LL#23)

COMPUTE PROBLEM SPECIFIC CONSTANTS:
C1=RR##3/(6#(RR+1)##3)+RR##2/(2#(RR+1)#+3)+(MO*RR¢+2)/

1 (MAsLL#2¢(RR+1)#%2)+(M3sL1#42)/(2eMAsLLa#3)+(M4sL,12%2)/

2 {2+¢MAsLL##3)
C2=RR*#3/(6#(RR+1)#+3)+(MO/(MASLL) )¢ (1+(LO*(RR+1)/LL)#+2)

2 +(M3/(2¢MAsLLe#3) ) (12¢%2+1.23%42)+(M4/(2¢MAsLL#23))

3 #(L2##2+123%#2+LA1##2+22[,23+LA1)
C3={M3+12¢L23)/(MAsLL*+3)
C4=(M4#(12¢L23+12¢LA1} }/ (MA*LL#43)

C5=(M3#L23##2) / (2sMAsLL*3 )+ (Me# (L23#+2+LA1##2+2¢123¢ A1) )/

1 (2sMAsLLss3)

C6={M4*LA1%42)/(2xMAsLL#+3)
C7=R/(2+(RR+1)##3)+(MOsR)/(MAsLL*(RR+1)#22)+(M3+L1sL2)/(MAsLL#*3)

1 +(M4«L1+L2)/(MAsLL*3)

C8={M3+L.1sL23)/(MAsLL#+3)
C9={M4#(L1+L23+L1#LA1) )} /(MA+LL##3)
C10=(M3¢L1+1.23)/(MAsLLs#3)
C11=(M4#(L1+L23+L1eLA1})/{MA*LL*+3)
C12=(M4+L12LA1)/(MAsLLs+3)
C13=(M3+L23)/(MAsLLs*3)+(Mdx(123¢+2+LA1#32+25L232LA1) ) /(MA#LL#23)
C14=(M3+L2+1.23) /{MAsLL##3)
C15={M4#(L2+123+1.2¢LA1) ) / (MA#LL#+3)
C16={M4#(LA1#22+123sLA1) )/ (MA#LL##3)
C17=(M4#1,2¢LA1)/(MA*LL##3)
C18=(M4#(LA1#£2+1.23¢LA1) )/ (MA*LL#¢3)



MASS MATRIX:
MM(1,1)=2+C1
MM(1,2)=C7+C8+C9
MM(1,3)=C10+C11
MM(1,4)=C12
MM(2,1)=MM(1,2)
MM(2,2)=2¢(C2+C3+C4)
MM(2,3)=C13+C14+C15
MM(2,4)=C16+C17
MM(3,1)=MM(1,3)
MM(3,2)=MM(2,3)
MM(3,3)=2¢C5
MM(3,4)=C18
MM(4,1)=MM(1,4)
MM(4,2)=MM(2,4)
MM(4,3)=MM(3,4)
MM(4,4)=2%C6

STIFFNESS MATRIX:
K(1,1)=LM1+LM2
K(1,2)=-1M2
K(1,3)=0
K(1,4)=0
K(2,1)=K(1,2)
K(2,2)=1M2
K(2,3)=0
K(2,4)=0
K(3,1)=K(1,3)
K(3,2)=K(2,3)
K(3,3)=LM3
K(3,4)=0
K(4,1)=K(1,4)
K(4,2)=K(2,4)
K(4,3)=K(3,4)
K(4,4)=1M4
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DAMPING MATRIX:
D(1,1)=0
D(1,2)=0
D(1,3)=0
D(1,4)=0
D(2,1)=D(1,2)
D(2,2)=0
D(2,3)=0
D(2,4)=0
D(3,1)=D(1,3)
D(3,2)=D(2,3)
D(3,3)=DF
D(3,4)=0
D(4,1)=D(1,4)
D(4,2)=D(2,4)
D(4,3)=D(3,4)
D(4,4)=0

INPUT OF PARAMETER VECTOR:
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WRITE(#,+)’ DATEINAME FUR PARAMETERVEKTOR:

READ(*,1000) NAME

OPEN(1,FILE="F:UPLOTFITUAWP. DATU’ / /NAME )

READ(1, « )CONST
CLOSE(1)

DO 5,N=1,4
CONST(N)=FACT+CONST(N)
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F1(2,1)=CONST(1)
F1(2,2)=CONST{2)
F1(2,3)=CONST(3)
F1(2,4)=CONST(4)
F1(3,1)=-CONST(1)
F1(3,2)=-CONST(2)
F1(3,3)=-CONST(3)
F1(3,4)=-CONST(4)

F2(2,1)=CONST(5)
F2(2,2)=CONST(6)
Fa(2,3)=CONST(7)
F2(2,4)=CONST(8)
F2(3,1)=-CONST(5)
F2(3,2)=-CONST(6)
F2(3,3)=-CONST(7)
F2(3,4)=-CONST{(8)

COMPUTE INVERSE MASS MATRIX:

CALL PIVOT(MM,DIM,DIM,MI,S1,52, IFEHL, MX, MY, VERT)

IF (IFEHL.EQ.2) THEN
WRITE(#,+)' MASSEN-MATRIX SINGULAR'
STOP
ENDIF
IF (51.GT.0.001.0R.S2.GT.0.001) THEN
WRITE(#,#)" INVERTIERUNG ZU UNGENAU’
SUMME1=0
SUMME2=0
DO 3,1=1,4
DO 4,J=1,4
SUMME1=SUMME1+ABS(MM(T, J))
SUMME2=SUMME2+ABS(MI(I,J))
CONTINUE
CONTINUE
WRITE(®,#)" S1,52,SUMME MM, SUMME MI: *
WRITE(#,#)51, 52, SUMMEL, SUMME2
STOP
ENDIF



25
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10

19
18
17
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COMPUTE CLOSED LOOP SYSTEM MATRICES:
DO 24,N-=1,DIM
DO 25,M=1,DIM
K_(N,M)=K(N,M)-F1(N,M)
D_(N,M)=D(N,M)-F2(N,M)
MIK(N,M)=0
MID(N,M)=0
CONTINUE
CONTINUE

PRODUCT OF INVERSE MASS MATRIX # STIFFNESS MATRIX:
DO 10,N=1,DIM
DO 11 M=1,DIM
DO 12,1=1,DIM
MIK(N,M)=MIK(N,M)+MI(N, I)¢K_(I,M)
CONTINUE
CONTINUE
CONTINUE

PRODUCT OF INVERSE MASS MATRIX = DAMPING MATRIX:
DO 17,N=1,DIM
DO 18 M=1,DIM
DO 19,1=1,DIM
MID(N,M)=MID(N,M)+MI(N,I)*D_(I M)
CONTINUE
CONTINUE
CONTINUE

1000 FORMAT (A)

[ B!

Yy O O2

END

SUBROUTINE EINGABE(N,XK,HK, YK, INDEX, IFMAX,EPSABS, EPSREL, XA, XE,
1 K, NAME)

L A s s 2223232232322 3 3223237233

INTERACTIVE INPUT

XK: START VALUE OF TIME VARIABLE

HK: PACE OF TIME VARIABLE FOR ITERATION
XENDE: FINAL VALUE OF TIME VARIABLE
EPSABS: ABSOLUTE ERROR

EPSREL: RELATIVE ERROR



2y Yy O2

1000
1001
1002
1003
1004
1005

FORMAT(
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INDEX: CHOICE OF ITERATION FORMULA 0 : RUNGE KUTTA
<» 0 : FORMULA OF ENGLAND

TFMAX: MAXIMUM NUMBER OF ITERATION STEPS
YK: SOLUTION VECTOR

INTEGER N,K, INDEX, IFMAX

REAL XA,XE,XK,HK,EPSABS, EPSREL
REAL YK(1:N)

CHARACTER NAMEs7

EPSABS=0.0001
EPSREL=0
INDEX=1
IFMAX=5000

VRITE(#,1000)
WRITE(#,1001)
READ(#*,+) XA,XE K

WRITE(*,1002)
READ(#, %} YK

INITTAL SOLUTION VECTOR :
YK(1)=-155.481E-6
YK(2)=-281.0657E-6
YK(3)=1.56904
YK(4)=-645.777E-6
YK(5)=-11.9926E-6
YK(6)=-34.2818E-6
YK(7)=19731.44E-6
YK(8)=2696.293E-6

WRITE(#,1003)
READ(#,+) HK
WRITE(#,1004)
READ(#,1005) NAME

¥K=¥A

END

INTERVAL AND NUMBER OF STEPS OF TIME VARIABLE')
FORMAT(" XK, XEND, N : ")

FORMAT (" INITIAL SOLUTION VECTOR YK(8 X 1):
FORMAT(' PACE OF TIME VARIABLE HK : )
FORMAT(' NAME OF FILE FOR STORING RESULTS (MAX 7 CHARACT.):
FORMAT(R)

")

")
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SUBROUTINE ZIELWERT(XENDE,XA,XE,K)

(3333233222323 22323 2323223232323 23 3

EVALUATE NEV TIME VALUE

INTEGER K,I
REAL XA,XE,XENDE
SAVE I

=141
XENDE=XA+FLOAT(I )+ (XE-XA)/FLOAT(K)

END

SUBROUTINE UEBERGABE(N,M,XK,YK,A HK, IFANZ)

EERERERARRR R RRRARLERNRES RS RN RS RN RNRNRRERS

STORE DISCRETE RESULTS IN MATRIX

INTEGER N, M,1,IFANZ

REAL XK,HK

REAL YK(1:N),A(1:N+2,0:M)
SAVE 1

A(1,1)=XK
DO 1,J=1,N,1
A(J+1,1)=1E6+YK(J)
CONTINUE
WRITE(#,#) I, IFANZ,A(1,1),A(4,1),A(10,1)
I=1+1

END

SUBROUTINE DGL(X,Y,N,F)

L3233 223 2222223232223 2222 33

DETERMINE FIRST ORDER STATE SPACE DIFFERENTIAL EQUATION SYSTEM.

INTEGER N
REAL X
REAL Y(1:N),F(1:N)

REAL MIK(4,4) MID(4,4)

REAL Ci1,C2,(3,C4,C5,C6,C7,C8,C9,C10,C11,C12,C13,C14,C15,C16,

1 C18,1M1,LM2,1M3,1M4,DF K1 K2

COMMON/CONST/MIK , MID,C1,C2,C3,C4,(C5,C6,C7,C8,C9,C10,C11,C12,C13,
1 C14,C15,C16,C17,C18,1M1,LM2, LM3, LM4, DF



1

1
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F(1)=Y(5)
F(2)=Y(6)
F(3)=Y(7)
F(4)=Y(8)

DO 1,I=5,8
F(I)=0

DO 2,I-1,4
DO 2,J-1,4
F(I+4)=F(1+4)-MIK(I,J)#Y(J)-MID(I,J)#Y(J+4)

END

SUBROUTINE TE(M,N,A,X,YK)

(2222322323223 232323333 22222

COMPUTE TOTAL ENERGY

INTEGER M,N
REAL MA,LL
REAL A(1:N+3,0:M),YK(1:N),MIK(4,64) MID(4,4)
REAL C1,C2,(3,C4,C5,06,C7,C8,C9,C10,C11,C12,C13,C14,C15,C16,
C18,LM1,1M2,LM3,1M4,DF
COMMON/CONST/MIK,MID,C1,C2,C3,C4,C5,(6,C7,(8,C9,C10,C11,C12,C13,
C14,(C15,C16,C17,C18,1M1,LM2,LM3, M4, DF

SAVE 1
MA=15.931
LL=60.693

Y1=YK(1)
Y2=YK(2)
Y3=YK(3)
Y4=YK(4)
Y5=YK(5)
Y6=YK(6)
Y7=YK(7)
¥8=YK(8)

SH1=1.
SHe=1.

A(10,1)=(C1#Y5#42+(C2+C3#SH1+CAsSH2 ) # Y6+ #2+C5¢ Y744 2+4C64 Y8442
+(C7+C8+SH1+C9+SH2 ) # Y5+ Y6+ (C10#SH1+C11#SH2 ) #Y54Y7
+C12¢SH2#Y54Y8+{C13+C14+SH1+C15¢SH2 ) ¢ Y64 Y7
+(C16+C174SH2 )+ Y64 Y8+C184Y7+Y8
+0. 5% (IM1#Y1082+1M2#(Y2-Y1) 242+ M3#Y32+2
+IMAeY4ex2) ) eMAs 1243
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I=I+1

SUBROUTINE TORQUE(M,N,A,YK,CONST)

(3222322222222 32222223223 3233223232;

COMPUTE CONTROL TORQUE

INTEGER M,N

REAL MA,LL

REAL A(1:N+3,0:M),YK(1:N),CONST(8)
SAVE 1

MA=15.931

L1=60.693

ACTIVE DAMPING:

Do 1,J-1,8
A(11,1)=A(11,1)+CONST(J)#YK(J)
A(11,1)=A(11,T)sMA+LL#»3

PASSIVE DAMPING:

DF=2E3
A(11,T)=DF+YK(7)

SUBROUTINE SPEICHERN(K,M,N,A,NAME)

1223322323322 222322332223232322233222323

STORE RESULTS ON FILE.

INTEGER K,M,N
REAL A(1:N+2,0:M)

CHARACTER ORDNER#23,NAME+7 NAMEXT+8,DATEI#35, TEXT117,

TEXT*19,EXT+1

ORDNER:= ' F: (PLOTFITUPLOTFIT. DAT(
TEXT1="X-TEXT:"
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10

20

1001
1002
1004
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DO 20,J=2,N+2,1
EXT=CHAR(J+63)
NAMEXT=EXT//NAME
DATEI=ORDNER/ /NAMEXT
TEXT=TEXT1//NAMEXT
OPEN(UNIT=1,FILE=DATEI, STATUS="UNKNOWN" )
WRITE(1,1004) TEXT
WRITE(1,1001)

DO 10,I=0,K,1
WRITE(1,#) A(1,1),A(J,1)
CONTINUE
WRITE(1,1002)
CLOSE (UNIT=1)
CONTINUE

FORMAT('DATA: X,Y")
FORMAT('END" )
FORMAT(A19)

END

SUBROUTINE FEHLER(IFEHL)

1222332222232 2233233323222 ]

ERROR INDICATOR.
INTEGER IFEHL

IF (IFEHL.EQ.0) THEN
WRITE(#,#)" VERFAHREN ERFOLGREICH
ELSE TF (IFEHL.EQ.1) THEN
WRITE(#,#)’ FEHLERSCHRANKEN ZU KLEIN'
ELSE IF (IFEHL.EQ.2) THEN
WRITE(#,+)" ANFANGSWERT <= ZIELWERT: XENDE ¢= XK’
ELSE IF (IFEHL.EQ.3) THEN
WRITE(#,#)" SCHRITTWEITE HK <= 0’
ELSE IF (IFEHL.EQ.4) THEN
WRITE(#,+)’ ANZAHL DER GLEICHUNGEN GROBER ALS 20°
ELSE IF (IFEHL.EQ.5) THEN
WRITE(*,#)’ ANZAHL DER ZULASSIGEN FUNKTIONSAUSWERTUNGEN NICHT’
WRITE(#,)’ AUSREICHEND FUR GEFORDERTE GENAUIGKEIT'
ENDIF

END
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PROGRAM EIGEN

(232222232233

COMPUTES EIGENVALUES AND EIGENVECTORS OF OPEN LOOP OR CLOSED LOOP
SYSTEM. REQUIRES SUBROUTINES FOR EIGENVALUES/EIGENVECTORS AND INVERTING
REAL MATRICES.

PROGRAM EIGEN

C FEEEERERERELL

C DEFINE VARIABLES:

PARAMETER (N=4,M=8)

INTEGER FEHLER

REAL A(M,M),B(M,M)

DOUBLE PRECISION WERTR(M,1),WERTI(M,1),EIVEC(M,M)

C CALL SUBROUTINES:

C _________________
CALL CONSTANTS(A,B)
CALL EIGENVALUES(A,B,FEHLER,VERTR,WERTI,EIVEC)
CALL OUTPUT(FEHLER, WERTR, WERTI ,EIVEC)
END
SUBROUTINE CONSTANTS(A,B)
C jrgercpenpefunanpunna g onfonrn s

C EVALUATE 8 x 8 SYSTEM MATRICES A,B.

C DEFINE VARIABLES:

PARAMETER (N=4,M=8)

INTEGER IFEHL,Z1

REAL 51,52

INTEGER MX(M),MY(M)

REAL A(M,M),B(M,M) MM(N,N) K(N,N),CC(N,N)

REAL LL,LO,L1,L2,L23,LA1,MA, MO, M3, M4 RR,LM1 LM2, 1M3,LM4
REAL €1,C2,C3,C4,05,C6,C7,C8,(9,C10,C11,C12,C13,C14,C15,C16,C17
1 C18
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CONSTANTS, CONCERNING THE SPECIFIC PROBLEM:
LL=60.693
L0=3.15
L1=46.575
1.2=14.118
L23=5.22
LA1=11.432
MA=15.931
M0-=274.58
M3=59.453
M4=362.522
RR=3.237

LM1=1.867E6

LM2=1.150E6
1M3=0.071442E6

LM4=0.071442E6

DM=2E3

LM1=LM1/(MA+LL*+3)
LM2-LM2/(MA#LL#+3)
LM3=1M3/(MAsLL##3)
LM4=1M4/(MA+LL*%3)
DM=DM/(MA+1.Ls%3)

EVALUATE CONSTANTS:

C1=RR##3/(62(RR+1)*#+3)+RRe+2/(2#(RR+1)¥#3)+(MO+RRs+2)/
1 (MAsLL*2¢(RR+1)##2)+(M3¢L1%#+2)/(2¢MAsLL##3)+(M42L1442)/

2 (2sMAsLL#+3)

C2=RR#+3/(6%(RR+1)#*3)+(M0/(MA+LL) )+ (1+(LO*(RR+1)/LL)*%2)
2 +(M3/(2sMAsLL##3) )¢ (12¢¢2+123¢42 )} +(M4/(2¢MAs1L523))

3 e(L2¢#2+L23##2+LA1#42+42¢123¢LA1)
C3=(M3+L2+123)/{MAsLL*+3)
Cé={Md*(L2sL23+L2¢LA1) )/ (MAsLL#43)

C5=(M3L23%%2) /(2¢MA*LLe#3)+(Md# (L23s42+LAT #+2+2¢L23¢LA1) )/

1 (2«MAsLL##3)
Co=(M4sLA1%42)/(24MA%LL#23)

C7-R/(2#(RBR+1)#¢3)+{MO*R)/{MA+LL*(RR+1)##2)+(M3+L1212)/(MA+LLs+3)

1 +(M4sL1sL2)/(MAsLL#e3)
C8=(M3sL1sL23)/(MAsLLe¢3)
C9=(M4#(L1+L23+L1+LA1))/(MA*LL*#3)
C10=(M3¢L1+L23)/(MAsLLe#3)
C11={Md¢(L1sL23+L1¢LA1) )/ (MAsLL#+3)
C12=(M4+L1+LA1)/(MAsLL23)
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C13=(M32123)/(MA*LL#*3)+(M42 (123 42+LA1#42+2¢[,23¢ A1) ) / (MA#L1#23)
C14=(M3¢L2¢L23)/(MAsLL#+3)

C15=(M4#(L2s123+L2¢LA1) )}/ (MA*LL*23)
C16=(M4#(LA1#+2+1.23¢LA1) ) /(MAtLL##3)

C17=(M4sL2¢LA1)/(MAsLL#+3)

C18={M4+(LA1#£2+1.23¢LA1) )/ (MAsLL*+3)

MASS MATRIX:
MM(1,1)=2+C1
MM(1,2)=C7+C8+C9
MM(1,3)=C10+C11
MM(1,4)=C12
MM(2,1)=MM(1,2)
MM(2,2)=2¢(C2+C3+C4)
MM(2,3)=C13+C14+C15
MM(2,4)=C16+C17
MM(3,1)=MM(1,3)
MM(3,2)=MM(2,3)
MM(3,3)=2#C5
MM(3,4)=C18
MM(4,1)=MM(1,4)
MM(4,2)=MM(2,4)
MM(4,3)=MM(3,4)
MM(4,4)=2+C6

STIFFNESS MATRIX:
K(1,1)=LM1+LM2
K(1,2)=-LM2
K(1,3)=0
K(1,4)=0
K(2,1)=K(1,2)
K(2,2)=1M2
K(2,3)=0
K(2,4)=0
K(3,1)=K(1,3)
K(3,2)=K(2,3)
K(3,3)=LM3
K(3,4)=0
K(4,1)=K(1,4)
K(4,2)=K(2,4)
K(4,3)=K(3,4)
K(4,4)=1M4
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STRUCTURAL DAMPING MATRIX:
€C(1,1)=0
CC(1,2)=0
CC(1,3)=0
CC(1,4)=0
CC(2,1)=0
CC(2,2)=0
€C(2,3)=0
CC(2,4)=0
CC(3,1)=0
CC(3,2)=0
CC(3,3)=DM
CC(3,4)=0
CC(4,1)=0
CC(4,2)=0
CC(4,3)=0
CC(4,4)=0

8 ¢ 8 SYSTEM MATRICES A#(dz/dt)=Bez:

DO 2,J=1.N
A(I,J)=MM(1,J)
A(T+4,J+4)=WM(1,J)
B(I,J+4)=MM(1,J)
B(I+4,J)=-K(I,J)
B(1+4,J+4)=-CC(1,J)

CONTINUE

CONTINUE

SUBROUTINE EIGENVALUES (A,B,FEHLER,WERTR,WERTI,EIVEC)

PARAMETER(N=4,M=8)

INTEGER MX(M) MY(M)

INTEGER IFEHL,EIGEN,BASIS,LOV,HIGH, FEHLER,CNT(M,1)

REAL A(M,M),AI(M,M),B(M,M¥)

DOUBLE PRECISION AIB(M,M),SKAL(M,1),EIVEC(M,H),
WERTR(M,1) ,WERTI(M,1)

BASIS=16
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INVERT MATRIX A:

CALL PIVOT(A,M,M,AI,S1,S2, IFEHL, MX, MY, WERT)

IF (IFEHL.EQ.2) THEN
WRITE(#,#)" MASSEN-MATRIX SINGULAR'
STOP

ENDIF

IF (51.GT.0.001.0R.S2.GT.0.001) THEN
WRITE(#,+)’ INVERTIERUNG ZU UNGENAU'
WRITE(+,#)51,52, SUMME1 , SUMME2
STOP

ENDIF

CHARACTERISTIK MATRIX:
DO 1,1I=1,M
DO 1,J=1.M
AIB(I,J)=0

DO 2,I=1,M
DO 2,J-1.M
DO 2,K=1.M
AIB(I,J)=AIB(I,J)+DBLE(AI(I,K)#B(K,J))

CALL PROGRAM FOR EVALUATING EIGENVALUES OF CHARACT. MATRIX:
FEHLER=EIGEN
(BASIS,M,M,AIB, SKAL,EIVEC, VERTR, WERTT , CNT, LOW, HIGH)

END

SUBROUTINE OUTPUT(FEHLER, WERTR, WERTI,EIVEC)

PARAMETER(M=8)

INTEGER FEHLER

DOUBLE PRECISION WERTR(M,1),WERTI(M,1),EIVEC(M,M)
CHARACTER NAME+8,DATEI*34

WRITE(#,#)’ DATEINAME EINGEBEN:

READ(+,1008) NAME

DATEI="C: UFORTRANJUSERUEIGEN. DATU" / /NAME

OPEN(UNIT=1,FILE=DATEI, STATUS="NEVW" )
OPEN(1,FILE="PRN: )
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WRITE(1,1008) NAME

IF (FEHLER.EQ.0) THEN
WRITE(1,1003)

ELSE IF (FEHLER.EQ.401) THEN
WRITE(1,1004)

ELSE IF (FEHLER.EQ.402) THEN
WRITE(1,1005)

ELSE IF (FEHLER.EQ.403) THEN
WRITE(1,1006)

CNDIF

WRITE(1,1000)
DO 11,1I-1,M
WRITE(1,1007)VERTR(I, 1) ,VWERTI(I,1)

WRITE(1,1002)

DO 10,K=1,7,2

WRITE(1,#)

DO 10,J=1,M
WRITE(1,1007)(EIVEC(J,1),1=K,K+1)

CLOSE(1)

FORMAT(/," EIGENVALUES REAL AND IMAGINARY PART:’)
FORMAT(/," EIGENVECTORS REAL AND IMAGINARY PART:')
FORMAT(" PROCEDURE SUCCESFUL')

FORMAT(" ORDNUNG N DER MATRIX KLEINER 1')

FORMAT(* EINGABEMATRIX IST NULLMATRIX')

FORMAT(' MAXIMALE SCHRITTZAHL UBERSCHRITTEN')
FORMAT(2E14.6)

FORMAT(RA)

END
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PROGRAM EIGOP

(223223222323

COMPUTES CONTROL GAIN VECTOR FOR CLOSED LOOP VELOCITY AND DISPLACEMENT
FEEDBACK. REQUIRES SUBROUTINES FOR EIGENVALUES/EIGENVECTORS, INVERTING
OF REAL MATRICES AND REAL LINEAR EQUATION SYSTEMS.

PROGRAM EIGOP

C 1233333321221

¢ DEFINE VARIABLES:

PARAMETER (N=4,M-=8)

REAL A(M,M),AI(M,M),BO(M,M), B(M, M) BA(M,M M) ,BP(M, M)
REAL P(M),DG(M),GOBI(M),G(M)

COMPLEX EW(N),EWO(N),PHI(M,N),PST(M,N),LP(N,M)
INTEGER Z1, CONTROL, CON

CHARACTER NAME#8

¢ CALL SUBROUTINES:

CALL CONSTANTS(A,AI,BO,BA,Z1)

CALL INTINPUT(P,GOBJ,N1)

CALL EIGENVALUESO(AI,BO,B,P,EWO0)
1 CALL ETGENVALUES(AI,BO,B,P,EW)

IF (CONTROL(EW,EW0,GOBJ,G,DG,N1,Z1).EQ.1) THEN
CALL EIGENVECTORS (A,B,EW,PHI,PSI)
CALL DERIVATIVES(PHI,PSI,BA,LP)
CALL SENSITIV(EW,LP,BP)
CALL PAVEC(P,DG,BP)
GOTO 1
ENDIF

WRITE(+,+)" NAME FOR PARAMETER VECTOR ?’
READ{#,1002) NAME
OPEN(1,FILE="F:(PLOTFITUAWP.DATU" / /NAME )
WRITE(1,¢) P

CLOSE(1)

OPEN(2,FILE="PRN:")
WRITE(2,1000)
WRITE(2,*)G
WRITE(2,¢)
WRITE(2,1001)
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WRITE(2,#) P
CLOSE(2)

1000 FORMAT(/," CALCULATED OBJECTVETOR:')
1001 FORMAT(/,' PARAMETER VECTOR:')
1002 FORMAT(A)

END

SUBROUTINE EIGENVALUESO (AI,BO,B,P,EW0)

C EVALUATE EIGENVALUES OF UNDAMPED SYSTEM.

PARAMETER(N=4,M4=8)
REAL AI(M,M),BO(M,M),B(M,M),P(M),PO(M)
COMPLEX EWO(N)

¢ PARAMETER VECTOR:

PO(1)=P(1)
P0(2)=P(2)
PO(3)=P(3)
P0(4)=P(4)
P0(5)=0
P0(6)=0
PO(7)=0
Po(8)=0

CALL EIGENVALUES (AI,BO,B,P0,EWO0)

END

INTEGER FUNCTION CONTROL(EW,EW0,GOBJ,G,DG,N1,71)

PARAMETER (N=4,M4=8)

INTEGER 71,72

REAL AG(M),G(M),GOBJ(M},DG(M)
COMPLEX EW(N),EWO(N)

SAVE Z2

N2=10
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TERMINATE ITERATION:
IF (Z1.GT.N1) THEN
CONTROL=0
RETURN
ENDIF

EVALUATE STEP PARAMETER AND LOCAL OBJECT VECTOR:

ALPHA=FLOAT(Z1) /FLOAT(N1)

Do 2,1=5M

AG(I)=ALPHA*GOBJ(I)

DO 6,K=1,N

AG(K)=AIMAG(EWO(K) ) #(1-AG(K+4)*#2)#x0.5

EVALUATE RESULTANT OBJECT VECTOR:

DO 3,K=1,N

G(K)=AIMAG(EW(K))
G(K+4)=-REAL(EW(K) )/ ((REAL(EW(K) ) )+#2+(ATMAG(EW(K) ) ) ##2)#%0.5
CONTINUE

EVALUATE ABSOLUTE ERROR:
DO 4,K=1,M
DG(K)=AG(K)-G(K)

EVALUATE RELATIVE ERROR:

DO 5,K=1,M
SUMZ=SUMZ+ABS(DG(K) )
SUMN=SUMN+ABS(AG(K) )
CONTINUE
ERR=SUMZ/SUMN

WRITE(#,#)

WRITE(#,#}" LOCAL OBJECT VECTOR'
WRITE(*,#) Z1,AG

WRITE(#,#)" RESULTANT OBJECTVECTOR:'
WRITE(s,¢) G
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C DECIDE WHETHER ITERATION SHOULD CONTINUE OR STOP:

IF (ERR.LT.1E-5) THEN
21=71+1
22=0
GOTO 1
ELSE
22=72+1
IF (Z2.LT.N2) THEN
CONTROL=1
RETURN
ELSE
CONTROL=0
RETURN
ENDIF
ENDIF

SUBROUTINE CONSTANTS(A,AI,BO,BA,Z1)

PARAMETER (N=4,M=8)

INTEGER IFEHL,Z1

REAL S1,52

INTEGER MX(M), MY(M)

REAL A(M,M),AL(M,M),BO(M,M),BA(M,M, M), MM(N,N) K(N,N)

REAL IL,L0,11,12,L23,LA1,MA, M0, M3,M4,RR,LM1,LM2, LM4,GO
REAL Ct,C2,C3,C4,C5,06,C7,C8,C9,C10,C11,C12,C13,C14,C15,C16,C17
1 C18

C CONSTANTS, CONCERNING THE SPECIFIC PROBLEM:

11=60.693
L0=3.15
L1=46.575
12-14.118
L23=5.22
LA1=11.432
MA=15.931
M0=274.58
M3=59.453
M4=362.522
RR=3.237
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LM1=1.867E6
LM2=1.150E6
LM4=0.071442E6

LM1=LM1/(MA+LL*+3)
IM2=1M2/(MA*LL+#3)
LM4=1.M4/(MAsLL*#3)

EVALUATE CONSTANTS:
C1=RR##3/(6¢(RR+1)#¢3)+RR#*2/(2+(RR+1)s+3)+(MO*RR*+2)/

1 {(MAsLL#2+(RR+1)2#2)+(M3«L1442)/({2eMA+LL#+3)+(M4aL1442)/

2 (2«MAsLL*s3)
C2=RR#+3/(6#(RR+1)¢*3)+(MO/(MA+LL) ) #{1+(LOs{RR+1)/LL)#*2)

2 +{M3/(2sMAsLL*43) ) (12982+12352 )+ (M4/(2¢MA+LL#23))

3 #(L2##24L23%82+LA1#52+241234LA1)
C3=(M3+12¢L23)/(MA+LL##3)
C4=(Md=(L2¢L23+L2sLA1) )/ (MAsLL*+3)
C5=(M3#L23422)/(2¢MAsLL*+3 )+ (M4# (L23#+2+LA1#42+2¢1.23¢1A1) )/

1 (2¢MAsLL*+3)

Co=(M4sLA1#22)/(2¢MAsLL#43)
C7=R/(2#(RR+1)#+3)+(MOsR)/(MA+LLs (RR+1)*#2)+(M3sL1+1.2)/(MA+LL+#3)

1 +(M4sL1¢L2)/(MAsLL*23)

C8=(M3+1,121.23)/(MAsLL#+3)
C9=(M4=(L1+L23+L1¢LA1) )/ (MA+LL##3)
C10=(M3+L1+L23)/{MA*LL*#3)
C11=(M4*(L1+L23+L1¢LA1) ) /(MAsLL#£3)
C12={M4*L1+LA1)/(MAtLL#+3)
C13=(M3+L23)/ (MA*LL# 3 )+ (M4# (123 #2+LA1¢42+251.23¢LA1) ) /(MAsLL,#43)
C14=(M3+1.251,23)/(MA+LLs+3)
C15=(M4#(L2¢L23+L2¢LA1) )/ (MAsLL##3)
C16=(M4* (LA1##2+¢L23¢LA1) )/ (MAsLL*+3)
C17=(M4+12¢1A1}/(MA¢LL#23)

C18={Mds (LA182+1.23¢LA1) )/ (MAsLL*#3)

MASS MATRIX:
MM(1,1)=2+C1
MM(1,2)=C7+C8+C9
MM(1,3)=C10+C11
MM(1,4)=C12
MM(2,1)=MM(1,2)
MM(2,2)=2+(C2+C3+C4)
MM(2,3)=C13+C14+C15
MM(2, 4)=C16+C17
MM(3,1)=MM(1,3)
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MM(3,2)=MM(2,3)
MM(3,3)=2+C5
MM(3,4)=C18
MM(4,1)=-MM(1,4)
MM(4,2)=MM(2,4)
MM(4,3)=MM(3,4)
MM(4,4)=2+C6

STIFFNESS MATRIX:
K(1,1)=LMi+LM2
K(1,2)=-1M2
K(1,3)=0
K(1,4)=0
K(2,1)=K(1,2)
K(2,2)=1M2
K(2,3)=0
K(2,4)=0
K(3,1)=K(1,3)
K(3,2)=K(2,3)
K(3,3)=0
K(3,4)=0
K(4,1)=K(1,4)
K(4,2)=K(2,4)
K(4,3)=K(3,4)
K(4,4)=LM4

8 & 8 SYSTEM MATRICES:

DO 2,J=1.N
A(L,J)=-MM(I,J)
A(I+4,J+4)=MM(1,J)
BO(I,J+4)=MM(I,J)
BO(I+4,J)=-K(I,J)

CONTINUE

CONTINUE

INVERT MATRIX A:

CALL PIVOT(A,M,M,AL,S1,S2, IFEHL, MX, MY, WERT)

IF (IFEHL.EQ.2) THEN
WRITE(#,#)’ MASSEN-MATRIX SINGULAR’
STOP

ENDIF
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IF (S1.GT.0.001.0R.S52.GT.0.001) THEN
WRITE(#,#)" INVERTIERUNG ZU UNGENAU'
WRITE(+,#)51,52, SUMME1, SUMME2
STOP

ENDIF

PARTIELL DERIVATIVES OF MATRIX B:

DO 3,I=1,M

BA(I,6,I)=1
BA(I,7,I)=-1
CONTINUE

COUNTER FOR FUNCTION CONTROL:

PARAMETER (N=4,M=8)
REAL P(M),GOBJ(M)

INTERACTIVE INPUT:
VRITE(#,1002)
READ(#,#) P
P{1)=0
P(2)=0
P(3)=.002
P(4)=0
P(5)=0
P(6)=.003
P{7)=.003
P(8)=0

WRITE(#,1000)
READ(#,#) GOBJ(5),G0OBJ(6),GOBJ(7),GOBJ(8)
WRITE(*,1001)
READ(#,#) N1
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1002 FORMAT(' PARAMETER VEKTOR (8 VALUES) ?',/)
1000 FORMAT

1(" OBJECTVECTOR BETA1,BETAZ,BETA3,BETA4 ?',/)
1001 FORMAT(' NUMBER OF INTERMEDIATE STEPS ? : ')

END

SUBROUTINE EIGENVALUES (AI,BO,B,P,EW)

PARAMETER(N=4,M4=8)

INTEGER EIGEN,BASIS,LOW,HIGH,FEHLER,CNT(M,1)
REAL AI(M,M),BO(M,M),B(M,M), P(M) MAX

DOUBLE PRECISION AIB(M,M),SKAL(M,1) EIVEC(M,M),
1 WERTR(M, 1) ,WERTI(M,1)
COMPLEX EW(N)

BASIS=16

¢ ADD CURRENT PARAMETER VECTOR TO SYSTEM MATRIX B:

DO 8,J-1.M
8 B(1,J)=B0(I,J)

DO 5,I=1.M

B(6,1)=B0(6,1)+P(I)

B(7,1)=B0(7,1)-P(I)
5 CONTINUE

C CHARACTERISTIK MATRIX:

1 AIB(1,J)=0

DO 2,I=1.M
Do 2,J=1.M
DO 2,K-1,M :
2 AIB(I,J)=AIB(I,J)+DBLE(AL(I K)+B(K,J))

C CALL PROGRAM FOR EVALUATING EIGENVALUES OF CHARACT. MATRIX:
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FEHLER-EIGEN

(BASIS, M, M,AIB, SKAL,EIVEC, VERTR, WERTT , CNT, LOW, HIGH)

IF (FEHLER.NE.O0) THEN

WRITE(#,+)' FEHLER BEI BESTIMMUNG DER EIGENWERTE'
WRITE(+,#) FEHLER

ENDIF

ORDER COMPLEX EIGENVALUES:

DO 7,K=N,1,-1
MAX=WERTI(1,1)

IMAX=1

DO 6,1=2,M

IF (WERTI(I,1).GT.MAX) THEN
MAX=WERTI(I,1)

IMAX=T

ENDIF

CONTINUE
EW(K)=CMPLX(WERTR(IMAX, 1) ,WERTI(IMAX,1))
WERTI(IMAX,1)=0

CONTINUE

IF (AIMAG(EW(1)).LE.0) THEN
WRITE(#,#)' EIGENVALUE = 0°
STOP
ELSE
WRITE(#,+)' EIGENVALUES O/K'
ENDIF

SUBBOUTINE EIGENVECTORS(A,B,EW,PHI,PSI)

PARAMETER (N=4,M-8)
REAL A(M,M},B(M,M)
COMPLEX EW(N),C(M,M) ,EV(M) ,PHI(M,N),PSI(M,N)

RIGHT EIGENVECTORS:



EIGENVALUE MATRIX:

DO 2,3=1,M
C(I,J)=EV(K)*«CMPLX(A(I,J))
C(I,J)=C(1,J)-CMPLX(B(I,J))
CONTINUE

CALL GAUSS ELIMINATION:

CALL GAUSS(C,EV)

EIGENVECTOR MATRIX:

DO 3,I=1,M
PHI(T,K)=EV{I)

CONTINUE

LEFT EIGENVECTORS:

DO 5,I=1,M

DO 5,J=1.M
C(I,J)=EW(K)+CMPLX(A(J,I))
C(1,J3)=C(1,J)-CMPLX(B(J, 1))
CONTINUE

CALL GAUSS ELIMINATTON:

CALL GAUSS(C,EV)

EIGENVECTOR MATRIX:

DO 6,1=1,M
PSI(I,K)=EV(I)

CONTINUE

NORMALIZE EIGENVECTORS:

CALL EIGNORM(A,B,PHI,PSI)
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C VEBIFY EIGENVECTORS:

o
CALL EIGVEKCHECK(A,B,EW,PHI,PSI)
END
SUBROUTINE EIGNORM(A,B,PHI,PSI)

C st ool espenipue e e pend

¢ NORMALIZE EIGENVECTOR PHI

PARAMETER (N=4,M=8)
REAL A(M,M),B(M,M)
COMPLEX PHI(M,N),PSI(M,N),PSIA(M,N),PSIAPHI(N,N),C(N)

¢ MATRIX MULTIPLICATION:

DO 2,J=1.M
DO 2,K=1,N
2 PSIA(J,K)=(0,0)

DO 1,K=1,N
DO 1,J-1.M
DO 1,I-1,M
1 PSIA(J,K)=PSIA(J,K)+PSI(I,K)#CMPLX(A(I,J))

DO 4,K=1,N
DO 4,1-1,N
4 PSTAPHI(K,L)=(0,0)

DO 3,K=1,N
DO 3,L=1,N
DO 3,I=1,M
3 PSTAPHI(K,L)=PSTAPHI(K,L}+PSIA(T,K)¢PHI(I,L)

C EVALUATE CONSTANTS FOR EIGENVECTOR NORMALIZATION:

Do 9,1-1,N
9 C(I)=(1,0)/PSIAPHI(I,I)

C NORMALIZE PHI EIGENVECTORS:
DO 10,J=1,N
DO 10,I=1,M

10 PHI(I,J}=PHI(I,J)¢C(J)

END
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SUBROUTINE EIGVEKCHECK(A,B,EW,PHI,PSI)

VERIFY NORMALIZED LEFT AND RIGHT EIGENVECTORS
EIGENVECTORS MUST BE ORTHONORMAL

PARAMETER (N=4,M=8)

REAL A(M,M),B(M,M)

COMPLEX EW(N),PHI(M,N),PSI{M,N),PSIA(M,N),PSIB(M,N)
COMPLEX PSIAPHI(N,N), PSIBPHI(N,N),C(N)

MATRIX MULTIPLICATIONS:

MATRIX A:

DO 2,K=1,N
PSIA(J,K)=(0,0)

DO 1,K=1,N
DO 1,3-1.H
DO 1,I=1.M
PSIA(J,K)=PSIA(J,K)+PSI(I,K)#CMPLX(A(I,J))

DO 4,K=1,N
DO 4,1=1.N
PSTAPHI(K,L)=(0,0)

DO 3,K=1,N
DO 3,L=1,N
DO 3,I=1.M
PSIAPHI(K,L)=PSIAPHI(K,L)+PSIA(I, K)+PHI(I,L)

MATRIX B:

DO 5,J=1.M

DO 5,K=1,N
PSIB{J,K)=(0,0)

DO 6,K=1,N

DO 6,J=1,M

DO 6,I-1,M
PSIB(J,K)=PSIB(J,K)+PSI(I,K)«CMPLX(B(I,J))
DO 7,K=1,N

Do 7,L=1,N

PSIBPHI(K,L)=(0,0)
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DO 8,K=1,N
Do 8,L-1,N
DO 8,I=1,M
PSIBPHI(K,L)=PSIBPHI(K,L)+PSIB(I,K)*PHI(I,L)

ALL ELEMENTS EXCEPT DIAGONAL ELEMENTS MUST BE EQUAL ZERO:

IF (I.NE.J) THEN
SUM1=SUM1+ABS(PSIAPHI(I,J))
SUM1=SUM1+ABS(PSIBPHI(I,J))
ENDIF

CONTINUE

VERIFY DIAGONAL ELEMENTS:

SUM3=0

DO 10,I=1,N
SUM2=SUM2+(ABS(PSIAPHI(I,1))-1)
SUM3=5UM3+ABS(PSIBPHI(I,I)-EW(I))
CONTINUE

WRITE(+,#)’ CHECK OF EIGENVECTORS, NUMBERS MUST BE EQUAL ZERO:'
WRITE(=,*) SUM1,SUM2,SUM3

END

SUBROUTINE DERIVATIVES(PHI,PSI,BA,LP)

PARAMETER (N=4,M=8)
REAL BA(M,M.M)
COMPLEX PHI(M,N),PSI(M,N},LP(N,M),PSIB(M)

EVALUATE PARTIAL DERIVATIVES:

DO 4,I=1,N
DO 4,)=1,M
LP(1,J3)=(0,0)

DO 2,K=1,N
DO 2,L-1,M
DO 3,I=1.M
PSIB(I)=(0,0)
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DO 1,J=1.M

DO 1,I=1,M
PSIB(J)=PSIB(J)+PSI(I,K)*CMPLX(BA(L,I,J))
Do 2,I=1,M
LP(K,L)=LP(K,L)+PSIB(I)#PHI(I K)

END

SUBROUTINE SENSITIV(EW,LP,BP)

EVALUATE SENSITY MATRIX

PARAMETER (N=4,M-8)
REAL BP(M,M)
COMPLEX EW(N),LP(N,M)

DO 2.K=1,N
DO 2,L-1,M
BP(K,L)=AIMAG(LP(K,L))

DO 1,K=1,N

DO 1,L=1,M

BP(K+4,L)=(REAL(EW(K))

1 #{REAL(EW(K) ) «REAL(LP{(K,L) ) +AIMAG({EW(K) ) «AIMAG(LP(K,L}))
2 -REAL(LP(K,L) }#( (REAL(EW(K) ) ) ##2+ (AIMAG(EW(K) ) }£#2) )

3 /{(REAL{EW(K) ) ) x22+ (ATMAG(EW(K) ) )##2) %215

CONTINUE

END

SUBROUTINE PAVEC(P,DG,BP)

EVALUATE NEV PARAMETER VECTOR
PARAMETER (N=4,M=8)

INTEGER IPIVOT(M)
REAL P(M),DG(M),BP(M,M),DP(M),BPT(M,M),BBP(M,H),LV(M),D(M)

TRANSPOND MATRIX BP:

BPT(I,J)=BP(J,I)
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EVALUATE COEFFICIENT MATRIX FOR LAGRANGE VECTOR:

DO 3,L=1,M
BBP(K,L)=0

DO 1,K=1,M

DO 1,L-1.M

DO 2,I=1,M
BBP(K,L)=BBP(K,L)+BP(K, I)+BPT(I,L)
CONTINUE

SOLVE REAL, INHOMOGENOUS EQUATION SYSTEM:

CALL FGAUSS(M,BBP,M,DG,LV,MARKE, D, IPIVOT)

IF (MARKE.EQ.0) THEN
WRITE(*,#)" SUB PAVEC, COEFFICIENT MATRIX SINGULAR'
STOP

ENDIF

CHANGE OF PARAMETER VECTOR:
DO 5,1=1,M
DP(1)=0

Do 7,J-1,M
Do 7,1-1.M
DP(J)=DP(J)+BPT(J,1)«LV(I)

NEV PARAMETER VECTOR:
DO 6,1I-1,M
P(I)=P(I)+DP(I)

END

SUBROUTINE GAUSS(A,EV)

GAUSS ELIMINATION FOR LINEAR, COMPLEX, HOMOGENOUS EQUATION
SYSTEM TO EVALUATE EIGENVALUES

PARAMETER (N=4,M-8)
INTEGER INDEX(M)
COMPLEX A(M,M),B(M,M) EV(M)
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CALL GAUSS_A(A,B, INDEX)
CALL GAUSS_B(B, INDEX,EV)
CALL GAUSS_C(RA,EV,SUM)

END

SUBROUTINE GAUSS_A(A,B, INDEX)

C FORVARD ELIMINATION, EVALUATE TRIANGULAR COEFFICIENT MATRIX

PARAMETER (N=4,M=8)

INTEGER INDEX(M),PIVSPA, IPUF,ZAEHLER
REAL PIVEL

COMPLEX A(M,M),B(M,M),PUF,FACT

¢ GIVE VARIABLES TO NEW MATRIX B:
DO 12,I=1,M

DO 12,J-1.M
12 B(I,J)=A(1,J)

C INDEX VECTOR:

C _____________
DO 5,I-1,M
INDEX(I)=I

5 CONTINUE
ZAEHLER=0

C NORMAILZE ROW VECTOR:

DO 8,I=1.M
PIVEL=ABS(B(I,1))
DO 9,J-2,M
IF (ABS(B(I,J)).GT.PIVEL) THEN
PIVEL=ABS(B(I,J))
ENDIF
9 CONTINUE
IF (PIVEL.GT.1E-6) THEN
DO 11,J=1.M
1 B(I,J)=B(I,J)/PIVEL
ENDIF
8 CONTINUE

Do 2,1-1,M-1
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C DETERMINE PIVOT COLUMN:

7 PIVEL=ABS(B(I,I))
PIVSPA=I
DO 3,L=I+1,M
IF (ABS(B(I,L)).GT.PIVEL) THEN
PIVEL=ABS(B(I,L))
PIVSPA=L
ENDIF
3 CONTINUE

C SWAP ROWS, IF PIVOT ELEMENT = 0 :

IF (PIVEL.LT.1E-6) THEN
ZAEHLER=ZAEHLER+1
IF (I+ZAEHLER.GT.M) GOTO 10
DO 6,L-1,M
PUF=B(I,L)
B(I,L)=B(I+ZAEHLER,L)
B(I+ZAEHLER,L)=PUF
6 CONTINUE
GOTO 7
ENDIF
ZAEHLER=0

C SWAP COLUMNS, IF ACTUAL COLLUMN IS NOT PIVOT COLUMN:

IF (PIVSPA.NE.I) THEN
DO 4,L=1.M
PUF=B(L,I)
B(L,I)=B(L,PIVSPA)
B(L,PIVSPA)=PUF
4 CONTINUE
1PUF=INDEX(I)
INDEX(1)=INDEX(PIVSPA)
INDEX(PIVSPA)=IPUF
ENDIF

NORMALIZE ROW VECTOR:
PIVEL=ABS(B(I,I))
DO 13,J=1.M

€13 B(I,J)=B(I,J)/PIVEL

[ NN e N e N e
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C GAUSS ELIMINATION:

C __________________
DO 2,K=I+1 .M
FACT=-B(K,I)/B(I,1)
DO 1,J=1.M
1 B(K,J)=B(K,J)+FACT*B(I,J)
CONTINUE
10 CONTINUE
END
SUBROUTINE GAUSS_B(B, INDEX,X)
C peniuasheseshos e iirnpoipmpen s oo e

C BACKWARD ELIMINATION OF COMPLEX, HOMOGENOUS EQUATION SYSTEM
PARAMETER (N=4,M=8)

INTEGER INDEX(M)
COMPLEX B(M,M),X(M),Y(M)

C STOP, IF COEFFIZIENT MATRIX IS REGULAR:

C _______________________________________
IF (ABS(B(M,M)).GT.1E-4) THEN
WRITE(#,¢)’ KOEFFIZIENTENMATRIX REGULAR, NUR TRIVIALE LOSUNG’
WRITE(+,*) ABS(B(M,M))
C STOP

ENDIF

¢ BACKWARD ELIMINATION:

DO 3,I=1.M
3 Y(I)=(0,0)

DO 1,I=M,1,-1
IF (ABS(B(I,I)).LT.1E-4) THEN
Y(1)=(1,0)
GOTO 1
ENDIF
DO 2,J=1+1 .M
2 Y(I)=Y(I}-B(I,J)*Y¥(J)
Y(I)=Y(I)/B(I,I)
1 CONTINUE
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C COLUMN INDEX:

DO 4,I=1.M
4 X(INDEX(I))=Y(I)

END

SUBROUTINE GAUSS_C(A,X,SUM)
C CHECK RESUTS

PARAMETER (N=4,M=8)
REAL SUM
COMPLEX A(M,M),X(M),C(M)

¢ VERIFY SOLUTION VECTOR:

DO 1,I=1,M
1 C(1}=(0,0)

DO 2,I=1,M
DO 2,J-1,M
2 C(I)=C{I)+A(I,J)#X(J)

SUM=0
DO 3,I=1,M
3 SUM=SUM+ABS(C(1))

C WRITE(#,1000) SUM
C1000 FORMAT(' VERIFICATION OF GAUSS ELIMINATION,
C 1 SUM MUST BE ZERO : ’,E10.3)

END
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PROGRAM G_FORCES

1223222232222 3

COMPUTES FORCES AND BENDING MOMENTS FOR RIGID SYSTEM, CAUSED BY THE
PITCHING MANEUVER.

e ER

PROGRAM G.FORCES

(2222322222223 3233

THIS PROGRAM EVALUATES FORCES AND BENDING MOMENTS FOR

A RIGID SYSTEM, CAUSED BY THE PITCHING MANEUVER. RESULTS
ARE STORED ON FILE.

DECLARE PROGRAM SPECIFIC VARIABLES :
INTEGER N,I

PARAMETER (N=100)

REAL AX(0:N},AY(0:N)

CHARACTER NAME#12

DECLARE PROBLEM SPECIFIC VARIABLES:
REAL A__,TAU1,K,LO,L1,L2,M0,LM1,LM2
COMMON/CONST/A__, TAU1 ,K,L0,L1,12,M0, 1M1, LM2
TAU1=73.135

L0=3.15

L1=46.368

12=14.325

L23=5.22

LA1=11.432

M3=59.453

M4=362.522

M0=30

IM1-1.867

LM2=1.15

A =MO/(L23#224M3+(L23+LA1 ) ##24M4 )
K=L23#M3+(123+LA1 ) sM4

TIME INTERVAL {XMIN,XMAX}:
XMIN=0
XMAX=146.263

CALL OF SUBROUTINES:

WRITE( #,1000)
READ(+, 1001 )NAME

CALL CALC(N,XMIN,XMAX, AX,AY)
CALL SPEICHERN(N,AX,AY,NAME)
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1000 FORMAT(' DATEINAME EINGEBEN (MAX. 12 ZEICHEN) ')
1001 FORMAT(A)
END

REAL FUNCTION FCT(X)

REAL X
REAL A,A_,A__,TAU1,K,LO,L1,12,M0, M1, M2, M1, 1M2
COMMON /CONST/A__,TAU1,K,L0,L1,L2,M0,LM1,IM2

C ZENTRIFUGAL AND TRANSVERSAL FORCE:

If (X.LE.TAU1) THEN
A=(A__#X#22)/2
A=A X
FZ=RA_#2¢K
FR=A__*K

ELSE
A=A__#(-TAUL1#£2+2sTAU1*X-(X*22)/2)
A_=A__#(2¢TAUL-X)
FZ=A_s#2+K
FR=-A__K

ENDIF

¢ VERTICAL AND HORIZONTAL FORCE:

C ______________________________
FX=FZ#COS(A)+FR¢SIN(A)
FY=FZ#SIN(A)-FR#COS(A)

C FCT=FX

C FCT=FY

C BENDING MOMENTS AT HINGE 1 & 2 :

IF (X.LE.TAU1) THEN
Mi=-FX#(L1+L2)+FY+L0-MO
M2=-FX¢L.2+FY+L0-MO

ELSE
Mi=-FX#(L1+L2 }+FY*L0+MO
M2=-FX*L2+FY+L0+M0

ENDIF

C FCT=M1
C FCT=M2

¢ DISPLACEMENTS:

C FCT=M1/1LM1
FCT=M1/LM1+M2/1LM2

RETURN
END
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SUBROUTINE CALC(N,XMIN,XMAX,AX,AY)

INTEGER N, 1
REAL X,Y,FCT,XMIN,XMAX, AX(0:N),AY(0:N)
DO 10,I=0,N,1
X=XMIN+( (XMAX-XMIN) /FLOAT(N) ) I
Y=FCT(X)
WVRITE(*,#) XY
AX(T)=X
AY(I)=Y
CONTINUE
RETURN
END

SUBROUTINE SPEICHERN(N,AX,AY,NAME)

INTEGER N, I
REAL AX(0:N),AY(0:N)
CHARACTER ORDNER#23,NAME+#12,DATEI#35,TEXT1#7, TEXT#19

ORDNER='F : UPLOTFITUPLOTFIT. DATU’
TEXT1="X-TEXT:"

DATEI=ORDNER/ /NAME
TEXT-TEXT1//NAME

OPEN{UNIT=1,FILE=DATEI, STATUS="UNKNOWN" )
WRITE(1,1004) TEXT
WRITE(1,1001)
DO 10,I=0,N,1
WRITE(1,¢) AX(I),AY(I)
CONTINUE
WRITE(1,1002)
CLOSE (UNIT=1)

FORMAT('DATA: X,Y')
FORMAT( "END" )
FORMAT(A19)

RETURN
END
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SUBROUTINES FOR COMPUTING THE INVERSE OF A REAL MATRIX

123222 2222 R s 2232322323223 223232323233323 3

TAKEN FROM THE MATHEMATICAL SOFTWARE LIBRARY UNIVERSITY AACHEN.

SUBROUTINE PIVOT (A,IA,N,B,S1,S2,IFEHL,MX,MY,VERT)

s s N R RN E AR R R RN RS R R R RN R RN SR RS AR RN R RN RN R R AR

C

C  THIS SUBROUTINE EVALUATES THE INVERSE OF A REAL QUADRATIC
C N s N MATRIX.

C

C INPUT PARAMETER:

C ==z=z=z=zzzzzzz=:

C A 2-DIM(IA,N) ARRAY, CONTENTS THE MATRIX WHICH SHOULD
¢ BE INVERTED.

C IA: LEADING DIMENSION OF A, AS IN CALLING PROGRAM

C DECLARED.

C N ORDER OF MATRIX A.

C

C OUTPUT PARAMETER:

C ====z=z==zz=szzso=as

C B: 2-DIM(IA,N) ARRAY, CONTENTS THE INVERTED MATRIX OF A
C 51,52: VERIFICATION OF RESULT. S1 = SUM OF THE AMOUNTS

C OF THE DIAGONAL ELEMENTS OF THE MATRIX AsB-E

C (E= UNITY MATRIX), S2= SUM OF THE AMOUNTS OF ALL
C OTHER ELEMENTS. AsB-E IS NAUGHT MATRIX,THEORETICALLY
C IFEHL  ERROR PARAMETER

C IFEHL=1, INVERSE MATRIX OF A FOUND

C IFEHL=2, MATRIX A IS SINGULAR

C

C

C OTHERS

C ==z=====

C MX,MY : (N) 1-DIM INTEGER ARRAY

C

C

C QUELLEN : 1. AUSTAUSCHVERFAHREN IN ABSCHNITT 3.6

¢ 2. FORTRAN IV - PROGRAMM AUSTAU VON TH. TOLXDORFF
¢ IN DER 4. AUFLAGE DIESER FORMELSAMMLUNG.

C

o Ty T T e T eI T e Y
C

C AUTOR: GISELA ENGELN-MUELLGES, FORTRAN 77, 01.02.1987

C

(KIIT I 3222322228222 23 2222332 232322232222 2223222232323 3232)

C
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DEKLARATIONEN.

REAL A(IA,N),B(IA,N)
INTEGER MX(N),MY(N)

BERECHNUNG DES MASCHINENRUNDUNGSFEHLERS FMACHN.

FMACHN-=1.

5 FMACHN=0.5#FMACHN
IF(1..LT.1.+FMACHN) GOTO 5
FMACHN=2.. +FMACHN

UMSPEICHERN DER MATRIX A AUF B.

DO 10 I=1,N
DO 10 J=1,N
B(1,J)=A(1,J)
10 CONTINUE

VORBESETZEN DER PIVOTVEKTORN MX UND MY MIT NULL.

DO 20 I=1,N
MX(1)=0
MY(I)=0

20 CONTINUE

BESTIMMUNG DES PIVOTELEMENTES.

DO 30 I=1,N
PIVO=0.
DO 40 IX=1,N
IF(MX(IX).EQ.0) THEN
Do 50 IY=1,N
IF(MY(IY).EQ.0) THEN

IF(ABS(B(IX,IY)).GT.ABS{PIVO)}) THEN

PIVO=B(IX,IY)

NX=1X
NY=TY
ENDIF
ENDIF
50 CONTINUE
ENDIF
40  CONTINUE

FALLS DAS PIVOTELEMENT NULL IST, IST DIE MATRIX SINGULAER.

IF(ABS(PIVO).LT.4.+FMACHN) THEN
VEBT=PIVO
IFEHL=2
RETURN

ENDIF
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C
C MERKEN DER INDIZES DES PIVOTELEMENTES.
C
MX(NX)=NY
MY(NY)=NX
C
C BERECHNUNG DER MATRIXELEMENTE GEMAESS DER RECHENREGELN FUER
C EINEN AUSTAUSCHSCHRITT.
¢
HILF=1./PIVO
DO 60 J=1,N
IF(J.NE.NX) THEN
FAKTOR=B(J,NY ) «HILF
DO 70 K=1,N
B(J,K)=B(J,K)-B(NX,K)*FAKTOR
B(J,NY)=-FAKTOR
70 CONTINUE
ENDIF
60  CONTINUE
DO 80 K=1,N
B(NX,K)=B(NX,K)#HILF
B(NX,NY)=HILF
80  CONTINUE
30 CONTINUE

C
C ZEILEN- UND SPALTENVERTAUSCHUNGEN RUECKGAENGIG MACHEN.
C
DO 90 I=1,N-1
DO 100 M=I.N
IF(MX(M).EQ.I) GOTO 110
100 CONTINUE
110 J=M
IF(J.NE.I) THEN
DO 120 K=1,N
H=B(1,K)
B(I,K)=B(J,K)
B(J,K)=H
120 CONTINUE
MX(J)=MX(I)
MX(T)=I
ENDIF
DO 130 M=L,N
IF(MY(M).EQ.I) GOTO 140
130 CONTINUE
140 J=M
IF(J.NE.I) THEN
DO 150 K=1,N
H-B(K,I)
B(K,I)=B(K,J)
B(K,J)=H
150 CONTINUE
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MY(J)=MY(TI)
MY(I)=I
ENDIF
90 CONTINUE

BILDUNG DER DIFFERENZMATRIX S=(A#B-E), E=EINHEITSMATRIX.
BILDUNG DER SUMME S1 DER BETRAEGE DER DIAGONALELEMENTE VON S
UND DER SUMME S2 DER BETRAEGE ALLER UEBRIGEN GLIEDER.
THEORETISCH MUESSTEN S1 UND S2 NULL SEIN.

51=0.
52=0.
DO 160 I=1,N
DO 160 J=1.N
H=0.
DO 170 K=1,N
H=H+A(I,K)+B(K,J)
170 CONTINUE
IF(I.EQ.J) THEN
S1=51+ABS(H-1.)
ELSE
S2=52+ABS(H)
ENDIF
160 CONTINUE
IFEHL=1
RETURN
END
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SUBROUTINES FOR COMPUTING EIGENVALIES AND EIGENVECTORS OF REAL MATRICES

L2 e 2 i i R i it T 2222313222227 22222323332232333

TAKEN FROM THE MATHEMATICAL SOFTWARE LIBRARY UNIVERSITY AACHEN.

INTEGER FUNCTION EIGEN
+  (BASIS,ND,N,MAT,SKAL,EIVEC, VERTR, WERTI, CNT, LOV, HIGH)
C

oA R R R R R R R R R R R RN R R RS AR SRR O R RN RN RN R R R &S

BRIEF DESCRIPTION OF PROGRAM

SUBROUTINE TAKEN FROM MATHEMATICAL SODTWARE LIBRARY
UNIVERSITY OF AACHEN/GERMANY.

THIS FUNCTION SUBROUTINE TYP INTEGER EVALUATES
EIGENVALUES AND EIGENVECTORS OF AN ARBITRARY REAL
MATRIX MAT.

THE EIGENVALUES ARE STORED IN THE ARRAYS WERTR(1:N)
(REAL PART) AND WERTI(1:N) (IMAGINARY PART). THE EIGEN-
VECTORS ARE STORED IN THE ARRAY EIVEC(1:N,1:N).

INPUT PARAMETERS:
N: ORDER OF MATRIX MAT
ND: LEADING DIMENSION OF ARRAYS MAT AND
EIVEC, AS IN CALLING PROGRAM DECALRED.
MAT: (N,N}-ARRAY, TYPE DOUBLE PRECISION, CONTAINS

THE MATRIX, WHOSE EIGENVALUES AND EIGENV-
VECTORS SHOULD BE CACULATED.

BASIS: BASIS OF FLOATING POINT OF THE USED
MACHINE. (MOSTLY 2 OR 16)

MAT: UPPER PART OF (N,N) ARRAY CONTAINS THE
EIGENVECTORS OF THE QUASI TRIANGULAR MATRIX
WHICH IS EVALUATED FROM OR-PROCEDURE.

WERTR,WERTI: TWO (N,1) ARRAYS, TYPE DOUBLE PRECISION,
REAL AND IMAGINARY PART OF EIGENVALUES.

EIVEC: (N,N) ARRAY, TYPE DOUBLE PRECISION,
NORMAIZED EIGENVECTORS OF INITIAL MATRIX.
IF THE EIGENVALUE I IS REAL, THEN IS
THE COLUMN I THE CORRESPONDING EIGEN-
VECTOR. IF THE EIGENVALUES I AND I+1 ARE
COMPLEX AND COMPLEX CONJUGATE, THEN CONTAINS
THE COLUMN I THE REAL PART AND THE COLUMN
I+1 THE IMAGINARY PART OF THE EIGENVECTOR,
WHICH BELONGS TO THE EIGENVALUE WITH
THE POSITIVE IMAGINARY PART.

oo sEsEsErEsEYEcE s NN Nee e NeoNo oo e e NeNeo e oo Ne e e Rt YN e e e
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CNT: (N,1) ARRAY, TYPE INTEGER, CONTAINS
THE NUMBER OF ITERATION STEPS FOR EACH
EIGENVALUE.

SKAL: (N,1) ARRAY, TYPE DOUBLE PRECISION,

CONTAINS SCALE FACTORS.

LOCAL VARIABLES:

ONE,TWO,HALF: FLOATING POINT CONSTANTS.
EPS: ACCURACY OF USED MACHINE.

NEEDED SUBROUTINES:

BALAN: BALANCING OF GIVEN MATRIX IN 1-NORM

ELMHES: HESSENBERG TRANSFORMATION

ELMTRA: EVALUATES TRANSFORMED MATRIX.

HOR2:  EVALUATES EIGENVALUES AND EIGENVECTORS OF UPPER
HESSENBERG MATRIX.

BALBAK: TRANSFORMS EIGENVECTORS OF THE BALANCED MATRIX
TO THE EIGENVECTORS OF THE ORIGINAL MATRIX.

NORMAL: NORMALZES EIENVECTORS, MAXIMUM NORM.

SWAP:  SWAPS TWO VARIABLES.

COMDIV: DIVISION OF COMPLEX VARIABLES.

COMABS: MAGNITUDE OF A COMPLEX VARIABLE.

BACK VALUES:

0: NO ERROR.

401: ORDER OF MATRIX MAT IS LESS THAN 1

402: MAT IS NAUGHT MATRIX

403: MAXTMUM NUMBER OF ITERATION STEPS IS EXCEEDED
WHITHOUT GAINING THE SOLUTION.

CRHe s st R R R A SRR R AR R RS R R RS R RN RS SR RN RN RN RN RSN R RS RRRESRR RS RLLS
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AUTOR: JUERGEN DIETEL, RWTH AACHEN
DATUM: FR 10. 4. 1987
QUELLEN:

A) MARTIN, R. S. UND VILKINSON, J. H.: SIMILARITY
REDUCTION OF GENERAL MATRICES TO HESSENBERG FORM.
NUM. MATH. 12, 349-368 (1969)

B) PARLETT, B. N. UND REINSCH, C.: BALANCING A MATRIX
FOR CALCULATION OF EIGENVALUES AND EIGENVECTORS.
NUM. MATH. 13, 293-304 (1969)

C) PETERS, G. UND WILKINSON, J. H.: EIGENVECTORS OF
REAL AND COMPLEX MATRICES BY LR AND QR
TRIANGULARIZATIONS. NUM. MATH. 16, 181-204 (1970)
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INTEGER BASIS,ND,N,CNT(N),LOV,HIGH

DOUBLE PRECISION MAT(ND,N),SKAL(N),EIVEC(ND,N),WERTR(N),
WERTI(N)

DOUBLE PRECISION ONE,TWO,HALF

PARAMETER (ONE = 1.0D0,TWO = 2.0DO,HALF = 0.5D0)

INTEGER RES,BALAN, EIMHES, ELMIRA, HQR2, BALBAK , NORMAL

DOUBLE PRECISION EPS,TEMP

BERECHNUNG DER MASCHINENGENAUIGKEIT EPS (D. H. DER KLEINSTEN

POSITIVEN MASCHINENZAHL, FUER DIE AUF DEM BECHNER GILT:
1+ EPS » 1):

TEMP = TWO
EPS = ONE
IF (ONE .LT. TEMP) THEN
EPS = EPS * HALF
TEMP = ONE + EPS
GOTO 10
ENDIF
EPS = TWO # EPS
RES = BALAN(ND,N,MAT, SKAL,LOW,HIGH,BASIS)

IF (RES .NE. 0) THEN
EIGEN = RES + 100
RETURN
ENDIF
RES = ELMHES(ND,N,LOW,HIGH,MAT,CNT)
IF (RES .NE. 0) THEN
EIGEN = RES + 200
RETURN
ENDIF
RES = ELMTRA(ND,N,LOW,HIGH,MAT,CNT,EIVEC)
IF (RES .NE. 0) THEN
EIGEN = RES + 300
RETURN
ENDIF
RES = HOQRZ2(ND,N,LOW,HIGH,MAT,WERTR, WERTT ,EIVEC, CNT,EPS)
IF (RES .NE. 0) THEN
EIGEN = RES + 400
RETURN
ENDIF
RES = BALBAK(ND,N,LOV,HIGH,SKAL,EIVEC)
IF (RES .NE. 0) THEN
EIGEN = RES + 500
RETURN
ENDIF
RES = NORMAL(ND,N,EIVEC,VERTI)
IF (RES .NE. 0) THEN
EIGEN = RES + 600
RETURN
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ENDIF
EIGEN = 0

INTEGER FUNCTION BALAN (ND,N,MAT,SKAL,LOW,HIGH,BASIS)

SUBROUTINE FOR FUNCTION EIGEN

INTEGER ND,N,LOW,HIGH,BASIS

DOUBLE PRECISION SKAL(N),MAT(ND,N)

DOUBLE PRECISION ZERO,ONE,PT95

PARAMETER (ZERO = 0.0DO,ONE = 1.0D0,PT95 = 0.95D0)
INTEGER I,J,K,L,B2

DOUBLE PRECISION R,C,F,G,S

DIE NORM VON MAT(1:N,1:N) REDUZIEREN DURCH EXAKTE AEHNLICH-
KEITSTRANSFORMATIONEN, DIE IN SKAL{1:N) ABGESPEICHERT WERDEN

B2 = BASIS#BASIS

L=1

K=N

NACH ZEILEN MIT EINEM ISOLIERTEN EIGENWERT SUCHEN UND SIE
NACH UNTEN SCHIEBEN

10 DO 50 J=K,1,-1

20

30

40

50

60

70

R = ZERO
DO 20 I-1,K
IF (I .NE. J) R = R+ABS(MAT(J,I))
IF (R .EQ. ZERO) THEN
SKAL(K) = J
IF (J .NE. K) THEN
DO 30 I=1,K
CALL SWAP(MAT(I,J) MAT(I,K))
DO 40 I=L,N
CALL SWAP(MAT(J,I) MAT(K,I))
ENDIF
K = K-1
GOTO 10
ENDIF
CONTINUE

NACH SPALTEN MIT EINEM ISOLIERTEN EIGENWERT SUCHEN UND SIE
NACH LINKS SCHIEBEN

DO 100 J=L.,K
C = ZERO
DO 70 I=L.K
IF (I .NE. J) C = C+ABS(MAT(I,J))
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IF (C .EQ. ZERO) THEN
SKAL(L) = J
IF (J .NE. L) THEN
DO 80 I-1,K
80 CALL SWAP(MAT(I,J) MAT(I,L))
DO 90 I=L,N
90 CALL SWAP(MAT(J,I),MAT(L,I))
ENDIF
L =1+
GOTO 60
ENDIF
100 CONTINUE

2

NUN DIE TEILMATRIX IN DEN ZEILEN L BIS K AUSBALANCIEREN

LOW = L

HIGH = K

DO 110 I=L,K
110 SKAL(I) = ONE
120 DO 180 I=L,K

C = ZERO
R = ZERO
DO 130 J=L,K

IF {J .NE. I) THEN
C = C+ABS(MAT(J,I))
R = R+ABS(MAT(I,J))
ENDIF
130 CONTINUE
R/BASIS
= ONE
= C+R
140 IF (C .LT. G) THEN
F = F+BASIS
C = CeB2
QOTO 140
ENDIF
G = RsBASIS
150 IF (C .GE. G) THEN
F = F/BASIS
C = C/B2
GOTO 150
ENDIF
IF ((C+R}/F .LT. PT95sS) THEN
G = ONE/F
SKAL(I) = SKAL(I)+F
DO 160 J=L,N
160 MAT(I,J) = MAT(I,J)#G
DO 170 J=1 K
170 MAT(J,I) = MAT(J,I)¢F
GOTO 120

Uy 11
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ENDIF

CONTINUE
BALAN = 0
END

INTEGER FUNCTION BALBAK(ND,N,LOW,HIGH,SKAL,EIVEC)

SUBROUTINE FOR FUNCTION EIGEN

INTEGER ND,N,LOW,HIGH

DOUBLE PRECISION SKAL(N),EIVEC(ND,N)
INTEGER 1,J.K

DOUBLE PRECISION S

DO 20 I-LOw, HIGH
S = SKAL(I)

LINKSEIGENVEKTOREN WERDEN ZURUECKTRANSFORMIERT, INDEM MAN
DIE VORIGE ANVEISUNG ERSETZT DURCH: 'S = 1.0DO/SKAL(I)’

DO 10 J=1.,N
EIVEC(I,J) = EIVEC(I,J)*S
CONTINUE
DO 40 I-=LOW-1,1,-1
K=SKAL(I)
DO 30 J=1,N
CALL SWAP(EIVEC(I,J),EIVEC(K,J))
CONTINUE
DO 60 I=HIGH+1,N
K=SKAL(I)
DO 50 J=1,N
CALL SWAP(EIVEC(I,J),EIVEC(K,J))
CONTINUE
BALBAK = 0
END

INTEGER FUNCTION ELMHES(ND,N,LOW,HIGH,MAT,PERM)

FUNCTION FOR FUNCTION EIGEN

INTEGER N,LOW,HIGH, PERM(N)

DOUBLE PRECISION MAT(ND,N)

DOUBLE PRECISION ZERO,ONE

PARAMETER (ZERO = 0.0DO,ONE = 1.0DO)
INTEGER I,J.M

DOUBLE PRECISION X,Y



10

20

30

40

50

60

70

- 205 -

DO 70 M=LOW+1,HIGH-1
I=M
X = ZERO
DO 10 J=M,HIGH

IF (ABS(MAT(J,M-1)) .GT. ABS(X)) THEN

X = MAT(J,M-1)
1=J
ENDIF
CONTINUE
PERM(M) = T
IF (I .NE. M) THEN

ZETLEN UND SPALTEN VON MAT VERTAUSCHEN

DO 20 J=M-1,N
CALL SWAP (MAT(I,J) ,MAT(M,J))
DO 30 J=1,HIGH
CALL SWAP (MAT(J,I),MAT(J,M))
ENDIF
IF (X .NE. ZERO) THEN
DO 60 I=M+1,HIGH
Y = MAT(I,M-1)
IF (Y .NE. ZERO) THEN
Y = Y/X
MAT(I M-1) = Y
DO 40 J=M,N

MAT(I,J) = MAT(I,J)-Y«MAT(M,J)

DO 50 J=1,HIGH

MAT(J,M) = MAT(J,M)+Y«MAT(J,I)

ENDIF
CONTINUE
ENDIF
CONTINUE
ELMHES = 0
END

INTEGER FUNCTION ELMTRA(ND,N,LOW, HIGH,MAT,PERM,H)

FUNCTION FOR FUNCTION EIGEN

INTEGER ND,N,LOV,HIGH, PERM(N)
DOUBLE PRECISION MAT(ND,N),H(ND,N)
DOUBLE PRECISION ZERO,ONE
PARAMETER (ZERO = 0.0DO,ONE = 1.0D0)
INTEGER I,J.K
DO 20 I=1,N

DO 10 J=1 N

H(I,J) = ZERO
H(I, I} = ONE
CONTINUE
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DO 50 I=HIGH-1,LOW+1,-1
J=PERM(I)
DO 30 K=I+1,HIGH
H(K,I) = MAT(K,I-1)
IF (I .NE. J) THEN
DO 40 K-I,HIGH
H(I,K)=H(J,K)
H(J,K)=ZERO
CONTINUE
H(J,I) = ONE
ENDIF
CONTINUE
ELMIRA = 0
END

INTEGER FUNCTION HQR2 (ND,N,LOW,HIGH,H,WERTR,WERTI,EIVEC,CNT,EPS)

FUNCTION FOR FUNCTION EIGEN

INTEGER ND,N,LOW,HIGH,CNT(N)
DOUBLE PRECISION H(ND,N), EIVEC(ND,N),WERTR(N) WERTI(N), EPS
DOUBLE PRECISION ZERO,ONE,TWO,PT75,PT4375

INTEGER MAXSTP
PARAMETER (ZERO = 0.0DO,ONE = 1.0D0,TWO = 2.0D0,
* PT75 = 0.75D0,PT4375 = 0.4375D0,MAXSTP = 100)

INTEGER I,J.K,L,M,NA,EN, ITER
DOUBLE PRECISION P,Q.R,S,T.V¥,X,Y,Z,NORM,RA,SA,VR,V1

FEHLER 1: DIE PARAMETER N, LOW ODER HIGH HABEN UNERLAUBTE
WERTE:

IF (N .LT. 1 .OR. LOW .LT. 1 .OR. HIGH .GT. N) THEN
HR2 =1
RETURN

ENDIF

VORBESETZUNG FUER DIE BEI DER AUSBALANCIERUNG GEFUNDENEN
ISOLIERTEN EIGENWERTE:

DO 10 I=1,N
IF (T .LT. LOV .OR. I .GT. HIGH) THEN
WERTR(I) = H(I,I)
WERTI(1) = ZERO
CNT(I) = 0
ELSE
CNT(I)
ENDIF
CONTINUE

-1
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EN = HIGH

T = ZERO
IF (EN .LT. LOW) GOTO 333
ITER = 0
NA = EN-1

NACH EINEM EINZELNEN KLEINEN SUBDIAGONALELEMENT
SUCHEN:

DO 30 L=EN,LOW+1,-1
IF (ABS(H(L,L-1)) .LE. EPS#
(ABS(H(L-1,L-1))+ABS(H(L,L)))) GOTO 40
X = H(EN,EN)
IF (L .EQ. EN) THEN

EINE WURZEL GEFUNDEN:

WERTR(EN) = X + T
H(EN,EN) = WERTR(EN)
WERTI(EN) = ZERO
CNT(EN) = ITER
EN = NA
GOTO 15

ENDIF

1"

Y = H(NA,NA)
W = H(EN,NA)+H(NA,EN)
IF (L .EQ. NA) THEN

t

ZWEI WURZELN GEFUNDEN:

(Y-X)/TWO

PaP+W
SQRT(ABS(Q))
H(EN,EN) = X+T

X = H(EN,EN)

H(NA,NA) = Y+T
CNT(EN) = -ITER
CNT(NA) = ITER

IF (Q .GE. ZERO) THEN

NN O U
Hoon

EIN REELLES PAAR GEFUNDEN:

IF (P .LT. ZERO) Z = -2

Z = P+Z

WERTR(NA) = X+Z
WERTR(EN) = X-W/Z
WERTI(NA) = ZERO
WERTL(EN) = ZERO
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H(EN,NA)
SQRT(X*X+Z+Z)
X/R

Z/R

O oo b
1noon

ZEILENMODIFIKATION:

DO 50 J=NA,N
Z = H(NA,J)
H(NA,J) = Q#Z+P+H(EN,J)
H(EN,J) = QsH{EN,J)-P+Z
CONTINUE

SPALTENMODIFIKATION:

DO 60 I-=1,EN
Z = H(I,NA)
H(I,NA) = Q+Z+P+H(I,EN)
H(I,EN) = Q+H(I,EN)-P*Z
CONTINUE

AKKUMULATTON:

DO 70 I=LOW, HIGH
Z = EIVEC(I,NA)
EIVEC(I,NA) = Q+Z+P+EIVEC(I,EN)
EIVEC(I,EN) = QsEIVEC(I,EN)-P+Z

CONTINUE

ELSE
KOMPLEXES PAAR:
WERTR(NA) = X+P
WERTR(EN) = WERTR(NA)
WERTI(NA) = Z
WERTI(EN) = -Z

ENDIF

EN = EN-2

GOTO 15

ENDIF

IF (ITER .EQ. MAXSTP) THEN

FEHLER 3: MAXIMALE SCHRITTZAHL UEBERSCHRITTEN:

CNT(EN) = MAXSTP+1
HORZ = 3
RETURN
ENDIF
IF (MOD(ITER,10) .EQ. 0 .AND. ITER .NE. 0) THEN
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EINEN UNGEWOEHNLICHEN SHIFT DURCHFUEHREN:

T = T+§
DO 80 I=LOW,EN
H(I,T) = H(I,I)-X

S = ABS(H(EN,NA))+ABS(H(NA,EN-2))
X = PT75+S
Y =X
V = -PT4375¢5#5
ENDIF
ITER = ITER+1

NACH ZWEI AUFEINANDERFOLGENDEN KLEINEN
SUBDIAGONALELEMENTEN SUCHEN:

DO 90 M=EN-2,L,-1
Z = HMM)
= X-Z
= Y-Z
= (B*S-W)/H(M+1,M)+H(M, M+1)
= H{M+1,M+1)-Z-R-S
H(M+2 ,M+1)
= ABS(P)+ABS(Q)+ABS(R)
= P/S
= Q/S
= R/S
IF (M .EQ. L) GOTO 100
IF (ABS(H(M,M-1))¢(ABS(Q)+ABS(R)) .LE. EPS#ABS(P)¢
(ABS(H(M-1,M-1))+ABS(Z)+ABS(H(M+1,M+1))))
GOTO 100
CONTINUE
DO 110 I=M+2,EN
H(I,I-2) = ZERO
DO 120 I=M+3,EN
H(I,I-3) = ZERO

O oL oS Yo o
1

EIN DOPPELTER OR-SCHRITT, DER DIE ZEILEN L BIS EN UND
DIE SPALTEN M BIS EN DES GANZEN FELDES BETRIFFT:

DO 200 K=M,NA
IF (K .NE. M) THEN
P = H(K,K-1)
Q = B(k+1,K-1)
IF (K .NE. NA) THEN
R = H(K+2,K-1)
ELSE
R = ZERO
ENDIF
X = ABS(P)+ABS(Q)+ABS(R)
IF (X .EQ. ZERO) GOTO 200
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P = P/X
Q= /X
R = R/X
ENDIF
= SQRT(PeP+Q#Q+R+R)
IF (P .LT. ZERO) S = -S
IF (K .NE. M) THEN
H(K,K-1} = -SsX
ELSEIF (L .NE. M) THEN
H(K,K-1) = -H(K,K-1)
ENDIF
= P+§S
= P/S
Q/S
R/S
Q/P
R/P

i

0O N > U
"

¢ ZETLENMODIFIKATION:

DO 130 J=K,N
P = H(K,J}+Q#H(K+1,J)
IF (K .NE. NA) THEN
P = P+ReH(K+2,J)
H(K+2,J) = H(K+2,J)-P+Z
ENDIF
H(K+1,J) = H(K+1,J)-P+Y
H(K,J) = H(K,J)-PsX
130 CONTINUE
J = MIN(K+3,EN)

C
C SPALTENMODIFIKATION:
¢
DO 140 I=1,J
P = X+H(I,K)+Y*H(I K+1)
IF (K .NE. NA) THEN
P = P+ZsH(I K+2)
H(I,K+2) = H(I,K+2)-PsR
ENDIF
H(I,K+1) = H(I,K+1)-P+Q
H(I,K) = H(I,K}-P
140 CONTINUE
C
¢ TRANSFORMATIONEN AKKUMULIEREN:
¢

DO 150 I=LOW,HIGH
P = X«EIVEC(I,K)+Y+EIVEC(I K+1)
IF (K .NE. NA) THEN
P = P+ZsEIVEC(I,K+2)
EIVEC(I,K+2) = EIVEC(IL,K+2)-P+RB
ENDIF
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EIVEC(I,K+1) = EIVEC(I,K+1)-PxQ
EIVEC(I,K) = EIVEC(IK)-P
150 CONTINUE
200 CONTINUE
GOTO 20

ALLE WURZELN GEFUNDEN, NUN WIRD RUECKTRANSFORMIERT:
1-NORM VON H BESTIMMEN:

333 NORM = ZERO
K=1
DO 201 I=1,N
DO 101 J=K,N
101 NORM = NORM+ABS(H(I,J))
201 K=1
IF (NORM .EQ. ZERO) THEN
FEHLER 2: 1-NORM VON H IST GLEICH 0:
HORZ2 = 2
RETURN
ENDIF

RUECKTRANSFORMATION:

DO 207 EN=N,1,-1
P = WERTR(EN)
Q = VERTI(EN)
NA=EN-1
IF (Q .EQ. ZERO) THEN

REELLER VEKTOR:

M = EN
H(EN,EN) = ONE
DO 63 I=NA,1,-1
v = H(I,I)-P
R = H(I,EN)
DO 38 J=M,NA
38 R = R+H(I,J)+H(J,EN)
IF (WERTI(I) .LT. ZERO) THEN
Z=\
5=R
ELSE
M=1
IF (WERTI(I) .EQ. ZERO) THEN
IF (W .NE. ZERO) THEN
H(I,EN) = -RAWV
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ELSE
H(I,EN) = -R/(EPS#NORM)
ENDIF

ELSE

L]
t

H(I,I+1)
H(I+1,I)
(WERTR(I)-P)#(WERTR(I) - P)+
VERTI(I)sWERTI(I)
T = (X+S-Z¢R)/Q
H(ILEN) = T
IF (ABS(X) .GT. ABS(Z))} THEN
H(I+1,EN) = (-R-WeT)/X
ELSE
H(I+1,EN) = (-S-Y¢T)/Z
ENDIF

O e
noon

ENDIF

ENDIF

CONTINUE
ELSEIF (Q .LT. ZERO) THEN

KOMPLEXER VEKTOR, DER ZU LAMBDA = P - I # Q GEHOERT:

M=NA

IF (ABS(H(EN,NA)) .GT. ABS(H(NA,EN))) THEN

H(NA,NA) = -(H(EN,EN)-P)/H(EN,NA)
H(NA,EN) = -Q/H(EN,NA}
ELSE

CALL COMDIV(-H(NA,EN),ZERO,H(NA,NA)-P.Q,

H(NA,NA) ,H(NA,EN))

ENDIF
H(EN,NA) = ONE
H(EN,EN) = ZERO
DO 190 I-=NA-1,1,-1
v = H(II)-P
RA = H(I,EN)
SA = ZERO
DO 75 J=M,NA

RA = RA+H(I,J)+H(J,NA)
SA = SA+H(I,J)+H(J,EN)
CONTINUE

IF (WERTI(I) .LT. ZERO) THEN

v
RA
SA

I

IF (WERTI(I) .EQ. ZERO) THEN

CALL COMDIV(-RA,-SA,¥,Q H(I,NA) H(I,EN))

ELSE
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LOESE DIE KOMPLEXEN GLEICHUNGEN:

X = H{I,I+1)

Y = H(I+1,1I)

VR = (WERTR(I)-P)*(WERTR(I)-P)+

WERTT(I)}+WERTI(I)-Q*Q

VI = TWO#Q+(WERTR(I)-P)

IF (VR .EQ. ZERO .AND. VI .EQ. ZERO) VR =
EPS#NORM#
(ABS(W)+ABS(Q)+ABS(X)+ABS({Y)+ABS(Z))

CALL COMDIV(X#R-Z#RA+Q#SA,X¢S-Z#SA-Q+RA,

VR,VI,H(I,NA),H(I,EN))

IF (ABS(X) .GT. ABS(Z)+ABS(Q)) THEN
H(I+1,NA) = (-RA-WsH(I,NA)}+Q+H(I,EN))/X
H(I+1,EN) = (-SA-WeH(I,EN)-Q+H(I,NA))/X

ELSE
CALL COMDIV{-R-Y+H(I,NA),-S-Y#H(I,EN),Z,0,

H{I+1,NA},H(I+1,EN})

ENDIF

ENDIF
ENDIF
CONTINUE
ENDIF
CONTINUE

ZU DEN ISOLIERTEN WURZELN GEHOERIGE VEKTOREN:

DO 230 I-=1,N

IF (I .LT. LOW .OR. I .GT. HIGH) THEN
DO 220 J=I+1,N
EIVEC(I,J) = H(I,J)
ENDIF
CONTINUE

MIT DER TRANSFORMATIONSMATRIX MULTIPLIZIEREN, UM DIE
VEKTOREN DER URSPRUENGLICHEN VOLLEN MATRIX ZU ERHALTEN:

DO 300 J=N,LOW,-1

IF (J .LE. HIGH) THEN
M=
ELSE
M = HIGH
ENDIF
L=J1
IF (WERTI(J) .LT. ZERO) THEN
DO 330 I=LOW,HIGH
Y = ZERO
Z = ZERO
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Y = Y+EIVEC(I,K)+H(K,L)
Z = Z+EIVEC(I,K)#H(K,J)

CONTINUE
EIVEC(I,L) = Y
EIVEC(I,J) = Z
CONTINUE

ELSE

IF (WERTI(J) .EQ. ZERO) THEN

DO 350 I=LOW,HIGH
7 = ZERO
DO 340 K=LOW,M

Z =Z+EIVEC(I,K)+H(K,J)

EIVEC(I,J) = Z
ENDIF
ENDIF
CONTINUE

RUECKGABE VON 0: KEIN FEHLER:

HOR2 = 0
END

SUBROUTINE COMDIV (AR,AI,BR,BI,RESR,RESI)

SUBROUTINE FOR FUNCTION EIGEN

DOUBLE PRECISION AR,AI,BR,BI,RESR,RESI

DOUBLE PRECISION ZERO
PARAMETER (ZERO = 0.0D0)

DOUBLE PRECISION TEMP1,TEMP2,TEMP3

IF (BR .EQ. ZERO .AND. BI .EQ. ZERO) THEN

RESR = ZERO
RESI = ZERO
RETURN
ENDIF
IF (ABS(BR) .GT. ABS(BI)) THEN
TEMP1 = BI/BR
TEMP2 = TEMP1#BI+BR
TEMP3 = (AR+TEMP1#AlL)/TEMP2
RESI = (AI-TEMP1#AR)/TEMP2
RESR = TEMP3
ELSE
TEMP1 = BR/BI
TEMP2 = TEMP1#BR+BI

TEMP3 = (TEMP1#AR+AI)/TEMP2
RESI = (TEMP1#AI-AR)/TEMP2

RESR = TEMP3
ENDIF
END
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DOUBLE PRECISION FUNCTION COMABS(AR,AI)

FUNCTION FOR FUNCTION EIGEN

DOUBLE PRECISION AR,AI
DOUBLE PRECISION ZERO,ONE
PARAMETER (ZERO = 0.0DO,ONE = 1.0D0)
DOUBLE PRECISION TEMP1,TEMP2
TEMP1 = ABS(AR)
TEMP2 = ABS(AI)
IF (AR .EQ. ZERO .OR. AT .EQ. ZERO) THEN
COMABS = ZERO
RETURN
ENDIF
IF (TEMP2 .GT. TEMP1) CALL SWAP (TEMP1,TEMP2)
IF (TEMP2 .EQ. ZERO) THEN
COMABS = TEMP1
ELSE
COMABS = TEMP1+SQRT(ONE+(TEMP2/TEMP1 )*#2)
ENDIF
END

INTEGER FUNCTION NORMAL (ND,N,V,VI)

FUNCTION FOR FUNCTION EIGEN

INTEGER ND,N

DOUBLE PRECISION V(ND,N),WI(N)
DOUBLE PRECISION ZERO,ONE

PARAMETER (ZERO = 0.0D0,ONE = 1.0D0)
INTEGER 1,J

DOUBLE PRECISION MAXI,TR,TI,COMABS

J=1
10 IF (J .GT. N) GOTO 80
IF (VI(J) .EQ. ZERO) THEN
MAXT = V(1,J)
DO 15 I=2,N
15 IF (ABS(V(I,J)) .GT. ABS(MAXI)) MAXI = V(I,J)
IF (MAXI .NE. ZERO) THEN
MAXT = ONE/MAXI
DO 20 I=1,N
20 V(I,J) = V(I,J)«MAXI
ENDIF
J =34
ELSE
TR
TI

v(1,J)
Vi1,3+1)

1
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DO 30 I=2,N
IF (COMABS(V(I,J),V(I,J+1)) .GT. COMABS(TR,TI))
* THEN
TR
TI
ENDIF
30 CONTINUE
IF (TR .NE. ZERO .OR. TI .NE. ZERO) THEN
DO 40 I=1,N
40 CALL COMDIV (V(I,J),V(I,J+1},TR,TI,
* V(1,3),V1,J+1))

V(I,J)
V(I,J+1)

SUBROUTINE FOR FUNCTION EIGEN

DOUBLE PRECISION X,Y,TEMP

TEMP = X
X=19
Y = TEMP

END
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SUBROUTINES FOR INITIAL VALUE PROBLEMS OF FIRST ORDER DIFFERENTIAL EQ.

LA e a2 22222232223 3232222328323

TAKEN FROM THE MATHEMATICAL SOFTWARE LIBRARY UNIVERSITY AACHEN.

C AwP ANFANGSVERTPROBLEM-LOESER (AUCH FUER SYSTEME)
SUBROUTINE AWP(XK, HK, YK, N, DGL, XENDE, EPSABS, EPSREL,

1 INDEX, IFMAX, IFANZ, IFEHL)
¢

R e R R R R E R AR R R AR R RN RN SRR RN R NS R RR RN RN RS

DIESES PROGRAMM BERECHNET, AUSGEHEND VON DER NAEHERUNG YK
FUER DIE LOESUNG Y DES SYSTEMS GEWOEHNLICHER DIFFERENTIAL-
GLEICHUNGEN 1.ORDNUNG
Y = F(XY)

IM PUNKT XK, EINE NAEHERUNG FUER DIE LOESUNG Y IM PUNKT
XENDE. DABEI WIRD INTERN MIT SCHRITTWEITENSTEUERUNG SO GE-
RECHNET, DASS DER FEHLER DER BERECHNETEN NAEHERUNG ABSOLUT
ODER RELATIV IN DER GROESSENORDNUNG DER VORGEGEBENEN FEHLER-
SCHRANKEN EPSABS UND EPSREL LIEGT.
( FUER DIE VARIABLENTYPEN DER UEBERGABEPARAMETER GELTEN DIE

STANDARD-FORTRAN-KONVENTIONEN. )

oNeNele e e ol eloe ol eoleo el el e!

EINGABEPARAMETER:

AUSGANGSPUNKT DER UNABHAENGIGEN VARIABLEN X
- PROGNOSTIZIERTE SCHRITTWEITE FUER DEN NAECHSTEN
SCHRITT
1-DIM. FELD (1:N) ;WERT FUER DIE LOESUNG DER DIFFE-
RENTIALGLEICHUNG AN DER STELLE XK
N - ANZAHL DER DIFFERENTTALGLEICHUNGEN ( 1 ¢= N «¢= 20 )
DGL - RECHTE SEITE DER DIFFERENTIALGLEICHUNG, DIE ALS
UNTERPROGRAMM DER FORM
SUBROUTINE DGL (X, Y, N, F)
( BEGINNEND MIT: REAL Y(N), F(N) ) ZUR VERFUEGUNG
GESTELLT SEIN MUSS, WOBEI F DER WERT DER RECHTEN
SEITE DER DIFFERENTIALGLEICHUNG AN DER STELLE (X,Y)
IST ( DGL MUSS IM RUFENDEN PROGRAMM IN EINER
EXTERNAL-ANVEISUNG AUFGEFUEHRT SEIN ! )
XENDE - STELLE, AN DER DIE LOESUNG GEWUENSCHT WIRD; XENDE
DARF NICHT KLEINER ALS XK GEWAEHLT WERDEN
EPSABS - FEHLERSCHRANKE FUER DIE ABSOLUTE GENAUIGKEIT DER ZU
BERECHNENDEN LOESUNG. ES MUSS EPSABS »= 0 SEIN; FUER
EPSABS = 0 WIRD NUR DIE RELATIVE GENAUIGKEIT BEACHTET
EPSREL - FEHLERSCHRANKE FUER DIE RELATIVE GENAUIGKEIT DER 7V
BERECHNENDEN LOESUNG. ES MUSS EPSREL »>= 0 SEIN; FUER
EPSREL = 0 WIRD NUR DIE ABSOLUTE GENAUIGKEIT BEACHTET

H R

=

oo e e el e N e RN e R BT Bl BN e B!



- 218 -

C INDEX - VAHL DER ZU BENUTZENDEN EINBETTUNGSFORMEL MIT
C SCHRITTWEITENSTEUERUNG:
C = 0: RUNGE-KUTTA-VERFAHREN 2./3. ORDNUNG
¢ SONST: FORMEL VON ENGLAND 4./5. ORDNUNG
C IFMAX - OBERE SCHRANKE FUER DIE ANZAHL DER ZULAESSIGEN
C FUNKTIONSAUSWERTUNGEN DER RECHTEN SEITE F DER DIF-
C FERENTIALGLEICHUNG
C
C
C  AUSGABEPARAMETER:
¢ ========zsszszzzzs
XK - STELLE, DIE BEI DER INTEGRATION ZULETZT ERREICHT WUR-
DE. IM FALL IFEHL = 0 IST NORMALERWEISE XK = XENDE
HK - ZULETZT VERVENDETE LOKALE SCHRITTWEITE (SIE SOLLTE
FUER DEN NAECHSTEN SCHRITT UNVERAENDERT GELASSEN
WERDEN! )
K - NAEHERUNGSWERT DER LOESUNG AN DER NEUEN STELLE XK

IFANZ - ANZAHI, TATSAECHLICH BENOETIGTER FUNKTIONSAUSWERTUNGEN

IFEHL - FEHLERPARAMETER:

= 0: ALLES 0.K.

1: BEIDE FEHLERSCHRANKEN EPS... ZU KLEIN
(RELATIV ZUR RECHENGENAUIGKEIT)

2: XENDE ¢= XK (INNERHALB DER RECHENGENAUIGKEIT)

= 3: SCHRITIVEITE HK «= 0

(RELATIV ZUR RECHENGENAUIGKEIT)

= 4: N> 20 ODER N «=10

= 5: IFANZ > IFMAX: DIE ANZAHL DER ZULAESSIGEN FUNK-

TIONSAUSWERTUNGEN REICHT NICHT AUS, EINE GEEIG-

NETE NAEHERUNGSLOESUNG MIT DER GEFORDERTEN GE-

NAUIGKEIT ZU BESTIMMEN; XK UND HK ENTHALTEN

DIE AKTUELLEN WERTE BEIM ABBRUCH

"

O OO MO OO OO OO0
1

BENOETIGTE UNTERPROGRAMME:

(@}

REAL FUNCTION NORM
SUBROUTINE RUKUZ23
SUBROUTINE ENGL45

eHeEeHETESIY

RECHNERABHAENGIGE LOKALE VARIABLE:

MASCHINENGENAUIGKEIT EPSLON, EPS1, EPS2

[@e!

¢
o e e L i i e
C

C AUTOR :  KLAUS NIEDERDRENK , FTN5 , 1.11.1985

C

C!!!t!!itil*!!iil!!!iil!!!l!!l!i(!l!i!!i&itl*l!i*!iliiitl!&t!tili!
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C

REAL YK(N)

REAL Y(20), YT(20), Y00(20), NORM

LOGICAL IEND, LEPSI

EXTERNAL DGL

SAVE EPSLON, EPS1, EPS2, LEPSI

DATA LEPSI / .TRUE. / , YOO / 20 ¢ 0.0 /
C

Ces+ EPSLON IST DIE MASCHINENGENAUIGKEIT DER BENUTZTEN ANLAGE

Ce+ (DH. DIE KLEINSTE POSITIVE MASCHINENZAHL, DIE 1 + EPSLON > 1
Cs+ ERFUELLT). EPS1 FAENGT EINE MOEGLICHERWEISE ZU KLEINE SCHRITT-
Ces VEITE HK AM INTERVALLENDE AB, EPS2 DIENT BEI ABFRAGEN AUF NULL

"

»

IF ( LEPSI ) THEN
EPSLON = 1.0
10 EPSLON = 0.5 * EPSLON
IF ( 1.0 + EPSLON .NE. 1.0) GOTO 10
EPSLON = 2.0 # EPSLON
EPS1 = EPSLON ## 0.75
EPS2 = 100.0 # EPSLON

LEPST = .FALSE.
ENDIF
C
Ce+ VORBESETZEN LOKALER GROESSEN
C
VZ = SIGN (1.0, XENDE)
XEND = (1.0 - VZ + EPS2) + XENDE
IFEHL = 0
IFANZ = 0
IEND = .FALSE.
C
Ce¢+ PLAUSIBILITAETSKONTROLLE DER EINGABEPARAMETER
C

YMAX = NORM(YK, Y00, N)
IF (EPSABS .LE. EPS2¢YMAX .AND. EPSREL .LE. EPS2) THEN

IFEHL = 1

ELSE IF (XEND .LT. XK) THEN
IFEHL = 2

ELSE IF (HK .LT. EPS2 #+ ABS(XK)) THEN
IFEHL = 3

ELSE IF (N .LE. 0 .0R. N .GT. 20) THEN
IFEHL = 4

ENDIF

IF (IFEHL .NE. 0) BRETURN
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C
Cessxx STEUERUNGSALGORITHMUS srexe
C

¢
IF (XK+HK .GT. XEND) THEN
HK = XENDE - XK
HHILF = HK
IEND = .TRUE.
ENDIF
C

Ce#+ INTEGRATION AUF DEM INTERVALL #[#XK, XENDE#l#+ IN ANGEMES-
Ce#+ SENEN SCHRITTEN

C
50  CONTINUE
C
Ces AUFRUF DES GEWAEHLTEN EINSCHRITTVERFAHRENS
C
IF (INDEX .EQ. O) THEN
CALL RUKU23 (XK, HK, YK, N, DGL, Y, YT)
TFANZ=IFANZ+3
ELSE
CALL ENGL45 (XK, HK, YK, N, DGL, Y, YT)
IFANZ=TFANZ+6
ENDIF
C
DIFF = NORM(Y, YT, N)
C
IF (DIFF .LT. EPS2) THEN
S=2.0
ELSE
YMAX = NORM(YT, Y00, N)
S = SQRT(HK ¢ (EPSABS + EPSREL#YMAX) / DIFF)
IF (INDEX .NE. 0) S = SQRT(S)
ENDIF
¢
IF (S .GT. 1.0) THEN
C

Cx+ DER DURCHGEFUEHRTE SCHRITT MIT HK WIRD AKZEPTIERT
C

DOB0OI =1, N
YK(I) = YI{I)
60  CONTINUE
C
K =X+ K
C

Cs+ FALLS DIE INTEGRATIONSGRENZE XENDE ERREICHT WURDE ODER
Ce+ SCHON MEHR ALS DIE ZULAESSIGEN FUNKTIONSAUSWERTUNGEN
Cs+ GEMACHT WURDEN : RUECKSPRUNG

C
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70 IF (IEND) THEN
HK = HHILF
RETURN
ELSE IF (IFANZ .GT. IFMAX) THEN
IFEHL = 5
RETURN
ENDIF
C
Ces DIE SCHRITIWEITE FUER DEN NAECHSTEN SCHRITT WIRD ANGEMESSEN,
Ce#+ MAXIMAL UM DEN FAKTOR 2 , VERGROESSERT

C
HK = HK + MIN(2.0, 0.98+5)
C
IF ((XK+HK) .GE. XEND) THEN
HHILF = HK
HK = XENDE - XK
IEND = .TRUE.
¢

Ces FALLS MAN SCHON SEHR NAHE BEI XENDE ANGELANGT IST : RUECKSPRUNG
C
IF (HK .LT. EPS1 # ABS(XENDE)) GOTO 70
ENDIF
ELSE

Ce+ DER LETZTE SCHRITT WIRD NICHT AKZEPTIERT, DIE SCHRITTWEITE HK

Ce+ WIRD VOR WIEDERHOLUNG DIESES SCHRITTES ANGEMESSEN VERKLEINERT,
Cs#+ JEDOCH HOECHSTENS HALBIERT
C
HK = HK + MAX(0.5, 0.98#S)
IEND = .FALSE.
ENDIF
¢
GOTO 50
C
END
REAL FUNCTION NORM (F1, F2, N)
C
T Y
C

C DIESES PROGRAMM BESTIMMI DIE MAXIMUMNORM DER DIFFERENZ
C F1 - F2 DER VEKTOREN Fi UND F2 DER LAENGE N .
C
T nnn T e e
C

REAL F1(N), F2(N)

NORM=0.0



C
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DO10I=1,N
NORM = MAX (NORM, ABS(F1i(I)-F2(I}))
10 CONTINUE
RETURN
END

SUBROUTINE RUKUZ23 (X, H, Y, N, DGL, Y2, Y3)

Rt R R R S E R R R R E R R E R N NN R R E R R RN RN SR R R R R E R R R R RN SR RN AR RS

YTy O

DIESES PROGRAMM BERECHNET, AUSGEHEND VON DER NAEHERUNG Y
AN DER STELLE X , UEBER EINE RUNGE-KUTTA-EINBETTUNGSFORMEL
NAEHERUNGEN 2. UND 3. ORDNUNG Y2 UND Y3 AN DER STELLE
X +H DES UEBER D GL ZUR VERFUEGUNG GESTELLTEN DIFFE-
RENTTALGLETCHUNGSSYSTEMS 1. ORDNUNG
Y = F(XY)
VON N GEWOEHNLICHEN DIFFERENTIALGLEICHUNGEN 1. ORDNUNG.
EINGABEPARAMETER:
X - AUSGANGSPUNKT DER UNABHAENGIGEN VARIABLEN X
H - SCHRITTWELTE
Y - 1-DIM. FELD (1:N) ; WERT FUER DIE LOESUNG DER DIFFE-
RENTIALGLEICHUNG AN DER STELLE X
N - ANZAHL DER DIFFERENTIALGLEICHUNGEN ( 1 «= N ¢= 20 )
DGL - RECHTE SEITE DER DIFFERENTIALGLEICHUNG, DIE ALS
UNTERPROGRAMM DER FORM
SUBROUTINE DGL (X, Y, N, F)
( BEGINNEND MIT: REAL Y(N), F(N) ) ZUR VERFUEGUNG
GESTELLT SEIN MUSS, WOBEI F DER WERT DER RECHTEN
SEITE DER DIFFERENTIALGLEICHUNG AN DER STELLE (X,Y)
IST ( DAL MUSS IM RUFENDEN PROGRAMM IN EINER
EXTERNAL-ANWEISUNG AUFGEFUEHRT SEIN t )
AUSGABEPARAMETER:
Y2 - 1-DIM. FELD (1:N) ; NAEHERUNG 2. ORDNUNG FUER DIE
LOESUNG DER DIFFERENTTALGLEICHUNG AN DER STELLE X+H
Y3 - 1-DIM. FELD (1:N) ; NAEHERUNG 3. ORDNUNG FUER DIE

LOESUNG DER DIFFERENTTALGLEICHUNG AN DER STELLE X+H

K222 2322232323332 22 3222223322323 322222222222 222222222222t

C

REAL Y(N), Y2(N), Y3(N)
REAL K1(20), K2(20), K3(20), YHILF(20)
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CALL DGL (X, Y, N, K1)
D010 I =1, N
YHILF(T)=Y(I)+H+K1(I)
10 CONTINUE
CALL DGL (X+H, YHILF, N, K2)
D020 I =1, N
YHILF(I)=Y(I)+0.25¢H# (K1{I}+K2(I))
20 CONTINUE
CALL DGL (X+0.5¢H, YHILF, N, K3)

DO 100 I = 1, N
Y2(1)=Y(I)+0.5+He (K1(1)+K2(I))
Y3(T)=Y(1)+H/6.#(KI(I)+K2(I)+4.#K3(I))
100 CONTINUE
RETURN
END

SUBROUTINE ENGL45 (X, H, Y, N, DGL, Y4, Y5)
C

e R R R AR R R R R R R R R AR RN R R KRR R SRR R RN R RN R AL

DIESES PROGRAMM BERECHNET, AUSGEHEND VON DER NAEHERUNG Y
AN DER STELLE X , UEBER DIE EINBETTUNGSFORMEL VON ENGLAND
NAEHERUNGEN 4. UND 5. ORDNUNG Y4 UND Y5 AN DER STELLE
X+ H DES UEBER D GL ZUR VERFUEGUNG GESTELLTEN DIFFE-
RENTTALGLEICHUNGSSYSTEMS 1. ORDNUNG

Y = F(X,Y)
VON N GEWOEHNLICHEN DIFFERENTIALGLEICHUNGEN 1. ORDNUNG.

Y Y 2 ) 2 2

EINGABEPARAMETER :

X - AUSGANGSPUNKT DER UNABHAENGIGEN VARIABLEN X

H - SCHRITTWEITE

1-DIM. FELD (1:N) ; VERT FUER DIE LOESUNG DER DIFFE-

RENTIALGLEICHUNG AN DER STELLE X

N - ANZAHL DER DIFFERENTIALGLEICHUNGEN ( 1 «= N ¢= 20 )

DGL - RECHTE SEITE DER DIFFERENTIALGLEICHUNG, DIE ALS
UNTERPROGRAMM DER FORM

SUBROUTINE DGL (X, Y, N, F)

( BEGINNEND MIT: REAL Y(N), F(N) ) ZUR VERFUEGUNG
GESTELLT SEIN MUSS, WOBEI F DER WERT DER RECHTEN
SEITE DER DIFFERENTIALGLEICHUNG AN DER STELLE (X,Y)
IST ( DGL MUSS IM RUFENDEN PROGRAMM IN EINER
EXTERNAL-ANVEISUNG AUFGEFUEHRT SEIN ! )

(!

—
i

oHNelNelelelNe e ReRe e Re e R
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C  AUSGABEPARAMETER:

C Y4

C Y5

- 1-DIM. FELD (1:N) ; NAEHERUNG 4. ORDNUNG FUER DIE
LOESUNG DER DIFFERENTIALGLEICHUNG AN DER STELLE X+H

- 1-DIM. FELD (1:N) ; NAEHERUNG 5. ORDNUNG FUER DIE
LOESUNG DER DIFFERENTIALGLEICHUNG AN DER STELLE X+H

R R R R R R R R R R R AR AR R R SRR R E RN R R N RN E R R R R R R RN E RS

C

10

20

30

40

50

100

REAL Y(N), Y4(N), Y5(N)
REAL K1(20),K2(20),K3(20),K4(20),K5(20),K6(20), YHILF(20)

CALL DaL (X, Y, N, K1)

DO10 I=1,N
YHILF(T)=Y(I)+0.5¢HeK1(I)

CONTINUE

CALL DGL (X+0.5+H, YHILF, N, K2)

D020 I=1,N
YHILF(I)=Y(I)+0.25«He(K1(I)+K2(I))

CONTINUE

CALL DGL (X+0.5¢H, YHILF, N, K3)

D030 I=1,N
YHILF(T)=Y(I)+He(-K2(1)+2.¢K3(1))

CONTINUE

CALL DGL (X+H, YHILF, N, K4)

DO 40 I=1, N
YRILF(I)=Y(I)}+H/27. (7. #K1(1)+10.+K2(1)+K4(I))

CONTINUE

CALL DGL (X+2./3.s#H, YHILF, N, K5)

DO SO I=1,N
YHILF(I)=Y(1)+0.0016¢Hs(28. #K1(1)-125.#K2(1)+546.+K3(I)

8 +54 . #K4(1)-378.#K5(1))

CONTINUE

CALL DGL (X+0.2¢H, YHILF, N, K6)

DO 100 I =1, N
YA{I)=Y(I)+H/6.+(K1(I)+4.#K3(I1)+K4(1))
Y5(1)=Y(I)+

% H/336.#(14. #K1(1)+35. #K4(1)+162.#K5(1)+125.4K6(1))

CONTINUE

RETURN

END
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SUBROUTINES FOR SOLVING REAL LINEAR EQUATION SYSTEMS.

222222 e R e 2222232323223 332322]

TAKEN FROM THE MATHEMATICAL SOFTWARE LIBRARY UNIVERSITY AACHEN.

SUBROUTINE FGAUSS(N,A,IA,B,X,MARKE,D,IPIVOT)
C

O R R E R RN R R RN SRR R R RS R F AR R SRR R RS RN LR R AL

SOLVING OF A REAL LINEAR EQUATION SYSTEM
A+ X =08
GAUSS ELIMINATION PROCEDURE, SEEKING PIVOT ELEMENT

INPUT PARAMETER:

N:  ORDER OF COEFFICIENT MATRIX

IA: LEADING DIMENSION OF A, AS IN CALLING PROGRAM
DECLARED.

A 2-DIM ARRAY (IA,N)

B:  1-DIM ARRAY (N), RIGHT SIDE OF EQUATION SYSTEM

OUTPUT PARAMETER:

A: 2-DIM ARRAY(IA,N), CONTAINS DECOMPOSED ORIGINAL
MATRIX A INTO Cs+B

X: 1-DIM ARRAY (N), CONTAINS SOLUTION OF EQUATION SYST.

MARKE: =1 EVEN NUMBER OF SWAPS OF COLUMNS.
=-1 ODD NUMBER OF SWAPS OF COLUMNS.
=0 INPUT MATRIX SINGULAR

D 1-DIM ARRAY (N), D(K) = MAX(ABS(A(K,J})
K=1, . N J=1, .. N

IIVOT 1-DIM INTEGER ARRAY(N) CONTAINS COLUMN INDEX

NEEDED SUBROUTINES:

e eoNeNeNeeNeNelNoNeNeolNeNeolNeoNeo oo oo NNl e e YN e e e e

N I I NI I I e e
C
¢ AUTOR : RICHARD REUTER , FTNS , 10.2.1983
C
I I I I N T I T T
C

REAL A(IA,N),B(N},X(N),D(N)

INTEGER IPIVOT(N)
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ZERLEGUNG
CALL FGAUSZ(N,A,IA,IPIVOT, MARKE,D)
LOESUNG; VORWAERTS-, RUECKWAERTSELIMINATION

IF(MARKE.EQ.0) GOTO 10
CALL FGAUSL(N,A,IA,IPIVOT,B,X)
CONTINUE
RETURN
END

SUBROUTINE FGAUSZ(N,A,IA,IPIVOT, MARKE,D)

SUBROUTINE FOR SUBROUTINE FGAUSS

REAL A(IA,N),D(N)
INTEGER IPIVOT(N)
MARKE-=1

INITIALISIERUNG: PERMUTATIONSVEK., SKALIERUNGSFAKTOREN

DO 30 I-1,N

IPIVOT(I)=I

ZMAX =0.

DO 10 J=1,N
ZMAX=AMAX1(ZMAX,ABS(A(I,J)))

CONTINUE

IF(ZMAX.NE.0.) GOTO 20
MARKE=0
MAX =1.

CONTINUE

D(I)=ZMAX

30 CONTINUE

IF(N.LE.1) RETURN

FAKTORISIERUNG

Ni=N-1
DO 120 K=1,N1

PIVOTZEILE BESTIMMEN

PIVOT=ABS(A(K,K))/D(K)

IPVT =K

KP1 =K+1

DO 50 I=KP1,N
HILF=ABS(A(I,K)}/D(I)



- 227 -

IF(HILF.LE.PIVOT) GOTO 40
PIVOT=HILF
IPVT =1
40 CONTINUE
50  CONTINUE
IF(PIVOT.NE.O.) GOTO 60
MARKE=0
GOTO 110
60  CONTINUE
IF(IPVT.EQ.K) GOTO 80

¢ VERTAUSCHE K-TE MIT IPVT-TER ZEILE

MARKE= -MARKE
I =IPIVOT(IPVT)
IPIVOT(IPVT)=IPIVOT(K)
IPIVOT(K) =1
HILF = D(IPVT)
D(IPVT)= D(K)
D(K) = HILF
DO 70 J=1,N
HILF = A(IPVT,J)
A(IPVT,J)= AlK,J)
A(K,J) = HILF
70 CONTINUE
80 CONTINUE

C ELIMINATIONSSCHRITT

DO 100 I=KP1i,N
A(T,K)=A(L,K)/A(K,K)
FAK  =A(IK)
DO 90 J=KP1,N
A(I,J)=A(1,J)-FAK+A(K,J)
90 CONTINUE
100 CONTINUE
110 CONTINUE
120 CONTINUE
IF(A(N,N).EQ.0.) MARKE =0
RETURN
END
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SUBROUTINE FGAUSL(N,A,IA,IPIVOT,B,X)
C SUBROUTINE FOR SUBROUTINE FGAUSS

REAL A(IA,N),B(N),X(N)
INTEGER IPIVOT(N)
IF(N.GT.1) GOTO 10
X(1)=B(1)/A(1,1)
RETURN
10 CONTINUE

2

VORWAERTSELIMINATION (ZEILENVERTAUSCHUNGEN BERUECKSICHTIGEN)

IPVT=IPIVOT(1)
X(1)=B(IPVT)
DO 30 I=2,N
SUM=0.
I1 =I-1
DO 20 J=1,11
SUM=SUM+A(T, J)#X(J)
20 CONTINUE
IPVT=IPIVOT(I)
X(I)=B(IPVT)-SUM
30 CONTINUE

C RUECKWAERTSELIMINATION

X(N)=X(N)/A(N,N)
Do 50 I=2,N
IR =N+1-1
IRP1-=IR+1
SUM=0.
DO 40 J=IRP1,N
SUM=SUM+A(IR, J)*X(J)
40 CONTINUE
X(IR)=(X(IR)-SUM)/A(IR,IR)
50 CONTINUE
RETURN
END

SUBROUTINE FNACIT(N,AO,A,IA,IPIVOT,
1 B,X,EPS, ITMAX ,KRIT,Z,R,RS)

C SUBROUTINE FOR SUBROUTINE FGAUSS

DIMENSION AO(IA,N),A(IA,N),B(N), X(N},Z(N) RS(N)
INTEGER IPIVOT(N)

DOUBLE PRECISION R(N)

IT=0
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ZMA-1.E38
KRIT=0
40 CONTINUE
DO 10 I=1,N
R(I)=B(I)
DO 20 K=1,N
R(I)=R(I)-DBLE(AO(I,K))*DBLE(X(K))
20 CONTINUE
RS(I)=R(I)
10 CONTINUE
CALL FGAUSL(N,A,IA, IPIVOT,RS,Z)
M-0.
DO 30 I=1,N
X(I)=X(I)+Z(1)
ZM=AMAX1(ZM,ABS(Z(1)))
30 CONTINUE
IT=IT+1
IF(ZM.GE.EPS) GOTO 50
KRIT=1
RETURN
50 IF(IT.GE.ITMAX) GOTO 60
ZMA=7M
GOTO 40
WENN ALSO IT.GE.ITMAX :
60 KRIT=2
IF(ZM.GT.ZMA) KRIT=3
RETURN
END
SUBROUTINE FKONDH(N,A0,A,IA,MARKE,HKOND)

SUBROUTINE FOR SUBROUTINE FGAUSS

DIMENSION AO(IA,N),A(IA,N)
HKOND=0.
IF(MARKE.EQ.0) RETURN
HKOND=1.
DO 10 I=1,N
ZLNORM=0.
DO 20 K=1,N
ZLNORM=ZLNORM+AO(I,K)#A0(I,K)
20 CONTINUE
HKOND=HKOND#A( I, T)/SORT(ZLNORM)
10 CONTINUE
HKOND=ABS (HKOND )
RETURN
END



