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CHAPTER 1. GENERAL INTRODUCTION

Launchings of several communication satellites with liquid stores on board have
demonstrated an unstable coning motion of the satellite when boosted from the Space
Shuttle into a geosynchronous Earth orbit. It is believed that an axial thrust from
the motor at burnout of the satellite’s power assist module (PAM) gives rise to the
initiation of the sloshing motion of the liquid stores in the vehicle. A pressure field
within the fluid is disturbed due to this initial liquid sloshing in the container. In
addition, the presence of an interface between the liquid and gas will influence the
motion of the tank containing liquid stores, hence the orbital motion of the satellite.
If there is no internal energy dissipation, the spin-stabilized satellite will still be able
to regain its stability in rotation. However, a large liquid propellant mass fraction
contained in many communication satellites causes a significant amount of internal
kinetic energy dissipation by viscous friction along the tank wall. The satellite,
designed to be spin-stabilized about its axis of minimum moment of inertia, has a
constant angular momentum when in orbit. It will attempt to conserve its angular
momentum and begin to reorient its spin about an axis associated with a lower
energy state. If this coning motion is not controlled, the spacecraft will eventually
enter an unstable spin. Unfortunately, the constraints in spacecraft design cause

many space vehicles to be configured with fairly flexible structures because added



weight for stiffening is costly in terms of payload reduction. This tends to aggravate

the stability problem.

1.1 Overview of Research History

As shown in Figure 1.1, a flow chart of research history and personnel, the
satellite project has already lasted one decade during which four faculty members
and eleven graduate students actively participated. As a result, five Ph.D. degrees
and four M.S. degrees were awarded, and fifteen technical papers and numerous
annual reports (7] [8] [9] [L0] were published. The project experienced three major
phases from its beginning to its ending. Initiated in June 1982, exploration of research
work of the first phase was completed in 1986. The possible cause and mechanism
of instability of spin-stabilized spacecraft with sloshing fluid stores were identified
during the period. The successful research initiation resulted in obtaining an award
of an AFOSR grant for the next three years. From 1986 to 1989, a test rig, which
is capable of simulating the coning motion of a satellite containing liquid stores, was
designed and built. A rigid body model of the test rig dynamics was developed and
initial computer simulation was accomplished. In the meantime, a first computational
fluid dynamics (CFD) model was built up to represent the fluid sloshing motion. As a
result of grant extension for an additional three years, a much more complicated and
more realistic multibody flexible structure model was developed. The new structure
model has the capability to accommodate CFD input and accounts for structure-
fluid interaction while the CFD model is further modified and improved to be more
effective and efficient. Stability analysis of the test rig was performed extenéively

using the rigid body model. Computer simulation of the structure-fluid interaction
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Figure 1.1:  Flow chart of satellite project research history and personnel




was initiated and the results were generally acceptable. The last phase of the project
is expected to be completed by the end of year 1992.

Hill [41] [42] [43], under supervision of Baumgarten, first pioneered and initiated
research work on the project. He studied the dynamic response of sloshing fuel
stores in the satellites and concluded that sloshing motion of fhe liquid stores in the
vehicle, excited by the axial thrust, was the mechanism for creating the nutation to
the spacecraft. The goal of his study was the development of a closed loop control
law which may be applied to a spin-stabilized spacecraft with sloshing fluid stores
without baffling and changing the design of the spacecraft. He successfully developed
a linear optimal feedback control system, using an equivalent spherical pendulum to
model fluid motion. This control system included the first mode of fluid oscillation,
which employed state variable representation. The control law was shown to be stable
for a wide variation in fluid level and could also be used for pointing maneuvers. It
was implemented by sensing only the main body angular rates and attitude.

The desire to have a bench test device to duplicate the relative fluid motion in
a spinning-nutating structure motivated the study of Cowles [35]. Under direction of
Flugrad, Cowles designed and built the first working version of the satellite simulator
shown in Figure 1.2. The test rig consisted of a vertical spin shaft with a horizontal
crosshar. Two plastic spheres were supported by the horizontal bar at equal radial
distances from the vertical spin axis. A two degree of freedom Hooke’s type universal
joint was located just below the horizontal beam in the vertical shaft to allow the
spin axis of the horizontal beam structure to cone. A yoked sleeve, hand-actuated by
a straight-line motion four-bar mechanism was utilized to cover the universal joint

to give initial stability and rigidity to the system during spin-up. A D.C. motor was
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Figure 1.2: A first working version of the satellite simulator



selected to drive the system. Operation of the initial design of the completed test rig
resulted in a very unstable motion. An analysis of the system inertias indicated that
the spin axis was the axis of intermediate inertia.

Anderson (3] [38] improved the operation performance of the initial test rig and
instrumented it to measure the response of the sloshing fluid in the nutating structure.
He worked under the direction of Flugrad, reconfigured the test rig, instrumented the
fluid tanks and the two degree of freedom universal joint, and set up a data collection
system. A modified test rig (see Figure 1.3) with major change in the rig structure
allowed for instrumentation of additional configurations. A new upper collar was
designed to restrict the cone angle and to prevent damage to the unit under unstable
operating conditions while providing the ability to restabilize the rig during spin.
Instrumentation was developed to study the effects of liquid motion on the test rig
dynamics. All runs for spin about an axis of minimum moment of inertia were found
to be unstable and those for spin about an axis of maximum moment of inertia were
stable. It was also found that small products of inertia can have a strong influence
on the dynamics of the test rig. In conclusion, the flexibility of the structure greatly
affected the coning motion and stability of the precessing simulator. Large beam
deflections and rotations were observed during the runs due to the effect of centrifugal
inertial force acting on the liquid mass.

Obermaier [75] [39] initiated analysis to guide further experimental work, to
study the fundamental dynamic behavior of the test rig, and to predict stability
characteristics of the test rig with arbitrary configuration and liquid filling percentage.
Her thesis, directed by Flugrad, successfully developed a rigid body dynamic model

with symmetric liquid tanks and equivalent pendulums representing sloshing liquid.



Figure 1.3: A modified final version of the satellite test rig



She used a Lagrangian formulation in company with state variables to best match
the quantities being measured by Anderson’s instrumentation. A computer program,
SATELL, based on her mathematical model, was written and interfaced with a locally
developed time integration program, DIFFEQ. Simulation results of SATELL were
compared with the results of CAMS, a commercialized rigid body dynamics software
package, and the corresponding measurements. Agreement between the output of
SATELL and the results of CAMS was very close. Reasonable match between the
SATELL runs and experimental data was also indicated. Difficulty in modeling the
experimental setup, however, arose in determining values for mass moments of inertia
of the test rig and damping effects of the equivalent pendulums. It was realized that
it is necessary and important to develop a comprehensive multibody flexible dynamic
model which couples the terms of gross rigid body motion and elastic vibration in
order to more precisely describe and predict the motion and stability characteristics
of the test rig.

Under direction of Baumgarten, Meyer [7] studied the fluid and structure inter-
action during the sloshing and nutating phase of the simulator motion. She installed
a strain gauge measurement system on the test rig. One strain gauge was mounted on
each side of the long vertical beams which connect the horizontal bar to.two massive
tanks on each side of the test rig. The voltage signal of a full-bridge was amplified by
an op-amp and the output was to be recorded using a computerized data acquisition
system. The work was interrupted after one year by her order to report to her first
U.S. Air Force duty station.

The need to replace the pendulum model of the sloshing liquid in its spherical

tanks with a computational fluid dynamic modeling of the free surface liquid moti-



vated the work of Kassinos [51] [52]. Under direction of Prusa, Kassinos formulated
a primitive variable computer program for analysis of the dynamic fluid response.
The liquid sloshing was characterized as incompressible laminar viscous flow and was
modeled using Navier-Stokes equations. The general motion of the spherical tanks
was transferred to a body fixed coordinate system with implementation of several
successive axis rotations and translations. The pressure distribution within the fluid
was determined by solving Poisson’s equation. A free surface tracking technique was
presented to identify the motion of the free surface. A type of fractional step method
was adopted to obtain the flow field solution.

CFD modeling of liquid sloshing was further investigated by Chen [27] [28] [29]
[30] under supervision of Pletcher. Chen adopted Kassinos’s general formulation of
the governing equations of incompressible sloshing flow and developed a new numer-
ical method. This method solved a full set of governing equations simultaneously
and eliminated the need to derive a pressure Poisson equation. A free surface fitting
approach was employed in dealing with the free surface between the liquid and gas.
Calculations were carried out in a transformed coordinate system that conforms to
the shape of the free surface. An artificial compressibility method was approached
in solving primitive variables in a strongly implicit manner. Elastic deflections and
rotations were considered by adding more degrees of freedom. A first version CFD
modeling program, SLOSH3D, was developed. Extensive computer simulation for
the axisymmetric spin-up case was performed and the results of final steady state
free surface positions agreed very well with the analytical solutions. Asymmetric
spin-up cases were also investigated and minor difficulty in numerical integration was

encountered.
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Tremendously long computing times were needed to solve incompressible Navier-
Stokes equations governing sloshing flow in one tank with the free surface fitting
approach. Difficulty arose in handling sloshing flow at the high Reynolds numbers
using the first version of the SLOSH3D program. Kelecy [53], directed by Pletcher,
attempted to explore a brand new approach to simplify the complicated sloshing
problem. It was hoped that a ﬁew CFD model would be more straight forward, more
efficient, and more effective, and hence would largely reduce CPU time and accom-
modate input of a computerized structure model. Kelecy used a surface capturing
approach along with a fractional step method to solve unknown primitive variables.
The surface capturing approach employed a fixed grid in physical space in contrast
to a moving grid in physical space with the surface fitting approach. Consequently,
it was possible to use simpler coordinate systems which led to simpler forms of the
governing equations. A numerical algorithm waé developed and a computer code was
written. The new CFD program was tested for an accelerating cubic tank case and
a broken dam case [9]. The numerical results were encouraging and the agreement
between the results of computer simulation and the experimental data was excellent.
Future work was planned and additional efforts were spurred to refine the methodol-
ogy. Final application of the method to the satellite propellant sloshing problem is
expected to be accomplished soon.

Under work of Babu, supervised by Pletcher, the first version SLOSH3D code was
revised. More features were added and some critical parts of the code which consumed
most of computer execution time were vectorized. It was realized that the use of a
finer grid could overcome numerical divergent problems when the code was executed

beyond a certain range of high Reynolds numbers. A major difficulty associated with
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grid refinement was that the time taken for the computations began to grow out
of control. It was then decided to vectorize the code on a supercomputer, a Cray
Y-MP with large memory size. The initial code was tailored to suit the capability
of workstations available on campus which had very limited memory. The code was
based on repetitive generation of the same sets of numbers rather than generating
them just once and storing them in large arrays. The enhaﬁced memory on large
computers permitted switching to lal'ge storage and fewer calculations. In addition,
a three-dimensional, coupled, strongly implicit procedure algorithm was identified as
a critical part of the overall calculations. The technique consumed a large fraction
of the computing time due to high data dependence of the implicit procedure and
the consequent time consuming scalar execution loops. The algorithm was vectorized
along surfaces of constant index sums, and the three-dimensional calculations were
therefore converted to two dimensions [8]. The overall execution speed of the code

was increased to about sixteen times the original speed.

1.2 Analysis of Structure Vibration

It is important to investigate the fundamental characteristics of a structure prior
to developing a dynamic model for a system with flexible multibodies. Attention must
be focused on two major concerns, first, gaining insight into the flexibility of each
individual structure member and second, identifying the lower natural frequencies of
the test rig. It is desirable to emphasize only the most significant degrees of freedom
in terms of their quantities for the relatively flexible members in order to simplify
the complexity and reduce the number of dynamic equations. Detailed fundamental

structure analysis and results are developed and explained in the next chapter.
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Finite element modeling best fits the needs of basic structural analysis in this
study. A type of beam element was chosen in the discretization of the continuous
system. A comprehensive commercial finite element package, MSC/NASTRAN [60],
was employed to determine the stiffnesses and the eigenvalues of the test rig structure.
By taking advantage of the symmetry about the spin axis of the test rig, only half
of the system was considered and modeled. Besides, the finite element model was
constrained such that the system was only allowed to spin about the vertical axis
for the rigid body motion. Such an assumption reflects a real spin-up case when the
collar is in its upper position covering the universal joint of the test rig. A realistic
spin velocity profile with sinusoidal function was specified. The loadings considered
included the tank weight, the torque due to the tank weight, and the centrifugal force
induced during the spin of the test rig.

Two different types of NASTRAN runs [8] were accomplished, in which both
two and ten elements were used to model each structure member in order to test the
sensitivity to the number of elements chosen. A Normal Modes Solution was run to
evaluate the real eigenvalues of the model. A Direct Transient Response Solution was
then sought to obtain the response of the transient system vibration and the steady-
state values. In conclusion, it was found that (a) relatively high natural frequencies
were observed, (b) bending motions were recognized as the most significant elastic

degrees of freedom, and (c) the most flexible members were identified.

1.3 Stability Study of a Rigid Body System

As a part of the overall study of dynamic behavior of the test rig, Schick [76] [77]

further investigated stability characteristics of the test rig. His work was based on the
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early work done by Obermaier. A rigid body model was established and the computer
simulation program, SATELL, was modified. Schick was able to verify that the test
rig does respond as an actual satellite thrusted in orbit for at least one configuration
of the system by comparing the experimental data with the results of SATELL runs
under conditions of zero gravity. The stability rules of a system of rigid bodies
were developed and were verified by the simulation results and the experimental
measurements. Instability ranges of the test rig with the different configurations
were identified. The physical phenomenon of reorientation of the test rig during spin
was successfully demonstrated by the simulation data and was also verified by the
experimental tests. This further proved the effectiveness of the test rig modeled as a

precessing satellite simulator.

1.4 Dynamic Modeling of a Flexible System

Flexible structure modeling, including the effects of elastic deflections and rota-
tions, ultimately explore the natural behavior of the test rig more precisely. Extensive
research work on flexible modeling has been conducted over the past decade. Very
few investigations have dealt with the most complicated dynamic response for such
a flexible system in which the overall rigid body motion of the system is strongly
coupled with the unknown elastic deformation of each individual member of the sys-
tem. However, this is the exact situation encountered in dealing with the modeling
of the current test rig. During the course of this part of the study, the emphasis was
concentrated on developing new theories and exploring new approaches which would
eventually lead to the development of a systematic procedure to establish dynamic

equations of motion for the test rig. Four major steps were developed in deriving



14

the equations of motion, in resolving numerical algorithms, and in accomplishing
computation in this study [93] [94] [95] [96].

Firstly, the spatial elastic members which were identified during the analysis of
the structural vibration using the NASTRAN package were discretized and modeled
by using predefined finite elements. Assumptions were made to deal with three di-
mensional spatial deformation of each structure member. A type of beam element was
also selected in the finite element modeling in order to reflect the structure bending
with both deflection and rotation. A third order polynomial function was adopted
as the element displacement function in a conventional stiffness method approach.
Both the geometrical boundary conditions and the force boundary conditions were
proposed based on agreement with the real configurations of the test rig and the
external loadings acting on the system, respectively. For each individual structure
member, the elastic degrees of freedom were determined and the structure stiffness
matrix was then formulated.

Secondly, Lagrange’s approach was employed in the derivation of dynamic equa-
tions of motion. Elastic strain energy of the flexible structure members was accom-
modated in the potential energy term of the Lagrangian formulation. The degrees of
freedom from both the rigid body motion and the elastic deformation were consid-
ered as unknown degrees of freedom of the entire system. It was therefore no longer
necessary to assume the prescribed gross rigid body motion which is usually specified
in most situations. In consequence, two kinds of motion, the large rigid body motion
and the small elastic vibration, which are mutually coupled and influence each other,
ultimately determine the inherent nature of the motion of the test rig. Nonlinear

coupling terms were completely taken into account and were derived explicitly using
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a matrix formulation. The equations of motion of the system on the global level were
obtained by performing the assembly of the equations of motion for each individual
structure member on the local coordinate level with implementation of the geometri-
cal boundary conditions by means of a compatibility matrix. Liquid sloshing within
the spherical container was modeled using computational fluid dynamics (CFD) [9]
under a separate effort.

Thirdly, the system equations of motion in matrix form were characterized as a
second order nonlinear ordinary differential equation system. The coefficient matri-
ces of the equations included the time-varying rigid and elastic variables. Implicit
integration algorithms tend to be numerically stable, permitting large time steps.
Explicit algorithms, on the other hand, tend to be effective for nonlinear systems
with low natural frequencies in assuring the numerical stability which depends on
the highest natural frequency of the system. However, neither class, implicit nor
explicit, seemed optimally suited and efficient by itself in dealing with systems in
which both linear and nonlinear properties are involved. In this study, a sequen-
tial implicit-explicit integration algorithm with predictor-corrector schemes arising
from a Newmark method was developed in which an attempt was made to achieve
the benefits of both classes of algorithms. The matrix equations were rearranged
and partitioned into two sets of coupled equations which were solved sequentially.
A Newmark method provided the primary algorithm in the time integration of the
system equations.

Finally, a general computer code was written using the new numerical techniques
developed in this study. An arbitrary number of finite elements can be specified for

each elastic member. All the material properties, the geometrical configuration of
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the test rig, and the numerical parameters of the algorithm were treated as input
information stored in a data file. The simulation results matched closely with the
experimental data as indicated in the simulation chapter. In particular, close atten-
tion was paid to the most sensitive and comprehensive overall transverse deflection
of the spherical tank mounted on each side of the test rig. The difference between
the analytical and experimental results was within 5% in their qualitative patterns
and their magnitudes. The lower natural frequencies identified in the NASTRAN

runs were also observed in simulation. In general, the results were very favorable and

acceptable.
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CHAPTER 2. FUNDAMENTAL STRUCTURE ANALYSIS

From previous work, investigators showed that a mathematical model based
on rigid body dynamics can no longer precisely describe and predict the stability
characteristics for the satellite simulator. A visible structural deflection was observed
in a video tape recording of the precessing simulator. To gain further insight into the
dynamic response of the test rig, a flexible structure model associated with deformable
body dynamics must be developed. A finite element method was chosen in the current
study to discretize some of the most flexible members under consideration.

Primarily, there are two fields of published research dealing with the modeling
of flexible structures. One is in the area of kinematic response of flexible mechanisms
and the other one is in the robotics area. A common fact is noticed in both fields
that either the joint rigid body motions of a mechanism are specified or the trajec-
tories of robot arms are prescribed. To date,-almost all investigators Have used the
same approach to obtain dynamic response by superposing the elastic motion upon a
known rigid body motion. Very few studies have discussed a motion coupled method.
To address this problem a complete method is needed to solve the rigid body motion
and elastic motion simultaneously. Such a method will consider the effect of flexible
deflection and rotation in succeeding links on the current link, and will thus proceed

down the chain. Understandably, this method is extremely difficult to develop. Two
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major difficulties arise. First, detailed and tedious symbolic coordinate transforma-
tions and differentiation must be performed in the procedure to derive the governing
equations of motion. Second, a special technique must be developed to numerically in-
tegrate the resulting nonlinear differential equations having (a) large-valued position
variables (rigid body motion) and (b) small-valued displacement parameters (elas-
tic motion). Unfortunately, the gross rigid body motion is unknown in the present
problem. This would indicate an approach be based on the motioﬁ coupled method.
However, an alternative approach still seems possible. First, a rigid body model is
employed, and the gross rigid body motion, in turn, can then be predicted from this
model. Second, a flexible structure model is built up using a superposition method.
For each time step, the rigid body motion can be predicted from the first model
and the total motion is then obtained from superposing the two motions. According
to Huang [44], a superposition model can sometimes fail to describe the nonlinear
coupling behavior. Therefore, a potential risk would exist in some situations in the
prediction of highly nonlinear characteristics.

In this chapter, efforts are concentrated on studying structural fundamental he-
havior of the test rig. Orbital spin-up motion of the structure system is considered
as the primary investigation case in this chapter. Only the axisymmetric part of
the structures about the axis of the vertical shaft is modeled, due to the symmetry
of beam deflections on each side of the tank arm of the test rig. Centrifugal and
tangential forces acting on one tank during spin of the system are transformed to the
corresponding external forces and torques on the system in the formation of a pseudo
vibration analysis. A solid finite element model using beam elements representing

flexible beams is developed. The model was adapted to suit the solution structure
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of a commercialized finite element software package, MSC/NASTRAN [60]. Several
runs were successfully executed and the findings were recorded.

In the finite element method, each node possesses six degrees of freedom. By
considering all these coordinates for each individual element, the final set of system
dynamic equations will be very large. In order to reduce the number of equations, it
is necessary that some degrees of freedom of fairly rigid structures must be neglected,
and emphasis must be focused on the most significant ones. A thorough knowledge of
fundamental vibration behavior of the structures must be known. MSC/NASTRAN
is a comprehensive and powerful finite element package which is currently available
in the Department of Mechanical Engineering at Iowa State University. It was suc-
cessfully employed in determining the stiffness and modes of the test rig structure in

preparation for development of a discretized dynamic model.

2.1 Analysis of Inertial Forces

It has been shown that the configuration of the structure system is symmetric
about the vertical axis of the lower shaft. This does not imply, however, the sym-
metry of inertial forces which induce elastic deflection and rotation. Figures 2.1, 2.2,
and 2.3 depict the active centripetal and tangential accelerations in three orthogonal
planes, -z, 2~y, and y-z. The major concerns here are the beam transverse deflec-
tions induced by the inertial forces and external loading. Figure 2.1 shows the active
accelerations in the z-z plane. All of three rotations will affect the beam deflections
in this plane. Besides, the tangential accelerations, @, acting on tank 1 and tank 2
are non-symmetric with the presence of other accelerations. Hence, the correspond-

ing deflections in the 2-z plane are not symmetric either. In Figure 2.2, it can be
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found that the pair of tangential accelerations, @ and @, are not symmetric, nor are
the deflections in the z—y plane. In the y—z plane, as shown in Figure 2.3, there also
exists another asymmetric pair of tangential accelerations, @ and @. In summary,
the tangential inertial forces will induce non-symmetric elastic beam transverse de-
flections. It was concluded therefore that the different elastic generalized coordinates
must be defined for each elastic beam in spite of the geometric symmetry of the

structure configurations.

2.2 Structural Vibration Analysis

The main purpose of performing structural vibration analysis using the finite
element method in this chapter is to identify the most flexible structures in the
system. A vibration model for the structural system can be built up by applying to
the system the external and inertial forces whicH induce the elastic deformation. The
inertial force can be found once the kinematic motion of the system is specified by
assuming a realistic spin velocity profile for the system. For a stable case when the
universal joint is covered by the collar, it is known that the upper assembly, a rotating
structure fully supported by the universal joint, spins about the vertical axis of the
lower shaft without nutation. Two different types of accelerations, centripetal and
tangential, are produced and involved. From a statics point of view, the corresponding
centrifugal and tangential inertial forces essential to the study of structural vibration

can be loaded on the structure. A quasi-static kind of problem is then formed.
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Figure 2.4: A schematic drawing of structure configuration (dynamic part only)
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Table 2.1: Material and geometry properties of each individual beam

Beam (or Bar) 1/5{Bar|2] 6 3[4]7]8
Material Steel Aluminum Steel
Cross-sectional 72 361 38.5
area (mm?) & shape Rectangle Square Circle
Second moment of I, =216 I, =10860 | I, =117.9
area (mm?) | I.=864 | I,=10860 | I, =117.9

J =0593.6 | J=18375.3| J=235.7
Young’s modulus (GPa) 210 70 210
Poisson ratio 0.3

2.2.1 Structure configuration and material properties

A schematic drawing (dynamic part only) of the test rig is shown in Figure 2.4.
Point O represents a universal joint connecting an upper shaft and a lower shaft. The
upper shaft is constrained except for spinning about the vertical axis of the lower
shaft for this stable case. The geometry of the entire upper assembly is axisyrﬁmetric
about the axis of the upper shaft. Beams 1 and 5, the cross bar, and the upper
shaft are rigidly connected at point A. Each adjacent beam is also rigidly connected.
Two spherical containers are partially filled with the liquid which represents the free
surface fuel load.

Material properties and individual beam (or bar) geometry are listed in Ta-
ble 2.1. Each tank assembly (or tank for simplicity) has a weight of 15 Newtons (3.3
Ibs) including the weight of the liquid and the weight of the structures in the tank
assembly. All the beams and the cross bar are made of steel, except for beams 2 and

6 which are made of aluminum.
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2.2.2 Finite element model

A finite element model is introduced in this section to assist the analysis of
structural vibration. Figure 2.5 illustrates a solid finite element model with ten
beam elements for each beam of a symmetric half of the upper assembly. Loadings
P = 7.5(N) and T = 600(N — mm) are the corresponding half tank weight and
external torque due to the tank weight. Forces F; and F; are the primary tangential
inertial and radial forces, respectively, due to the tank weight. These forces depend
on a function of applied spin angular velocity, w(¢). Beam 1 is constrained at node 1

(or point A) in all six degrees of freedom. Each adjacent beam is connected through

clamped joints.

2.2.3 Angular velocity profile and inertial force

A realistic function of sinusoidal profile is specified as a spin angular velocity
profile (see Figure 2.6), w(t). The first derivatives of the profile with respect to time,
t, at both the starting and ending points are zero, and the value of the correspond-
ing angular acceleration function maintains finite value throughout the range. The

velocity profile is determined as a piece-wise continuous function with the following

expression
1 t
—wy [1 — cos (Zr—-)] (0<t<to)
w(t) = 2 to
Wo (t> to)-

Where ¢, = 3 seconds and w, = 360 deg/sec (see Figure 2.6). Differentiation of the

angular velocity with respect to time results in an angular acceleration function as

1 . (i
_)—ﬂ'wo s1n (—) (0 S ¢ S to)
w(t) =4 2o to

0 (t 2 o).
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Figure 2.5: Finite element model of an axisymmetric half of the upper assembly
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Figure 2.6: A set of sinusoidal spin-up profiles: The solid line denotes spin-up ve-
locity, A3(= w); The dashed line denotes spin-up acceleration, A3(= w)



29

This angular acceleration satisfies the finite value condition. Let €, be a unit vector
in radial direction of positive z, and €; be a unit vector in tangential direction of
positive y, consistent with the direction of positive angular velocity, w. The inertial

forces acting on the center of the tank become

f‘i = mlL (wzé} - Lbé‘t)
1 t t
f ~mLwd [3 + cos (2_71'_) — 4 cos (Zr—> €r
8 ] t()t to
= ¢ — —qwemLsin (Zr_) €t (0<t <ty
2tq to

where m = 1.5kg is the mass of the tank and L is the radial distance in the X
direction from point A to the tank center. Thus, the magnitudes of the inertial forces

acting on node 31 and node 41 (see Figure 2.5) are found to be

S)
lmeg [3 + cos (f—é) —4cos (lt>] (0 <t <ty

Fr = %6 t0 tO
§me§ (t > to)
and . .
T
- in (— <t<t
F o 47:07rwomLsm (to) (0 <t <tp)

0 (t > to).

where F; is the centrifugal (radial) force and F; is the tangential inertial force.

2.2.4 NASTRAN run

Two different types of NASTRAN runs were accomplished. A Normal Modes so-
lution was run first to evaluate the real eigenvalues of the system. A Direct Transient
Response solution was then sought to obtain a system transient vibration response
to the external loadings with both static and dynamic forces. A moderate 0.2 sys-

tem damping ratio was chosen in the transient response run. Due to the relatively
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Table 2.2: Computed real eigenvalues of the finite element model using NASTRAN
normal modes solution

MODE EXTRACTION EIGENVALUE RADIANS/SEC CYCLES/SEC
NO. ORDER
1 1 2.166460E+04 1.471890E+02 2.342586E+01
2 4 3.008446E+04 1.734487E+02 2.760522E+01
3 2 2.146677E+05 4.633224E+02 7.374005E+01
4 5 4.415662E+05 6.645045E+02 1.067592E+02
5 7 1.003559E+06 1.001778E+03 1.594379E+02
6 3 2.523443E+06 1.588535E+03 2.528232E+02
7 8 2.983474E+06 1.727273E+03 2.749041E+02
8 6 3.465876E+06 1.861686E+03 2.962966E+02
9 9 6.159099E+06 2.481753E+03 3.949833E+02
10 10 7.351627E+06 2.711388E+03 4.315308E+02
11 12 1.961671E+07 4.429075E+03 7.049092E+02
12 11 2.111069E+07 4.594637E+03 7.312592E+02

high natural frequencies tabulated in Table 2.2, the transient response decayed very
rapidly, and a steady-state value appeared after approximately two seconds. Node
41 stated in this section and in Figures 2.7, 2.8, 2.9, and 2.10 are all referred to
Figure 2.5. Figure 2.7 shows the translational displacements at node 41 at which the
largest deflection occurs. The X component is the most significant one among three
components. The angular displacements at node 41, illustrated in Figure 2.8, clearly
show a large steady-state value in the ¥ direction. Therefore, it can be concluded
that the bending of either beam 3 or beam 4 in the X~Z plane is the most significant
hending of the beams while the corresponding structural stiffness is very soft. The
time responses of a typical translational velocity and an angular velocity at node 41
were plotted in Figure 2.9 and Figure 2.10, respectively. A large transient amplitude

of the translational velocity in the X component can be observed in Figure 2.9. A
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Figure 2.7: Translational displacements at node 41 (from NASTRAN run)

sudden jump in angular veloci'ty was also observed near one second in Figure 2.10.
This velocity jump was due to a combination of the form of the profile of the lower
shaft input angular velocity, w(t), and a special treatment of the radial force, F,, in

order to compromise with the rigid format for loading functions in NASTRAN code.

2.2.5 Estimation of elastic deformation

In this section, the elastic deformation of the flexible structures (see Figure 2.5)
are calculated by using classic elasticity theory to verify the results obtained by
running MSC/NASTRAN code. It is also attempted to identify some relatively
small deformations among the beam transverse deflection, rotation, torsion, and axial
displacement to further confirm the findings from MSC/NASTRAN code. Figure 2.11

shows a cantilever beam model of bean 1 shown in Figure 2.5. The dimensions are
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Figure 2.10: Angular velocity at node 41 (from NASTRAN run)

L, = 150(mm), a; = l2(n;Lm), and b; = 6(mm). The loadings acting on beam 1
using the spin profiles specified in the previous section are W = 15(N), F; = 13.6(N),
Ty = 220(N —mm), M, = 1200(N —mm), and My = 4100(N —mm), where W is the
weight of the tank, F} is the axial loading resulting from the centrifugal inertia, 7) is
the torque resulting from the tangential inertia, M, is the static bending moment due
to the tank weight, and M, is the dynamic bending moment due to the centrifugal
inertia.

The maximum transverse deflection in the Z direction at the free end due to

bending is
(My— M,)L3  WL3
281, 3EL

= 0.35 (mm)

b

where I} = 216 (mm*) is the second moment of the cross-sectional area of beam |
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Figure 2.11: A cantilever beam model of beam 1

against the bending in the X-Z plane. The corresponding rotation about the Y axis

at the free end is
(M; — My)L, WIL?
+
ElL 2F L

= —5.84 x 1072 (rad)

6 =

The longitudinal displacement in the axial direction of beam 1 is
FiL,
alblE
= 1.35 x 107* (mm)

ba

The maximum angle of twist about the X axis due to torsion is
Ty L
Gtklalbi}

= T.7x 107" (rad)

¢

where Gy = 80 (G Pa) is the torsional modulus of elasticity and & = 0.229 is a

coefficient for a rectangular cross-sectional shape [18] [19].
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It is therefore concluded that the axial displacement, which is much smaller in

magnitude than the transverse deflection, and the twisting, which is also smaller in

magnitude than the rotation, can be neglected in terms of calculating the elastic

deformation of beam 1. It also can be shown that the entire elastic deformation of

beam?2 (see Figure 2.5) and the twisting and axial displacement of beams 3 and 4 are

also negligible in this study.

On the basis of the findings, the rigid assumption for beam 2 and negligible

twisting and axial displacement for all flexible beams, the overall displacement in the

X — Z plane at node 41 (see Figure 2.5) due to the corresponding bending can be

found as

bz

(5x)static + (6z‘)dynamic :
ML, WIL? M, L2 ML, RIS
. s 1 $+3 L 3
[ 3( EL 2E11) + 4EIJ * [ YEL T 3E-20
—3.4 (mm) + 6.53 (mm) .

3.13 (mm)

(6z)static + (6z)dynamic

(MY, WL, ML
2FEI,  3FI 2FE1

—0.67 (mm) + 1.01 (mm)

0.34 (mm)

ostatic + odynamic
11’[3.[/1 i I’VL'{' IVISL;; l‘v’IdLl F]Lé
ElL 2E1 2F1; ElL 2F - 21,5

0.015 (rad) — 0.026 (rad)

—0.011 (red)

where Ly = 300 (mm) is the length of beam 3, I3 = 118 (mm*) is the second moment
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of area of beam 3, §, is the X component of the translational displacement at node
41, 6, is the Z component of the translational displacement at node 41, and O is
the angle of twist (angular displacement) about the Y axis at node 41. These three
values match the corresponding values resulting from the MSC/NASTRAN run (see
Figures 2.7 and 2.8). Similarly, other elastic deformations can also be verified.
From the above analysis it was concluded that the rigidity assumption of beam
2 was valid, and both the axial and torsional deformation can be neglected in simpli-
fying the dynamic motion analysis without affecting the accuracy in predicting the

overall elastic deformation.
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CHAPTER 3. MODELING OF FLEXIBLE BODIES

3.1 Introduction

Flexible dynamic modeling has been an attractive but difficult topic for a long
time. Severely restricted by the lack of computer processing speed in the early years
and the complexity of the mathematical formulation, traditional designs in robots,
mechanisms, and other relatively flexible structures have been limited to the realm
of rigid body dynamics. However, increasing demands for higher operating speeds
and better performénce result in a desire for light weight structures. A by-produ;:t
of the flexibility effect is now recognized as a critical issue. It becomes impossible to
implement the required time-consuming numerical integration without solid support
of sophisticated modern computers with high processing speed capability.

The past decade has seen significant advances in dynamic analysis for flexible
multibody systems. Extensive work, analytically and experimentally, has been con-
ducted in dealing with flexible modeling. Most investigators, however, employ a
common approach in which the elastic deformation is superimposed on the gross -
rigid body motion due to the nature of their specific problems. The application of
that method is severely limited due to the need for predefined rigid body motion. It
is therefore very desirable to investigate a new approach in which all the degrees of

freedom (DOF) of a system, elastic as well as rigid, are treated as unknown gener-
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alized coordinates. This enables analysis of situations where the rigid body motion
needs to be predicted, and the relationship between two motions affects the system
stability.

The purpose of this study is to explore a general modeling technique to develop
such a systematic procedure for establishing dynamic equations of motion of a flexible
system with mutually dependent rigid body and elastic motions. In addition, the
formulation procedure is to be optimized and simplified so as to accommodate the

needs of numerical analysis and computer programming.

3.2 Previous Work Review

The first to exploit the advantages of the finite element analysis (FEA) with La-
grangian mechanics were Sunada and Dubowsky[86][87]. Their model incorporated
a Denavit-Hartenberg [36] representation of the kinematic rigid body transformation
excluding kinematic coupling. The degrees of freedom of the discretized system were
reduced by means of component mode synthesis (CMS) [48] [49] [37] [81]. The equa-
tions of motion of all links were assembled using a Compatibility Matrix routine.
In their illustrative examples, a set of first order equations was solved numerically
for a special case in which the mechanism’s nominal speeds and accelerations are
much gmalle1‘ than the component elastic coordinate velocities and accelerations. In
their later extended work, the assembly of dynamic equations was performed in sym-
bolic form due to the special form of matrix terms. The final system equations were
solved using a Newmark-Beta integration algorithm. Their approach is applicable for
problems where nominal rigid body motion is specified by kinematic constraints.

Early works by Naganathan and Soni [62][63][64][65][66] developed a fully non-
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linear model employing a kinematic representation with rigid link based reference.
The three-dimensional model was constructed by accounting for axial, torsional, and
lateral deformations. A Galerkin method was used with linear shape functions to
represent the elasticity of the links. Link level matrices were transformed by time-
varying compatibility matrices and cascaded into global matrices. The gross rigid
bod}-r motion was specified at the révolute joints, and, subsequently, the element
matrices were assumed constant at each time step in the numerical integration.

Simo and Vu-Quoc [83][84] presented a different problem which arose in simulat-
ing dynamic response of a flexible plane beam subject to large overall motions. Two
orthogonal coordinates, measured in an inertial frame, were defined to account for the
large overall rigid body motion and small elastic deformation. Hamilton’s dynamics
associated with a Galerkin spatial discretization were employed in the formulation,
in which the use of finite strain rod theories capéble of treating finite rotations was
essential. The inherent nonlinear character of the problem was transferred to the
stiffness part of the equations of motion, which resulted in the possibility of numeri-
cal implementation by means of any commercial finite element code able to analyze
nonlinear structural dynamics.

An automated procedure in the study of large constrained flexible structures
undergoing large specified motions was developed by Amirouche and Huston (1] [2].
The governing equations are derived using Kane’s method [50]. The accommodation
of the constraint equations is based on the use of orthogonal complement arrays. The
flexibility and oscillations of the bodies are modeled using finite segment modeling,
structure analysis, and scaling techniques. The generalized active forces are uncou-

pled in order to evaluate the corresponding stiffness matrix which is based upon the
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local elastic deformation associated with equivalent beam deflections.

In the category of inverse dynamics, Bayo et al [11] [12] [13] extended the recur-
sive Newton-Euler formulation for the inverse dynamics of flexible structural systems
with open-loop chain. By their definition, the inverse dynamics is the finding of the
driving input forces necessary to move the end effector of an open-loop system along
a prescribed trajectory, avoiding any oscillations. The formulation is complete in the
sense that it includes all the nonlinear terms due to the large rotations of the links.
The Timoshenko beam theory is used to model the elastic characteristics, and the
resulting equations of motion are discretized using the finite element method. An
iterative scheme is proposed that relies on local linearization of the problem. The so-
lution of each linearization is carried out in the frequency domain. The performance
and capabilities of the technique were experimentally tested on a single-link flexible
robot. In the category of forward dynamics, finding the kinematic properties provid-
ing given driving forces, Serna and Bayo [78] [79] [80] presented a series of penalty
methods which incorporate the constraint equations in the Hamilton’s principle by
adding penalty functions to lead to a set of ordinary differential equations. This
penalty method avoids the usual differential-algebraic equations as other methods
using the same one pass coordinate representation, modeling both the large motions
and small elastic deformations of the links simultaneously. The proposed methods
formulate the equations of motion with respect to a floating frame that follows the
rigid body motion of the links. The elastic links are discretized using a finite element
method. The numerical implementation of the penalty methods was also presented
and tested for a planar four-bar mechanism with specified rigid body motion.

Low and Vidyasagar [57] [58] [59] developed a systematic procedure for deriving
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symbolic equations of motion for manipulators containing both rigid and flexible links.
Hamilton’s principle is employed in the derivation of the system equations which are
expressed in the nonlinear and integro-differential scalar form. The formulation is
based on expressing the kinetic and potential energies of the manipulator system
in terms of generalized coordinates. The derivation proceeds for the cases of rigid
and elastic links individually by means of defining rigid body coordinates and elastic
deformation coordinates separately. In case of flexible links, the mass distribution
and flexibility are taken into account. A simplified form of the elastic strain energy
of the flexible links is formulated using the Euler-Bernoulli theory by assuming a
slenderness ratio of the links and hence neglecting the effect of transverse shear and
rotary inertia. An expression of the generalized force representing nonconservative
forces is derived using Kane’s method with a concept of partial velocity. The final
resulting equations consist of the terms for inertia, Coriolis, centrifugal, gravitational,
anci exerted forces. In their numerical schemes, the partial differential equations are
transferred into ordinary differential equations by the implementation of Galerkin’s
method.

A recursive Lagrangian approach was adopted by Book [15] [16] [L7] in developing
nonlinear equations of motion for flexible manipulator arms consisting of rotary joints
that connect pairs of flexible links. Kinematics of both the rotary-joint motion and
the link deformation are described by 4 x 4 transformation matrices. The elastic
deflection is assumed small and the corresponding transformation is represented in
terms of a summation of modal shapes. The equations are free from assumptions
of a nominal motion and account for the interaction of angular rates and elastic

deflections. In the assembly of link dynamic equations of motion, it is required to
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take the inverse of the inertia matrix which can only be evaluated numerically.

In the work accomplished by Sadler and Yang [97][98](99], a total mechanism
displacement was defined to reflect the large gross rigid body motion and small elastic
deformation in the dynamic modeling. Example problems were demonstrated in two
different categories: planar multi-link mechanisms and spatial robot manipulators.
The effects of Rayleigh damping were introduced. In the mechanism applications,
the authors claimed that the method could be adopted in the forward, as well as the
inverse dynamic analyses if either the input forcing functions or the crank motion are
specified. The link orientation angle must be related to a total unknown displacement
in the formulation, which is possible for the mechanisms with one rigid body degree
of freedom.

Turcic and Midha [89] [90] [91] developed the generalized equations of motion for

“elastic mechanism systems with given specified rigid body motion by utilizing gen-
eral finite element theory. The derivation and final form of the equations of motion
provide the capability to model a general two- or three-dimensional complex elastic
mechanism, to include the nonlinear rigid-body and elastic motion coupling terms
in a general representation, and to allow any finite element type to be used in the
model. The equations of motion are first developed for a single finite element, then
for a single link of the mechanism and finally for the entire mechanism system. The
transition of the equations of motion from a lower level to an upper level is imple-
mented by matrix assembly and transformation to ensure the displacement, velocity.
and acceleration compatibility of all degrees-of-freedom composing the mechanism
system. An orthogonal viscous damping is assumed and added to the coefficient

matrix associated with the generalized velocity vector. The method is applied to
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a four-bar mechanism with a geometrically complex follower link which is modeled
with quadrilateral finite elements. The analytical results are verified by experimental
measurement on the same mechanism.

More recently Nagarajan and Turcic [67] [68] [69] approached a new method
to derive equations of motion for elastic mechanism systems. Both the rigid body
and the elastic degrees of freedom were considered as generalized coordinates in the
derivation. The equations of motion were first formulated based on element level
coordinate systems in which elastic nodal displacements are measured. The equations
were then transformed to a reference coordinate system to ensure compatibility of the
displacement, velocity, and acceleration of the degrees of freedom that are common
to two or more links during the assembly of the system equations of motion. Because
the authors attempted to make the procedure general in their work, the equations
at element and system levels are complicated, and the transformation from element
level to system level takes a great amount of effort.

A concept of an equivalent rigid link system (ERLS) was presented by Chang and
Hamilton [22] [23] in the dynamic analysis of robotic manipulators with flexible links.
The basic idea of this hypothetical system is to separate the rigid-body dynamics
and structural vibration. The global motion of the flexible link system is thereby
separated into a large motion with a superimposed small motion. The large motion
is represented by the ERLS and the small motion is due to the deviations with respect
to the ERLS. A dynamic model was developed by means of finite element method and
Lagrange’s formulation. In the derivation of the equations of motion, the generalized
coordinates are selected to represent the total motion as a nonlinear large motion and

a linear small motion. The final global level system dynamic equations are grouped
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into two sets of coupled nonlinear equations in which the equations representing small
elastic motion are linear with respect to the small motion variables.

Cleghorn et al [31] [33] presented a procedure for determining the governing
equations of a mechanism with physically undamped flexible links and distributed
mass, operating at a prescribed input rotational speed. The Lagrangian equation is
used in the derivation of the set of governing equations for the deflections about the
rigid body nominal motion. The elastic members are discretized by the finite element
method. The elemental level equations are transformed and assembled to generate a
smaller set of global equations using the concept of connection compatibility for the
adjacent members. The procedure is illustrated by using a planar four-bar angular
function generating mechanism modeled with one finite element per link.

A literature survey of flexible modeling of multibody systems was completed by
Cleghorn [40]. It was observed that the most effective model is one which incorporates
Lagrange’s equation with the finite element method. This produces a generalized

element for easy application to flexible systems.

3.3 Current Approach

In the current study, a method combining Lagrangian dynamics with finite ele-
ment analysis is developed in the modeling of dynamic response of multibody flexible
structures. Lagrange’s approach is used to develop the system dynamic equations.
A finite element analysis associated with direct stiffness method is employed to dis-
cretize the elastic members in the system and to determine elastic degrees of freedom
and the structural stiffness matrix which is required in finding the elastic strain en-

ergy. Each flexible beam is assumed to be slender and is therefore modeled using
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beam elements. The generalized coordinates of an entire system reflect both the
parameters from the nominal rigid body motion and the components of elastic dis-
placements. The nonlinear coupling terms in all the coefficient matrices and the
generalized force vectors are completely defined and formulated mathematically in
detail. For an individual beam, the Lagrangian equation in matrix form [6] can be

expressed as

=Qi (3.1)

d (9KE)\ _OKE;  OPE,
dt \ 9qf oqf ~ oqf

where KE; and PE; are the kinetic and potential energies of the beam, Q; are the
nonconservative forces, and q; are the local generalized coordinates which reflect the
degrees of freedom of the beam. A general expression of the i** elastic beam kinetic
energy modeled by finite elements can be written as
1&g L.

KE; = 5; A piAiVig - Vigds (3.2)
where N; is the total number of finite elements, [, is the length of the g** element, p;
and A; are the mass density and cross sectional area of the beam, and V;-g is a generic
velocity vector in element g. The above equation clearly shows that the velocity
squared term plays a major role in kinetic energy. On the other hand, potential
energy, consisting of body force potential energy as well as the structural strain

energy, can be written as
1 7 e q -
PE; = ;;qi K., q; + V,(G) (]3)

where the first term is the elastic strain energy and the second term is a potential
function which accounts for the beam elevation in the gravity field which takes into

account both the macro rigid body motion and the micro elastic vibration. By
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differentiation of the kinetic and potential energy terms and substitution of the results

into Eq. 3.1, it can be shown that the equations of motion of the :** beam take the

following matrix form,
m;(qi)G; + ci(qi, §i) 4 + ki(ai)a: = fi(qs) (3.4)

In general, the mass matrix, m;, is a function of the generalized coordinates, q;; the
damping matrix, ¢;, which depends upon the Coriolis and centrifugal accelerations,
is a function of the generalized coordinates and velocities; the stiffness matrix, k;,
including the conventional structural stiffness, is a function of q; only; and the gen-
eralized force vector, f;, involving the external nonconservative forces acting on the
beam, is also a function of q; only.

A set of global generalized coordinates, q, is defined first. These coordinates
are chosen from the local generalized coordinates, q;, such that every coordinate in
q is independent of every other. The relationship between the global and the local

generalized coordinates is then determined by the following equation,
9=2%q (3.5)

where ®; is a compatibility matrix which is in general a function of time. By differ-
entiation of the above equation with respect to time followed by the substitution and
pre-multiplication of ®; in Eq. 3.4, the system equations of motion can be obtained

in the following form,

Mg+Cq+Kq=F (3.6)

where M is a global mass matrix, C is a global damping matrix, K is a global

stiffness matrix, and F is a global force vector. In the following sections, more
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detailed procedures and formulations are developed step by step. A demonstrative
example is illustrated in Chapter 4 in which the simulation results are verified by

experimental data.

3.4 Finite Element Modeling

Each elastic beam is modeled using several conventional predefined beam ele-
ments. There are a maximum of six degrees of freedom for each node in an element.
This includes two orthogonal transverse deflections and two corresponding rotations,
one longitudinal displacement, and one twist about the element axis. In order to
achieve relatively simple modeling, only transverse deflections and rotations are al-
lowed at each node. The contributions of the other two displacements are neglected
in most cases (refer to Low [57] [58] [59] for a complete modeling). The following

" assumptions are therefore proposed for each element:

o Elementary beam theory applies and elastic flexure obeys Hooke’s law;

e Each beam undergoes two uncoupled orthogonal deflections and rotations;
o Longitudinal displacement and axial twist are neglected.

Following a conventional direct stiffness method [56] [34] [L00], a polynomial displace-
ment function is presumed with knowledge of the external loadings. The houndary
conditions are applied followed by direct application of the strain/stress relationships
with sign conventions of the bending moments and shear forces. A structural stiffness
matrix is obtained by comparing the relationship between the nodal forces and the

nodal displacements,
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3.4.1 Displacement function

It is indicated from classic elasticity theory [88] that a polynomial function of
the static transverse deflection for a cantilever beam can be determined, depending
on the type of external loads acting on the beam as shown in Figure 3.1. With no
distributed loading, the highest order of the polynomial function is of order three,
that is

Y = a, + a1z + apz’ + azz® (3.7)
where z denotes the axial coordinate of the beam, y is the corresponding transverse
deflection, and a;(2 = 0,1,2,3) are the constant coefficients. The above formula is

then adopted as a displacement function for each beam element.

3.4.2 Geometric boundary conditions

As illustrated in Figure 3.2, four geometric boundary coﬁditions are proposed
for each element as follows:
s =0 deflection =d;, and slope = ¢,
s =1 deflection = d;, and slope = ¢
where s is the local axial coordinate in an undeformed element segment, d;, and
é:(1 = 1,2) are the transverse deflections and slopes at the corresponding nodes,
respectively, and [ is the length of the element. By applying the above four geometric
boundary conditions to Eq. 3.7, it can be demonstrated that the final displacement

functions in matrix form in each orthogonal plane are of the following forms,

v(s)=dTY s =sTYTd (3.8)

w(s) =d7Z s =sTZ7d (3.9)



49

2
qx
y = -

2

2
- + 6L
L oaEr X T AX )

SUOMNSNANY

Figure 3.1: Functions of transverse deflection of a cantilever beam for three cases
with different external loadings
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where Y and Z are the constant coefficient matrices (see Appendix C), and v(s) and
w(s) are the displacement functions in the X —Y and X — Z planes, respectively.
Also d and s are the generalized nodal coordinates of the element under consideration

and a generalized function vector, respectively, which accordingly are defined as

d = {d1y¢12dlz¢lyd2y¢22d2z¢2y}T
s = {l1ss*s®)7 (3.10)

where d;, and ¢;.(¢ = 1,2) are the deflections and slopes in the X — Y plane while
di. and ¢;(7 = 1,2) are the deflections and slopes in the X — Z plane. It is noted

that sTYT and sTZ7 in Egs. 3.8 and 3.9 are the conventional shape functions of two

orthogonal bendings.

3.4.83 Structural stiffness matrix

For small elastic deflection, the formulas for the bending moments and shear

forces are found to be

O%u(s)

M(s) = Ef—a“s(z-s— (3.11)
03

V(s) = EI 8“3(33) (3.12)

where E is Young’s modulus, I is the second moment of area, and u(s) is a transverse
deflection function (either v(s) or w(s)). According to Eq. 3.10, a corresponding
vector of generalized nodal forces to the vector of genera'ilized nodal coordinates, d.
is defined as

f= {flym1:fl:"77v1yfzym2:fz:‘l7lzy}T (3.13)
where f; and m;(z = 1,2) are the nodal forces and moments, respectively, as shown

in Figure 3.3. With respect to geometric boundary conditions, four force boundary
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conditions are accordingly determined as
s=0 bending moment =m;, and shear force = f;
s =1 bending moment = m,, and shear force = f,

By applying these four force boundary conditions for each orthogonal bending coor-

dinate to Eq. 3.7 and arranging the results in the following standard form as
f=k,d, (3.14)

it can be found that the structural stiffness matrix, kg, takes the following form,

_EI

k, = =% (CL[8"ka[B1] + G, Ba] kel ) (3.15)

where k; and k; are the symmetric stiffness matrices, [ is the length of the element,
I, = (I, + I,)/2 is the average second moment of area, C, = I,/I, and C; = I./I,
are the constant ratios, and [#;] and [3;] are the constant ma,'trices (see Appendix C).
The structural stiffness matrix is used in formulating the structural strain energy

which is part of the potential energy of an elastic beam with kinematic motion.

3.5 Local Level Motion Equations

In the present chapter emphasis is placed on studying the dynamic response of
spherical unconstrained structural systems. All the vectors defined in this dissertation
are column vectors except where mentioned. Figure 3.4 shows a generic finite element,
the ¢** element, of an arbitrary elastic beam, the i** beam, in such a structural system.
In the rest of this chapter, the subscript i denotes the :** heam and the subscript ¢

denotes the ¢‘* element in the i** beam. Two sets of Cartesian coordinates are set

up to assist the representation of the rigid body motion and elastic deformation. Set
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Figure 3.4: Coordinate systems and elastic deformation for a generic ¢** element in
an arbitrary ¢** flexible beam
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(i0s 0, Ko) constitutes a floating (moving) frame of which the origin O is located at
a spherical universal joint with three rotations. Set (i}, j:-, 12;), which accommodates
the arbitrary elastic beam, is a reference frame which is relative to the moving frame.
Vector R; is a position vector which indicates the position of the origin of the reference
frame under consideration relative to the moving frame. This vector is considered as a
rigid body position vector which describes the rigid body motion of the elastic beam.
Vector pj, is a local position vector measured in the reference frame for an arbitrary
point P’ in element ¢ after its deformation. This g, vector includes both the rigid
body motion of point P’ relative to the moving frame and the elastic motion relative
to the reference frame. Vector 7;,, measured in the moving frame, is an absolute

position vector which consists of the rigid body and elastic motions of point P’.

3.5.1 Position and velocity vectors

Referring to Figure 3.4 again, we can write the absolute position vector of point

P’ in the moving frame as

g = Rit g

)

= & (Ri+Toi {p}i) (3.16)

where &, = {iojoRO}T, a unit direction vector of the moving frame, R; and {p}i,
are the reference and local position vectors in matrix form, and T,; denotes a 3 x 3
transformation matrix transterring the moving frame to the reference frame. That is.
é, = T,;&; where &; is a unit direction vector of the reference frame. A corresponding

position equation in matrix form formulated in the moving frame, (i,,],,K,), takes
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the following form

rig = Ri + Toi {p}is (3.17)

All the vectors in the following sections are also expressed relative to the same moving
frame except where mentioned. Differentiation of Eq. 3.17 with respect to time gives

a velocity formula which can be written as
Fig = Q(Ri + Toi {p}ig) + Ri + Toi {p}ig + Toi {p}ig (3.18)

where F;, denotes dr;,/dt, R;, {$}ig, and T,; are the time rates of the corresponding
vectors and the transformation matrix, and €2 is a skew-symmetric matrix (see Ap-
pendix B) derived from a rigid body system angular velocity, 2 (see Chapter 4 for

details), which can be expressed as
Q7 = ATNT = AT|N; N, N3] (3.19)

where A is a generalized angular velo‘city vector containing the time rates of three
rotating angles about the spherical universal joint, and N is a 3 X 3 time-varying
coefficient matrix which can be partitioned as [N;N,N3J?. The rigid body system
angular velocity, €2, governs the angular motion of the moving frame, (io,jo,f(o),
which is relative to an inertial frame, (&;, &;,€3). The origin of this inertial frame is

also located at the universal joint, point O. Position vectors R; and {p};, can also

be partitioned and written as

RT = {Ri Ry Ri3)}7 (3.20)
Pigs (g—1); +s
{Ptig=19 v, (= Vig (3.21)

Wig Wig
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where ¢ is an index of the g** element, /; is the element length, s is the local axial
coordinate, R;;, Riz, and R;3 are three rigid body components of vector R;, pigs is
a rigid body component of vector {p};;, and v;; and w;, are two elastic components
corresponding to two orthogonal deflections as shown in Egs. 3.8 and 3.9. Therefore

the time rates of the corresponding position vectors are found to be

R = 0 (3.22)
(YL = {00y tiig} (3.23)

For the cases with no revolute joint between elastic beams, the last term in Eq. 3.18
can be eliminated. A set of generalized coordinates for the i** elastic beam is defined

in terms of three rotation angles and generalized nodal displacements of each element.

Thus,

al = {ATdi1y¢i1zdi12¢i1ydizy¢izzdizz¢;2y
© digybigzdigzBigydi(g+1)y Di(g+1)=Di(g+1)=Pi(g41)y ***

diNiy Bivi=din; 2 Diniy i(N+1)y ¢i(N,+1)zdi(N.-+1)z¢;(N.+1)-y}

= {ATdd}, - df - diy} (3.24)

where N; is the total number of elements of the i** elastic beam. Each di,(g =
1,2,---,N;) contains eight components as defined in Eq. 3.10. Attention must be

paid that four nodal displacements are shared in the adjacent elements. That is,

T
di(y—l) = {‘li(y—l)y¢i(s—l)=‘li(y—l):¢i(y—l yyligy®ig=diy= éiuy}

and

T
dig = {diw‘f’iuz‘liy:¢iaudi(g+1)y¢i(y+1):di(g+1):¢i(y+1)y}
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The relationships between vectors A, d;, and q; are then established as

A = 0O; q: (3.25)

dy = O q: (3.26)

where ©;) and @,y are types of linear compatibility matrices which can be derived by
comparing Eqs. 3.25 and 3.26 with Eq. 3.24. A more compatible form of the velocity
vector can be expressed as a function of the time rate of the generalized coordinates,
g, by substituting Eqs. 3.8-3.10 and 3.19-3.26 into Eq. 3.18. After rearrangement,

this produces

(Riz + T51pigs)N2 — (Riz + To1pigs)N3
i'ig = (Ra + Tupigs)Ns —(Ris + T31pigs)Nl Oing; +
] (Riz2 + To1pigs)N1 — (Rir + Th1pigs)N2

i igd

((T32Y; + T53Z;)sNy — (T2 Y + TosZ;)sN3)
qlT(")T ((TyzY,’ + T13Z,‘)SN3 - (T32Y{ + T33Zi)SN1) 91',\ Qi +

igd

i Q7 OL,((To2 Y + T23Z;)sN; — (T12Y; + T13Z;)sNy)

ST(Y?TH + Z?Tm)
sT(YTTay + ZTT;) | Oigu Qi (3.27)
ST(YiTT;;'z + Z;TT33)

where T,p(c, B = 1,2,3) are the elements of the transformation matrix T,; (see

sth

Appendix A) and Y; and Z; are the constant matrices for the :** beam defined in

Egs. 3.8 and 3.9.
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3.5.2 Velocity squared term

The purpose of formulating the velocity squared term is to find the beam kinetic

energy which is defined as

1 N' lg ~
/ Viy dmig (3.28)
where N; is the total number of elements, I, is the length of the g* element in the
#t* beam, and V,g is a velocity vector at an arbitrary point in the element. After

A

substitution of p;A;ds for dm;, and 7 ;€0 Or éTr;, for V,-g the above kinetic energy

equation becomes

N; l
KE = S04 S / "7 byds (3.29)
2 =170

where p; and A; are the mass density and cross sectional area of the beam, respec-
tively. Eq. 3.29 indicates that finding the velocity squared term should be accom-
plished prior to finding the kinetic energy. As shown in Egs. 3.10 and 3.21, the
velocity vector in Eq. 3.27 is also a function of the local axial coordinate, s. This
complicates the problem since the velocity squared term must be formulated properly
such that the integration in Eq. 3.29 can be carried out analytically. For simplicity,

Eq. 3.27 is reformulated in symbolic fashion,

where matrices [1], [2], and [3] represent the corresponding coefficient matrices in
Eq. 3.27 in the same order. Premultiplication of the velocity vector in Eq. 3.30 by

its transpose vector will result in the velocity squared term as

ity = & {©F (7] + (817(3] + [1]7[3] + [3]7[1]) @i+
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©7 ,[27[21@ia + ©F, (1" + [3]7) (210, +

igd

OF[21" ([1] +[3)) 91‘,\} GE (3.31)

By defining the following terms

a; T, Y + T3Z;

a=| a; | = | TopY; + T2aZ;
| as | T3 Y; + T33Z;
[ b; - sTal
b=1|b, | =] sTal
bs; sTal
Ry Ri1 + T pigs
R=14 R, { =9 Ria+Tn pigs
Ry Riz + T pigs

where aj, az, and a3 are the submatrices in the a matrix, by, by, and b3 are the row
vectors in the b matrix, and R is a type of position vector (which is different from
R;). It can be demonstrated that the symbolic matrices [1], [2], and [3] in Eq. 3.30

become

1] = RN
2] = b
B8] = -[b]oT (O q)N

where RT is a transposed skew-symmetric matrix derived from the R vector; [b] is

a skew-symmetric matrix associated with the b matrix; and I' and ¢ are the special
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matrix operators defined in Appendix B. Thus,
17 [1] = NTRRTN
2]712) = b’b
NT (af ©F,) ® ([bI"[b]) ® T (@it q)) N

[1]"[3] = NTR7[b]®T (®iy q:)N

31" [3]

[1]7[2] = N'Rb

[2]" [3] bT[b] @' (®iu q:) N

By substituting above expressions into Eq. 3.31, it can be found that the velocity

squared term is
iht, = & {@ANT [ (qfeL,) ® ((bI"[b]) @ I' (@i ai) +
RR” + (ﬁT[E] + [B]ﬁT) QT (O Qi)] NO;, +
OLNT [Rb + I (©;54 q)) ® [b]"b] @sa +

o7

igd

[b"R” + bT[B] @ T (@igu )] NOix +
©,b™b O} & (3.32)
3.5.3 Kinetic energy

Substitution of Eq. 3.32 into the kinetic energy equation, Eq. 3.29, yields a more

compact form of the kinetic energy as
. | 3 9
KNE; = 54; mg; (3.33)
where m; is a symmetric mass matrix formulated as

m; = m;+0,\NT(G; +H,;, +H,)NO;, +
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Hi;
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OLNT (Giy + Hiz) @ipa +

o7, (G} + HE) N©;, (3.34)

N; IR
piA:S OF, ( / b7b ds) ©ip
g=1 0

Ni olimo
Ny /0 RRT ds

g=1
A % / “Rb d
PiAi as
g=1 Y
N; li e~
pid X 17 (@3 ) @ ( [ BI7IBLds) 9T (05 )
g=1

N; i, . ~ -~ o~
pitsY [ (RT[B] + [BIRT) ds © T (@ia )
g=1

N; i o
pidi 3 TT (@iu i) © /0 [6]7b ds (3.35)
g=1

where m;, is a constant symmetric mass matrix, G;; is a constant symmetric coeffi-

cient matrix, G2 is a constant rectangular matrix, H;; and H;, are the time-varying

symmetric matrices, and H;3 is a time-varying rectangular matrix.

3.5.4 Potential energy

The total potential energy of an elastic beam is defined as the summation of the

body force potential energy and the elastic strain energy. The former is defined as

the negative work done by gravity, i.e.

Ni
Ui = Y Uy
g=1

N
=3 /v —dmiG -7y (3.36)
g=1
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where dm; = p;Aids, G= —Gé; in which &; is a unit vector in the positive direction
of a vertical axis of the inertial frame, (&;,8&,,€;), and 7, is a position vector as
defined in the previous sections. Substitution of Egs. 3.8, 3.9, 3.16, 3.20, 3.21, and
3.26 into Eq. 3.36 will result in a compact form of the body force potential energy in
matrix form,

Usi = Vi +hiq; (3.37)
where V; is a potential function which represents the rigid body potential energy, and
h? is a force vector due to the elastic deflection. These two terms can further be

formulated as

Vi = mGbTT,, (Ri + %Toi al)

0
miG L Ni
h;T = Tb:[TTeoToi o STY‘T ds Z ®igd
1 =1
sTZT ’

where m; is the mass of the beam, L; is the length of the beam, T, is a time-
varying transformation matrix between the inertial frame and the moving frame (see
Appendix A), af = {1 0 0}, and b? = {0 0 1}. The elastic strain energy is defined
as |
Ni
Ui = Z Ueig
g=1

1 &
= 3 > al (G?;dksig@iyrl) q (3.38)
25

th

where kg, is a structural stiffiiess matrix of the ¢** element in the i*" elastic beam

as shown in Eq. 3.15. Therefore, the total potential energy can be found as

1 -
PE; = 3q,-7 ks qi+V:+hlq; (3.39)
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with k,; = G) dks,g(a,gd, a constant symmetric stiffness matrix of the beam.

3.5.5 Motion equations

By substituting the formulas of kinetic and potential energies in Egs. 3.33 and
3.39 into the Lagrange’s equation, Eq. 3.1, it is found that the equations of motion

of an arbitrary free elastic beam at the local level are

o [ 10 (OB o 0%
mtql + [ m; 9_0_]'_] qz + (ksz + (?qu qz = Q; hz ()q? (3.40)

The above equations clearly show the nonlinearity involved in the time-varying co-
efficient matrices. Referring to Appendix B, some of the partial derivatives can be

derived immediately in the following forms,

011,~ sz (T obl) T T c
= e » ds S @, 3.41
dqf I, 8qf Yoo e Z o (341)
TzT
aV; (T, L Q4
aq?' = miG (a T 2 Toz a[ (342)

The partial derivatives on the right hand sides of the above equations can be carried

out analytically by substitution of the specific transformation matrix for T,.

3.5.6 Derivation of 19(m;q;)/dq7

This is one of the most difficult and challenging tasks addressed in this and the
following chapters. It is necessary to derive the mathematical formula representing
nonlinear coupling terms between the rigid body motion and elastic vibration in the

procedures of the derivation of the equations of motion for the elastic and rigid bodies.
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Referring to Eq. 3.33, the formula for kinetic energy of the 7** beam is rearranged, as

.KE,' = %é{:‘rm,q,
= KE.+ KE;j +2KE; (3.43)

The constant part of the kinetic energy in the above equation is written as

KE; = -;-q?m,-cq,- (3.44)

The last two terms in Eq. 3.43 account for the time-varying part of the kinetic energy

and are written as

1

KE; = 5@?®§NT(G;1+H;1+H;2)N®,»,\q,~ (3.45)
1. i
KE» = 5G{ON"(Gi + Hi) ©iyedy (3.46)

Partial differentiation of Eq. 3.43 with respect to g7 gives
OKE; lc’)(m;t’q;) .

dqf T 2 oqF ¥
O0KE,, OKE; IOKE;

where the first term vanishes because m;. in Eq. 3.44 is a constant matrix. Matrices

H;,, H;», and H;3, referred to Eq. 3.35, are defined as

Bii Biz Bis
Hy = [HiHixHag=T"(q) 0 B,;, B, B, | OT(qi) (3.43)
Bsi Bs: By
Dy Di2 Dy
Hy = [HpHpoHopl= | Dy Dy Dy | © D(qi) (3.49)

D31 D32 D33
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qf E]
Hz = [Hi3,1Hi3,2Hi3,3]T= qfET (3.50)

q7E]

By substituting Eqs. 3.48 and 3.49 into Eq. 3.45, the second term in Eq. 3.47 can be

written as

- I NO;\q; ;
IKE, _ 9(NOnGi) (Ga + Hiy + Hp) NOyG: +

dqf da;
1| O(Hi, + Hiza) 5
5 5ot NO:\q: |
| 0(Hi1.; ;r Hor)Nen; |
H; i % C
Ra lg:.TH 28I Newg | Newd
= [Xi] + [X2] (3.51)

where the first symbolic matrix, [X;], corresponds to the first term, and the sec-
ond symbolic matrix, [X2], represents the second term. By substituting the matrix
partition form of N in Eq. 3.19 into Eq. 3.51, these two symbolic matrices can be

formulated as

3N1 0N2 aN3 .
X = z : x : z i
[X1] Faf A4 | Pt 24 | 57 @ing

(Gia + Hi; + Hpp) N@i.\Qi

()(Hil,/B + Hi'z,/'i)

NOi N0, &

l 3
= 5 Z [X3]N® i\ qtijez\ qz
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where [X3] is a symbolic matrix which represents a partial derivative term in [X3]

and is written as

5 a/Byg q; Dys q;

[Xa] = o a’Bys q; ¢+ Do q

afBss q; D3s a
= [(Bm +Bps1)q: + D?ﬁ | (B2s + Bpa2)qi + D;ng

| (Bsg + Bgs) q; + Dgﬁ]

with B, = Bga(a = 1,2,3) and Dog = Dgo(a = 1,2,3). Substitution of the

expression of [X3] into [Xz2] gives

1 3 3 ) ]
el = 323 {(Bap + Ba) ai + D5} 4T OFNLN O3 &
=] o=

Substitution of the expressions of [X;] and [Xg] into Eq. 3.51 yields

©irq: |

a[X’Eﬂ 8N1 R 0N2 0N3
= ©:\q; |

aqT dq7 oqF aqf
(Ga+Hi +H,) NGO, q; +
1 3 3
5 o> {(Baﬁ + Bgo) Qi + Dfﬁ} :
B=1a=1

. ¢FOLIN,NTO;, & (3.52)

@i,\éli] .

By substituting Eq. 3.50 into Eq. 3.46, the last term in Eq. 3.47 can be written as

OKFE;, a(N@i.\éli) .
9 - 2T A . oy
“ dq;I' anT (Gl- + HzS) ezgd q:; +

I{(Giz + Hi3)O;,4q;}
dqf

JdN, ., ON, . , ON3 ) .
[5(—]?@;,\% | W@i,\qi l a—q—if@,-,\qi (Giz + Hiz) Ojyq q;

N®;, q;

+ [ElT@iydéli | ET©®;,44; | EY G;gdfli] NO\qG; (3.53)
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Finally, substitution of Egs. 3.52 and 3.53 into Eq. 3.47 will result in the following

expression for the matrix partial derivatives, as

19(mig:) _ [ONig '.|‘_9&
2 oqF ~ |oqF ¥ !aq7

{(Ga + Hi + Hp) NO;) + (Giz + Hi3) Ojpa) +

. ,ON .
©::\q; | "a—q_;@i)\qi:l .

[E{("),'gdq; I Eg@,'édqi | Eg‘eigdéli] NeiA +

1 3 3
3 > > {(Baﬁ + Bga)qi + DZﬁ} :

B=1a=1
4 ©LN.NJ©;, &; (3.54)
where matrices Bog, Dog, and E, are defined by comparing Egs. 3.48, 3.49, and 3.50
with Eq. 3.35.

3.6 Global Level Motion Equations

In the previous sections, the local level equations of motion were derived for an
arbitrary elastic beam with no kinematic constraints. In order that those generalized
coordinates at the common connecting boundaries are consistent for the adjacent
beams, it is necessary to include the kinematic constraints in the equations of mo-
tion. The concept of the compatibility matrix (as defined in the following section) is
adopted in the assembly process so that the coefficient matrices and the generalized
force vectors of each subsystem are compatible. A set of global generalized coordi-
nates is selected among the local generalized coordinates of each subsystem such that

the global generalized coordinates are independent of each other.
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3.6.1 Compatibility matrix

A matrix which linearly relates the local generalized coordinates to the global
generalized coordinates is called the compatibility matriz. For a system with n global
generalized coordinates, q, the local generalized coordinates, q;, with m components

can be expressed as
qz':@iq (i=172a"'5N) (355)

Where N is the total number of subsystems under consideration. The compatibility
matrix, ®;, is an m x n matrix which is in general a time-varying function of the rigid
body generalized coordinates. It is apparent that the compatibility matrix contains
the information of the geometric boundary conditions which describe the kinematic

constraints for the adjacent subsystems.

3.6.2 Assembly of motion equations

Differentiation of Eq. 3.55 with respect to time leads to

& = ¥ q+&:q (3.56)
(':.],' = @iii+2-i’; (':1,-+§,~q (3.57)

By rearranging the local level equations of motion, it can be shown that Eq. 3.40

takes the following standard form
mq; + ¢:q; + kiqi = f; (3.58)
where ¢; is a damping matrix, k; is a stiffness matrix, and f; is a generalized force

vector. These matrices are formulated as

lf)(m,-q,-)
T T T oqT
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Oh;

ki = ksi + aq?'
oV;
f; Qi—h;— 3

Substitution of Eqs. 3.56 and 3.57 into Eq. 3.58 followed by pre-multiplication of
Eq. 3.58 by the transpose compatibility matrix, ®7, will result in the following global

equations of motion

M§+C q+Kq=F (3.59)

where the global mass, damping, and stiffness matrices and the global generalized

force vector are formulated as

N
M = Z @?mi@;

C= 3 (@Tc,@ +2<I>Tmip)

F=)Y &f (3.60)

Structural and fluid viscous damping terms of each subsystem can be added in each
c; matrix. The internal connecting force terms in each local level generalized force

vector, f;, vanish automatically during the process of matrix assembly.

3.7 Summary

A systematic procedure of mathematical modeling of an arbitrary elastic beam
in a multibody system was fully developed in the present chapter. The natural

characteristics of mutually coupled rigid body and elastic motions were revealed by
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including the unknown rigid body degrees of freedom in the global generalized coordi-
nates. The significant complexity involved in mathematical formulation arose because
of the involvement of the unknown rigid body degrees of freedom. Nonlinear cou-
pling terms due to Coriolis and centrifugal forces, which were neglected historically,
were completely taken into account and were derived explicitly in matrix form. The
conventional finite element analysis associated with the direct stiffness method was
used in the discretization of the elastic members. A third order polynomial function
was adopted in the finite element shape function in order to exclude the negligible
effect of the longitudinal displacement and axial twisting which usually consist of
higher order terms compared with the other deformation. The Lagrange’s equation
was employed in which both the rigid body and the elastic degrees of freedom were
treated as unknown generalized coordinates of the system. The elastic deformation
of every element in each elastic beam were measured in the local reference frame
so that they are compatible at the local level. The position vector as well as the
velocity vector were formulated in terms of the moving frame instead of the usual
inertial frame. This resulted in simple mathematical operations in finding kinetic
and potential energies.

The final form of the system dynamic equations of motion was expressed in
an analytical form which shows high nonlinearity and strong contributions of the
coupling terms in the time-varying coefficient matrices and generalized force terms.
The procedure and methodology developed herein are applicable to the dynamic
modeling of planar mechanisms, as well as the unconstrained spatial structures. The
application of the theory presented in the current chapter will be demonstrated and

implemented in Chapter 4. The extensive simulation results and the experimental
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data are included in the following chapters. Numerical techniques which resolve
the difficulty in solving nonlinear differential equations involving mixed rigid body
variables with large overall motion and elastic variables with small vibration are

investigated. The details are presented in Chapter 5 in which Newmark predictor-

corrector integration schemes are developed.
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CHAPTER 4. MODELING OF RIGID BODIES

The application of the systematic procedure in the derivation of the equations
of motion developed in Chapter 3 of this work is demonstrated and implemented
in detail in this chapter. The equations of motion for each subsystem are derived
individually and are assembled under the concept of compatibility between the lo-
cal kinematic properties of the elastic degrees of freedom of the connected adjacent
elastic members. A specific structure system under consideration is characterized as
an open loop system with spherical unconstrained chains capable of rotating about
a Hooke’s type universal joint. The rigid body motion with three unknown rotations
and the elastic degrees of freedom are mutually coupled and influence each other. A
traditional motion superposition approach is no longer applicable. Numerical exam-
ples for several cases are presented in the following chapters. The simulation results

are compared with experimental data and good agreement is indicated.

4.1 Introduction

Chapter 3 of this work presents the development of the equations of motion for
an arbitrary elastic beam in a flexible structural system containing both rigid and
elastic bodies. In this chapter the theories developed in Chapter 3 are applied to a

specific problem. The structural system is characterized as an open loop system with
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spherical unconstrained chains capable of rotational motion. The equations of motion
for the rigid bodies in the system are derived in a fashion similar to the derivation of
the equations of motion for the elastic beams. The influence of the elastic deformation
on the rigid body is considered. The strategy in the derivation is first to obtain the
local level dynamic equations for each subsystem and then to assemble the equations
at the global level to obtain the system equations of motion of the structure. The
geometric boundary conditions are implemented to ensure compatibility between the
local displacement, velocity and acceleration of the elastic degrees of freedom that
are common to two or more members.

Figure 1.3 in Chapter 1 shows a satellite simulator, a test rig, built by Cowles
and Anderson at Iowa State University. A corresponding schematic drawing of the
dynamic part of the test rig is shown in Figure 4.1. A lower shaft, constrained to
- rotate about its own spin axis only, supports an upper rotating structure and is
driven by a D.C. motor through a drive train. An upper shaft is connected to the
lower shaft by a Hooke’s type universal joint which allows the upper shaft to rotate
in three dimensions. A cross bar is fixed on the top of the upper shaft to balance the
coning motion. An upper assembly is defined as those parts of the structure that are
supported by the universal joint, except for the upper shaft and the cross bar. The
configuration of the entire rotating upper assembly is axisymmetric about the spin

axis of the upper shalft.

4.2 Coordinate Systems

Figure 4.2 shows the coordinate systems associated with the structural model

of the test rig to assist analyzing the dynamic response of the structural system.
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Figure 4.1: A schematic drawing of the test rig (dynamic part only)
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Figure 4.2: Coordinate systems of the test rig
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Point O represents the center of the universal joint at which the origin of a set of
inertial coordi‘nates, (€1, 82, €3), is located. In addition, a set of moving coordinates,
(io,jo,fco), is also located at point O. These moving coordinates are initially aligned
with the inertial coordinates before spin but are attached to the upper assembly and
thus rotate with the assembly. Three successive rotating angles are defined between
these two sets of coordinates, the inertial coordinates and the moving coordinates.
One set of coordinates is defined for each beam, elastic or rigid, and each tank,
with the corresponding origins located at each proximal end of the heams and at
each geometric center of the tanks, respectively. All of the coordinates are locally
defined and are with respect to the rigid body system with no elastic deformation.
In particular, the 1 coordinates for both the rigid and elastic beams are defined such
that they coincide with the center lines of the undeformed beams. For the tanks,

however, 1 coordinates are pointed to the opposite direction of one. of the moving

coordinates, k,, in the initial state with no spin.

4.2.1 Three successive rotating angles

A set of three successive rotating angles about the universal joint is defined
between the inertial and moving coordinates as shown in Figure 4.3. First, the
upper shaft spins about the €; axis of the inertial coordinates with an angle of A3
to reach a first intermediate system, (Ig,jf,’, 12;’) Second, the upper assembly nutates
about the 3;’ axis of the first intermediate system with an angle of A to reach a
second intermediate system, (i;,j;,ﬁ;) Iinally, the upper assembly rotates through

an angle of Ay about the I; axis of the second intermediate system to reach the final

moving coordinates, (iy,Jo, ko). These three successive rotating angles constitute the
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A3 (23) Al (o)

AZ (10)

Figure 4.3:  Three successive rotating angles between the inertial and moving coor-
dinates
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base of the gross rigid body motion which is then coupled with the elastic deflections

and rotations in the analysis of dynamic motion of the test rig.

4.2.2 Rigid body angular velocity

Referring to Figure 4.3, the rigid body angular velocity, (1, defined as the angular
velocity of the moving frame, can be found by means of the superposition principle
of angular velocity, as

G=Jses+ i +A10 (4.1)
where /'\1, /.\2, and /.\3 are the corresponding time rates of three successive rotating
angles A\;, A, and A3, respectively. By observing the rotations, it is found that the

following unit vectors are identical, that is

n

ég = ko
s U
o = do
o <

1 =1

Substitution of three identities shown above into Eq. 4.1 gives
G ok I+ hs (42)
The objective is to transfer 12;' and j; coordinates into the (fo,jo,f{o) system. From
‘vAppendix A, this can easily be resolved, and the final expression can be written as
d=eT0 (4.3)
where é;r = {iojolzo}, a set of unit vectors of the moving coordinates, and €2 is an

angular velocity vector which can be written as

Q = NA (;Lal.)
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with A = {/.\1/.\2/.\3}T. The matrix, N, in the above equation is a coefficient matrix

containing the information of three successive rotations and is defined as

NT 0 1 —sin)
N=| NI |[=] coshy 0 cos) sink, (4.5)
Ng' —sin Ay 0 cosAjcos,

where N, N5, and N3 are three component vectors in N. In the previous chapters,
it was shown that the configurations of the structure are axisymmetric about the spin
axis of the upper shaft. This does not imply, however, that the inertial forces which
induce elastic deformation are symmetric about the same spin axis. From an analysis
of quasi-static forces acting on the structures, it was found that the tangential inertial
forces are non-symmetric about the spin axis of the upper shaft in three orthogonal
Cartesian planes. Each elastic beam, therefore, must be discretized using unique

elastic generalized coordinates.

4.3 Tank Dynamics

A tank assembly, shown in Figure 4.1, is considered a rigid body system. It is
constructed of a spherical plastic container, liquid within the container, two clamping
steel plates which hold the spherical tank and clamping‘ bolts. One tank is placed
on each side of the test rig axisymmetrically. Liquid sloshing motion within the tank
is modeled using computational fluid dynamics (CFD) techniques [28]. The interac-
tion mechanisms between the structure and liquid are investigated in a joint effort
considering the flexible structure model and the CFD model. The results are to be
published in a separate paper [53]. Due to the special construction of the tank assem-

bly, some elastic degrees of freedom of the supporting flexible beams connecting the
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tank assembly are constrained. The geometric boundary conditions are established
explicitly prior to defining tank generalized coordinates. Tank equations of motion
are derived in such a way that one model accommodates two tanks in terms of proper
substitutions of the corresponding transformation matrices for the appropriate coor-
dinates. A position vector of the tank is formulated followed by the derivation of
a velocity vector at the mass center of the tank assembly by differentiation of the
position vector with respect to time. The vector expressions are all relative to the
moving coordinates as stated earlier. The tank translational kinetic energy is found
using a standard formula which involves a velocity squared term. The tank angular
velocity and the inertia dyadic about the mass center are formulated prior to calcu-
lating tank rotational kinetic energy. Gravity is the only external loading considered.
An instantaneous free surface liquid shape and its orientation within the tank are
supplied by the output of the CFD model. The liquid inertia dyadic is updated so
as to update the tank kinetic energy. The mass center of the sloshing liquid is calcu-
lated and located relative to the geometric center of the tank. The coefficient mass,
damping, and stiffness matrices and the generalized force vectors are formulated by
applying Lagrange’s equation. Derivation of the tank dynamic equations of motion

" are thereby determined.

4.3.1 Geometric constraints

Figure 4.4 depicts the tank assembly and its associated structures. Beams «
and b are two flexible beams which connect the rigid tank assembly at the clamped
points, D, and D;. The transverse deflections of these two beams in the j,,b direction

are equal to each other. The rotation of beam a about the j., axis at point D, is
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Figure 4.4: Tank assembly and its associated structures
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equal to the corresponding rotation of beam b about the same axis at point D,. The
rotations of the beams about the Rab axis at points D, and D, are zero because these
points are clamped on the tank. Therefore, the following four geometric boundary

conditions at points D, and D, apply,

damy = domy

Pamy = Pbmy

$amz = 0

Pomz =0 (4.6)

where the second subscript, m, denotes the last finite element node (for both beams)
which coincides with either the point D, or the point D,. Terms dymy and dp,y are
the deflections of beams a and & in the jab direction, ¢omy and ¢pmy are the rotations
about the jab axis, and ¢ym. and 'QSbmz are the rotations about the Rab axis.

The local generalized coordinates of the tank assembly include the rigid body
degrees of freedom, which result from three rotations about the universal joint, and
the elastic degrees of freedom, which are due to the elastic deformation at the distal
end, B;, of beam 7 and the elastic deformation of beams ¢ and b at the points D,
and D,. By applying the four geometric boundary conditions stated in Eq. 4.6, a set

of local generalized coordinates of the tank assembly is defined as
q; = {AT a7}’ (4.7)
where
A = {dimy bim=dim: Gimydomy dum: $amy i} (4.8)
Thus,

A = 0O;\q;
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dj = @jdq;' (4.9)

where the compatibility matrices @ ;) and ©;q4 can easily be found by their definitions.

4.3.2 Tank position and velocity vectors

As shown in Figure 4.4, point T} is the mass center of the corresponding tank

assembly, and the vector 7r; is the position vector of the mass center. Thus,

7-"Tj = LusRo + Liii + d‘imyji ~+ dim:l;i +
T 3 1 -
Lalab + da.my.]ab + 5 (da.mz + dbmz) kab +
Ttlij + rt3Rj + Aiij + Ajjj + Akf(j (4.10)

where the A’ s are three relative coordinates of the instantaneous mass center dis-
placed from the initial position during the tank motion. It should be noted that the
first four terms in the above equation determine the ‘position vector of point B; after
elastic deflections of beam 17, the next four terms .relate a relative position vector of
point E; to point B;, and the last five terms establish a relative position vector of
the mass center T to point £; on the tank. After transferring the local coordinates

to the moving coordinates, it can be shown that Eq. 4.10 in matrix form becomes

0 L;
rr; = 0 ¢+Toiq dimy ¢+
Lys dim:
L,
Tous damy +
1

(dam: + dmb:)

&

N

t
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ra + 4
ToabTasj A; (4.11)

R AVE
where, from Figure 4.2, the matrices Toi(z = 1 or 5), Toas(ab = 34 or 78), and
T,s;(abj = 342 or 786) are the rotational transformation matrices (see Appendix B)
wherein T, is a constant matrix and T,s; is a time-varying matrix. Physically, beam
i is much stiffer than beams a and b, and hence the T, matrix is considered as a
constant matrix approximately. Differentiation of the above equation with respect to

time yields a velocity vector as

0 ( 0
tr; = Toi§ dimy ¢+ Toa damy +
i | 5 (dam + dime)
ra + A; ] A;
Toas Tt A; ¢+ ToabTap;§ A; ¢+ Q rr; (4.12)
T3 + A ) Ay

where the A’ s are the relative velocity components of the tank mass center, which
are small compared with the overall tank motion. The terms associated with these
components can then be neglected in the above velocity equation. Q is a skew-

-

symmetric matrix derived from the corresponding rigid body angular velocity, (2.

4.3.3 Tank angular velocity

—

The tank angular velocity, §2;, is a vector summation of the following three

angular velocities,
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1. €, a rigid body angular velocity (&, relative to &)
2. Wy, a rigid beam angular velocity (&4 relative to €,)
3. &;, a tank local angular velocity (&; relative to €4)

that is,

—_ —

Qj =0+ ‘Dab + LZ;J' (4.13)

-

From Figure 4.4 it can be derived that the tank angular velocity, §;, takes the

following matrix form,

¢imyq;imz 0
ﬁ] = éz Q + Toi éimy + Toab éamy (4'14)
q;imz 0

The local inertia dyadic of the tank assembly about the mass center of the tank can
be written as

I =¢&TLe; (4.15)

where I; is a local inertia matrix about the local tank coordinates. Substitution of
the transformation matrices between the moving frame and the local tank frame,
(ij,jj,f(j) into the above equation yields

I =eTLe, (4.16)

where the tank inertia matrix expressed in the moving frame is

Iij = ToabTabjIjTijTZab ("Ll?-)
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4.3.4 Tank kinetic energy

The tank kinetic energy, translational and rotational, can be formulated as

; 1 . . ls 3 o
K EB; = gmji; trj+ 595 - ;- Q; (4.18)
By substituting Eqs. 4.9, 4.12-4.16, and the expression for € into Eq. 4.18, it can be

found that the kinetic energy of the tank assembly becomes
, L.p .
KE; = éq?quj (4.19)
where the mass matrix, m;, is

1
m; = ij-);{\NT (Gjl + Hjl + sz + EI‘.j) N@j,\ +
)

m; 0 (sz +H;s + ;nl—jHﬂ) Ne;, +

m;@L N7 (Gsz +H, + %Hﬁ) ©;4+

07,G;30;4 + mj. (4.20)
where m; is the total mass of the tank, mj. is an instantaneous constant mass matrix,
Gj1, Gj2, and Gj3 are instantaneous constant coefficient matrices, Hj; and Hj, are
time-varying symmetric matrices, and H;; and Hj4 are time-varying rectangular ma-
trices. All these matrices are similar to the corresponding ones derived in Chapter 3.
Partial differentiation of Eq. 4.19 with respect to q;, and partial differentiation of
Eq. 4.19 with respect to q; followed by differentiation of the result with respect to
time will result in the following damping matrix,

19(m;q;)

Cj:

where the partial differentiation can be carried out following the same development

procedure demonstrated in Chapter 3.
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4.3.5 Tank potential energy

The tank potential energy includes only the potential energy induced by tank
elevation in the gravitational field. By following the same procedure in Chapter 3, it

can be found that the potential energy takes a similar form,
PE; =V;+hlq; (4.22)

where the potential function, Vj, and the force coefficient vector h; are functions of
the local generalized coordinates, q;. Partial differentiation of the above potential
energy equation with respect to q; yields the following generalized force vector and

stiffness matrix,

AL
oh;
k; = e (4.23)

where the matrix partial derivatives can be obtained in a manner similar to that

demonstrated in Chapter 3.

4.3.6 Tank equations of motion

The local level tank equations of motion can now be written in a stancdard form

as
mj(‘i.lj‘}'Cj(.]j-*’qu,‘ =fj (+4.24)
where all the coefficient matrices and the generalized force vectors were derived in
the previous sections. Particularly, the mass matrix, m;j, the stiffness matrix, k;, and

the generalized force vector, £, are functions of the generalized coordinates, q;, only
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while the damping matrix, c;, is a function of both the generalized coordinates, q;,

and velocities, q;.

4.4 Rigid Beam Dynamics

Beams 2 and 6 (see Figure 4.1) are modeled as rigid bodies because they are
much more rigid in resisting deflections than the other beams. Following the same
concept in the tank dynamics, only one model is developed to accommodate two rigid

beams.

4.4.1 Rigid beam velocity vector

As shown in Figure 4.5, point B; is the mass center of the rigid beam after
considering the deflections and rotations of the preceding elastic beam. Point O is
the universal joint at which the moving frame is located. A position vector of the

mass center of the rigid beam can then be written as
i = Luslzo + Liii + dimyji + Cl;m;ﬁi (4.25)

where L, is the length of the upper shaft, L; is the length of the preceding elastic
beam, and dimy and diy are the elastic deflections at the distal end of the preceding

elastic beam. The vector equation above can be rewritten in matrix form as

0 L;
rgi=9q 0 (+7Toi{ din, (4.26)
Lus dim:

The local generalized coordinates of the rigid beam are defined as

q = { AT | 4T } (4.27)
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Figure 4.5: Schematic of a rigid beam
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where d;, the elastic generalized coordinates of the preceding elastic beam, are defined
as
d;T = {dimy ¢imz dimz ¢imy} (4.28)

Differentiation of Eq. 4.26 with respect to time yields the following velocity vector,

0

t5i=Toi{ dimy  +QTbi (4.29)
dims

where € is a skew-symmetric matrix derived from the system angular velocity, 2,

J,-my is a time derivative of the elastic deflection, din,, and dimz is a time derivative

of the elastic deflection, d;pn..

4.4.2 Inertia dyadic and angular velocity

The inertia dyadic of the rigid beam about its mass center, B;, is formulated in

the following as
I; = &TT, 1,1 e, (4.30)
where I; is a local inertia matrix about the (ii,ji, f(l) coordinates. The angular velocity

of the rigid beam can be written as

ﬁi = Q‘-{-J)’,
¢imyq‘5i7n:
= &' Q+ T, Bimy (4.31)
‘2’[1)1:

where &; is a local angular velocity accounting for the elastic rotations, @iy, and

@im=, of the preceding elastic beam.
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4.4.3 Rigid beam equations of motion

By following the same procedures stated in the previous sections, the kinetic and
potential energies can be formulated in terms of Eqs. 4.27 - 4.31. The mass, damping,
and stiffness matrices and the generalized force vectors are derived by differentiating
the kinetic energy and potential energy terms with respect to the corresponding
quantities in the Lagrange’s formula. Finally, the equations of motion of the rigid

beam can be expressed in the following form,
m; §+cqtkig==~ (4.32)

where m;, k;, and f; are functions of q; only, and c; is a function of q; and q;. These

matrices and vectors are similar to those derived in the tank dynamics.

4.5 Dynamics of a Bar-Shaft Assembly

The cross bar, the lower shaft, and the upper shaft (see Figure 4.1) constitute
a bar-shaft assembly. Following the same procedures in Lagrange’s approach, it can
be shown that the kinetic and potential energies of the bar-shaft assembly take the
following forms,
KBy =5 ( 1,38+ ATmh + ATmad )

1
PEO = ‘—mlsGLls + <3mus + mcb) GLuST8033 (433)

<

where /5 is the moment of inertia of the lower shaft about its spin axis, m,; and m,
are the mass matrices of the upper shaft and the cross bar, respectively, nys, my,,
and mg, are the corresponding masses of the lower shaft, the upper shaft, and the

cross bar, L;; is the length between the universal joint and the mass center of the
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lower shaft, and Teo33 is an element of the transformation matrix, T,,, which relates
the inertial frame to the moving frame. Substitution of the above equations into

Lagrange’s formula gives the following dynamic equations for the bar-shaft assembly,

8T6033

AT (4.34)

(100 + Mow) A + oA = £, — (%m + mcb) GL.,

where m,. is a 3 X 3 null matrix except for the element at the 3rd row and the 3rd
column with the value of I;;. f, is a zero force vector except for the 3rd component
which reflects the unknown input torque about the vertical axis, €3, applied on the
lower shaft. The time-varying mass matrix, m,,, and damping matrix, c,, can be

further expressed as

My, = Mys+ Mg
19(m,A) .
Co = IMyy — §W (4.35)

where m, = m,. + m,,.

4.6 System Equations of Motion

The equations of motion for the elastic beams were derived in" Chapter 3. The
total number of degrees of freedom of the structure system is nineteen if each elastic
beam is modeled by one finite element. Three of the generalized coordinates, A,
result from the rigid body motion and the rest are due to the elastic deformation. If
each elastic beam is modeled by two elements, the total number of degrees of freedom

will increase to forty-three.
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4.6.1 Generalized global and local coordinates

By using one element for each elastic beam, the global generalized coordinates

_are established as

q = {AT l dlmy¢lmzdlmz¢lmy I
| dSmy¢5mzd5mz ¢5my I
l d3myd3mz¢3myd4m: I

l dTmyd7m2¢Tmyd8mz}T (4.36)

where the first subscripts of each elastic variable denote the corresponding elastic
beam, and the second subscript, m, denotes the last node. Accordingly, the local

generalized coordinates are defined as follows:

@ = {a"}
of = {AT[0]dimybimedinsbimy
af = {AT|dimyBimedin:bimy |
o = {AT]0]dsm,Bamedancdom)
af = {AT 0] dimybimsim:Pimy
@ = {AT 0] dsmysmedsmebsmy
@ = {AT| dsmyBsmedsme iy }
T = {AT10] dunybrmcdinebrmy |
@l = {AT 0] dsmysmcdsn:Somy)
@ = {AT | dimybinedin:Simy | dsmylm: Ssmydan: }

q’lFO = {AT | dSmy¢5m:d-5m:¢5my I d’:’1nyd':'m:¢7myd8m:} (437)



where qi, qs, Q4, 9s, 97, and qg are the generalized coordinates for the corresponding
elastic beams, qg are for the bar-shaft assembly, q2 and qe are for the rigid beams,
and qo and qo are for the tanks. The null vector, 0, containing four components,
appears in each set of the generalized coordinates for the elastic beams because the

proximal ends are all clamped in this particular structure.

4.6.2 Compatibility matrices

By comparison of Eq. 4.37 with Eq. 4.36, the corresponding compatibility ma-
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trices for each subsystem are found as

P,

8,

®,

P

o,

(I, 0]
I,

0

I

L

"
d
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0 0I; O

I, 0 0 0
b = i
0 0I o0

®, = 0 00O

Dy = 0 0O

0 01|

I, 0 00O
b, = 0 I, 00O
0 001, 0

I, 0 0 0O
®, = |0 01, 0 0| (4.38)

LOOOOId

where 0's are null matrices, I is a 3 x 3 identity matrix, I is a 4 x 4 identity matrix,

and I, and I are defined as
F 1000
0000
0100

_OOIOJ
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1000
, 0000
0001

0010

4.6.3 Assembly of equations

The time rates of the compatibility matrices are zero because they are constant.
By following the same procedure developed in Chapter 3, it can be concluded that
the global mass, damping, and stiffness matrices and generalized force vectors can be

written as

10

M = ) &'m®;
i=0
10

C = > &lc:®;
1=0
10

K = Y &7k,

=0

10
F = > &1 (4.40)
i=0

These global coefficient matrices can be implemented directly in the computer pro-
gram and do not have to be expanded mathematically in detail. The system equations

of motion are therefore given as

Mgq+Cq+Kq=F (4.41)
The solution of the system dynamic response can be obtained by numerically inte-
grating the system equations above. A detailed numerical integration technique is

developed and addressed in Chapter 5. Computer simulation results and experimen-

tal measurements are presented in Chapter 6.
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CHAPTER 5. DEVELOPMENT OF NUMERICAL ALGORITHMS

The dynamic equations of motion obtained in the modeling of flexible structural
systems with unknown gross rigid body motion are often highly nonlinear and possess
time-varying coefficient matrices. The inherent characteristics of large overall non-
linear rigid body motion and small linear vibrations are also involved in the system
equations. Neither an implicit nor an explicit algorithm seems optimally suited and
efficient by itself in dealing with these kinds of equations. This chapter, therefore,
presents a sequential implicit-explicit method in which an attempt is made to achieve
the benefits of both clasées of algorithms. The equation system expressed in matrix
form is first mapped ;co a subsystem in which the specified generalized coordinates
are eliminated. The subsystem is then partitioned into two sets of coupled equations.
One set of equations, describing the elastic motion, is linear with respect to the elas-
tic generalized coordinates and is integrated implicitly. The other set of equations,
governing the rigid body motion, contains the highly nonlinear coupling terms and
is integrated explicitly with back substitution of the elastic kinematic properties al-
ready calculated in solving the first set of equations. A Newmark algorithm [4] [5] [61]
[70] [71] [72] [73] [92] is employed to integrate the second order system of differential
equations directly. A predictor-corrector scheme also from the Newmark algorithm is

applied to the explicit integration. The procedures developed in the current chapter
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are applied to solve system equations derived in the previous chapters in simulating
dynamic response of a complicated flexible system with mutually dependent uncon-
strained rigid body spherical motion and small elastic deformation. Some examples
for illustration are presented in validation of the numerical algorithms developed in

this chapter.

5.1 Introduction

Traditionally, the dynamic modeling of flexible systems involving elastic bodies
focuses on problems in which the gross, or nominal, rigid body motion is predefined
or can be derived. The resulting system equations, therefore, only include the elastic
generalized coordinates. The mutually coupled terms between the rigid body and
elastic motions are usually neglected by assuming them small with negligible effects
on a system. However, for those problemé with unknown rigid body motion, the
corresponding rigid body degrees of freedom must also be included in the system .
generalized coordinates. These two motions, therefore, influence and are dependent
on each other. Consequently, difficulties arise in the numerical analysis. The in-
herent kinematic facts, reflecting the large overall nonlinear rigid body motion and
small linear vibration, need to be accounted for at each time step in the integration.
Basically, there are two classes of time integration algorithms for dynamic problems:
implicit and explicit. Implicit methods are usually stable numerically, permitting
large time steps, and are effective for linear systems. Explicit methods, on the other
hand, tend to be effective for nonlinear systems with low natural frequencies. This
assures the numerical stability which depends on the highest natural frequency of the

system. However, neither class seems very efficient by itself in dealing with systems
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with mixed properties arising from nonlinear and linear motions.

For the type of problems under investigation in this work, many methods have
been developed in which an attempt is mﬁde to simultaneously achieve the attributes
of both classes of methods in a single algorithm. In the time integration of structure-
media problems, Belytschko et al [14] have presented three techniques for enhanc-
ing computational efficiency: explicit-explicit (E-E) partitions, explicit-implicit (E-I)
partitions, and implicit-implicit (I-I) partitions. The mesh resulting from the dis-
cretization in space by the finite element method is subdivided into two subdomains
in which each domain is integrated by a different method. The nodes are parti-
tioned into two groups, explicit and implicit; and the elements are partitioned into
three groups, explicit, implicit, and interface, accordingly. In the E-I partitions,
the explicit subdomain is integrated first, and the results are subsequently used as
boundary conditions for the integration of the imiplicit subdomain. In the E-E and
I-I partitions, either interpolation or extrapolation must be performed, respectively.

Hughes and Liu [45] [46] introduced a simplified method in which the mesh is
grouped into explicit and implicit elements only. The notions of interface elements
and node categories are avoided. It is claimed that the improved implicit-explicit
algorithms are amenable to stability and acc¢uracy analysis, and, at the same time,
are simply and concisely implemented. The stability analyses are also carried out
for the implicit, explicit, and implicit-explicit algorithms. In their formulation, the
Newmark family of methods is used to define the implicit method. A predictor-
corrector scheme, constructed from the Newmark family, is employed in defining
the explicit method. The developments described in their papers are restricted to

linear structural dynamics. In a later paper published by Hughes et al [47], the
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implicit-explicit finite element concept is extended to nonlinear transient analysis.
An effective static problem is formed in the iterative procedures in terms of the
unknown displacement, which is in turn linearized. A predictor-multicorrector scheme
is proposed to achieve second order accuracy.

In an effort contributed by Chang and Hamilton [20] [21], a method for simulating
systems with two inertially éoupled motions, a slow motion and a fast motion, is
presented. The concept of an implicit-explicit algorithm is applied to integrate the
coupled system in a sequential fashion. The fast motion equations are integrated first
by the implicit method in which an effective static problem is also formed in terms of
displacement. By assuming negligible changes for variables of slow motions for each
time step, the time-varying coefficient matrices are replaced by the corresponding
ones at the previous time step. The slow motion is updated by integrating the

nonlinear equations expliciily, in which a predictor-corrector scheme is employed.

5.2 Current Approach

A sequential implicit-explicit time integration method is proposed in the current
chapter. This is designed to simulate systems with mutually coupled large overall
nonlinear rigid body motion and small linear elastic motion arising in the dynamic
modeling of flexible structural systems. The original differential equation system,
which is capable of handling the forward and inverse dynamic analyses, is mapped
into a subsystem by eliminating the specified rigid body degrees of freedom in a
forward like dynamic analysis. The subsystem is then partitioned into two equation
groups, suggested by the inherent characteristics of the flexible dynamic motion. One

group is defined to describe the linear elastic motion, and the other group is derived
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by including the nonlinear rigid body motion and the coupling terms. The Newmark
implicit algorithm is applied to the first set of equations to integrate the elastic
motion. Two distinct schemes, direct and iterative integrations, are introduced. The
dir_ect integration leads to a direct substitution of the displacement and velocity
in the equations in terms of the acceleration, and the values of the coefficients at
(t+ At) are replaced by the predicted values based on the current time. The iterative
integration, on the other hand, leads to an effective linear problem in terms of the
acceleration, which is in turn linearized. A predictor-multicorrector schemeis adopted
to achieve second order accuracy without an adverse effect on the stability condition.
The explicit algorithm, incorporated with a single pass predictor-corrector scheme, is
proposed to integrate the second set of nonlinear rigid body equations of motion. The
elastic quantities involved in the coupling terms are back substituted by the values
calculated from the first set of elastic equations of motion. The rigid body variables
at the future time step are substituted by the predicted values and are corrected
using the same Newmark algorithm. The method developed in this chapter possesses
improved implementation properties and is intended to be applicable to any dynamic

systems with mixed rigid body and elastic degrees of freedom.

5.3 Dynamic Equations

A standard representation of the structural dynamic equations can be written

in the following matrix form,

M(p)p + C(p, p)p + K(p)p = F(p) (5.1)
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where the mass matrix, M, is usually a symmetric matrix and is a function of the gen-
eralized coordinates, p, which include the rigid body and elastic degrees of freedom.
The damping matrix, C, resulting from the Coriolis and centrifugal accelerations, is a
nonsymmetric matrix and is a function of both the generalized coordinates and their
time rates, p. The stiffness matrix, K, is a nonsymmetric matrix and is a function of
the generalized coordinates only. The generalized force vector, F, is also a function
of generalized coordinates in general and includes the external loadings which initiate
the motion and drive the system. In an inverse dynamic analysis the driving forces
are specified and the rigid body r-ction is to be determined. The above equations of
motion need not be modified because the force terms appear on the right hand side
of the equations, and the number of generalized coordinates is equal to the number
of equations. In a forward-like dynamic analysis, however, the rigid body degrees
of freedom are partially or totally specified, and the corresponding driving forces
become unknown. The number of unknown generalized coordinates is less than the
number of equations though the total number of unknown variables still equals the
number of the equations. The equation system cannot be integrated directly and

must be restructured for direct integration.

5.3.1 System mapping

By dividing the system generalized coordinates into three groups: unknown rigid
body coordinates, known coordinates (rigid and/or elastic), and unknown elastic

coordinates, the standard structural dynamic equations, Eq. 5.1, can be rewritten in
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the following sub-matrix form,
Mj;; M;z Mis P1
Ma21 M2z Mzs pz (t+
Mjz1 Mjsz Mgss P3

C11 Ci2 Cis P1
Cz21 Ci2 Ca3 pz ¢t

Cz1 Cz2 Css P3

K11 Ki2 Ki3 P1 ¥
K21 K22 Ko pz (=4 F2 (5.2)
K31 Ks2 Kas P3 F3

where p; and ps represents the unknown rigid and elastic coordinates respectively.
Here p2 are the generalized sub-coordinates and are supposed to be the specified
degrees of freedom of the rigid body motion. The unknown driving forces are included
in F2. It can easily be shown that Eq. 5.2 can be mapped into the following system

which includes two sets of equations,

Mji1 M3 P1
Mj3; Ms3 P3

-

_|_

Ci1 Cis p1 +(K11 Kis P1

C31 Cass Ps3 Ka1 Kss P3

F1 — Mi2p2 — Ci2p2 — Ki2p2
F3 — M32p2 — C32p2 — K32p2

and

3
Fz =Y (Maip; + Caip; + Kaipi) (5.4)
i=1
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Eq. 5.3 can be solved first by the proposed integration algorithms in the following
sections. The results are subsequently used for the vectors p;, p;, and pj(i = 1,2,3)

in Eq. 5.4 to determine the unknown driving forces involved in the force vector, Fs.

5.3.2 Subsystem partition

In Lagrange’s approach, the formula for kinetic energy can be written in a stan-

dard matrix form as

KE = %mep (5.5)

where M is a symmetric mass matrix and p is a vector resulting from the derivatives of
the generalized coordinates with respect to time. The damping matrix can be derived
from the kinetic energy formula, Eq. 5.5, and can be expressed in a summation of

two sub-matrices as

C=M+M (5.6)

where M are the time rates of the mass matrix, M, and M is a nonsymmetric matrix

defined as
g L9
290pT

In general, the damping matrix, C, is a nonsymmetric matrix while M is a symmetric

(Mp) (5.7)

matrix. A viscous damping matrix can be added to the M matrix. In analogy to

Eq. 5.3, the system equations can be partitioned in the following form,
Ml‘l‘ Mre al‘

Mer Mee ae

Ml‘l‘ + Ml’l‘ Mre + Mre C.ll‘
Mer + Mer Mee + Mee éle
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0 Kie qr Qr
0 Kee ge Qe

where q, are the rigid body generalized coordinates, ge are the elastic generalized

(5.8)

coordinates, and Kee is a symmetric structural stiffness matrix. The sub-matrices
associated with the rigid body generalized coordinates in the system stiffness matrix
are null because there is no stiffness associated with the rigid body motion. The

equations above can be separated into two sets of equations as shown below,

M+ Qr + MreQe = fr (5.9)
MerGr + MeeGe + Mee(.le + Keeqe = fe (5.10)

where two force sub-vectors, f, and fe, are defined as

fr = Qr - (Mrr + Mrr)élr
—(Mre + Mre)éle — KreQe

fo = Qe— (Mer+Mer)dr — Meede (5.11)
By solving Eq. 5.9 for q,, it is found that
G = My (fr — MreGe) (5.12)
Substitﬁtion of Eq. 5.12 into Eq. 5.10 for q, gives
Meséie + Meedle + Keede = fes (5.13)

where

Mes = Mee — MerM;;}Mre (5.14)
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and

fes == fe - MerM;l}fr (5-15)

A modified system compared with Egs. 5.9 and 5.10 therefore takes the following

form,
Mrré.lr + Mreale = fr (5'16)
MesQe + Meeéle + Keeqe = fes (5.17)

where Mgs and fes are defined in Eq. 5.14 and Eq. 5.15. In general, the mass sub-
matrices, Myy, Mre, and M.es, are nonlinear functions of qr and ge; matrix Mee is
a nonlinear function of qe and qe; the structural stiffness matrix, Kee, 1s a constant
matrix; the generalized force vectors, fy and fes, include not only the external loading
but also the Coriolis and centrifugal effects and are nonlinear functions of qr, Qe A,
and Qe. These two sets of ‘equations ‘above are coupled through the inertia matrix,
Mes, and the force terms. Eq. 5.16, which governs the rigid body motion, is nonlinear
with respect to qr and qe while Eq. 5.17, which governs the elastic motion, is linear

with respect to qe.

5.4 Algorithm Development

In the following sections a sequential implicit-explicit time integration algorithm
is developed to solve a system with second order coupled nonlinear ordinary differen-
tial equations as expressed in Eqgs. 5.16 and 5.17. Eq. 5.17 is numerically integrated
first by an implicit method to find the kinematic values of the elastic motion. The

results are subsequently used to integrate Eq. 5.16 to update the rigid body motion.
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5.4.1 Implicit phase

Two implicit algorithms, direct and iterative, are demonstrated in the following
two sections. In the direct method the initial values of the displacement and velocity
at the future time step are replaced by the predicted values, and Eq. 5.17 is integrated
in terms of the acceleration. The displacement and velocity at the future time step
are in turn corrected by a Newmark algorithm once the acceleration at the future
time step are found, but the acceleration remains the same as it is predicted. In
the iterative method the values of the displacement and velocity are predicted first.
Eq. 5.17 is then integrated by forming an effective linear problem in terms of the
acceleration. All the variables at the future time step are finally corrected also by the
Newmark algorithm. Multiple iterations can be performed to increase the accuracy.

Direct method: The Newmark algorithms [70] [71] [72] [73] in terms of accel-

eration can be written in the following forms as

deyar = dipar + A2Bdipa (5.18)
dipar = dipac + Atyd,ga (5.19)
and
. .1 -
dt+At = dt + Atdt + -_;Afz(l - Qﬁ)dt (5.20)
&H-At = dt -+ At(l - “/)&i (521)

where At is the size of the time step; the subscripts ¢ and ¢ + At denote the current
and future time, # and v are two Newmark parameters; d, c], and d are the displace-
ment, velocity, and acceleration vectors, respectively; and d and d are the predicted

displacement and velocity vectors. The values of the matrices, Mes and Mee, and
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the vector, fes, in Eq. 5.17 at the future time ¢ + At can be evaluated by substitution
of the predicted values as shown in Egs. 5.20 and 5.21. Substitution of Egs. 5.18 and

5.19 into Eq. 5.17 results in the following equation,

Me; t+atdet+ae = fepr+at » (5.22)

where Me; and fe; are the effective inertia matrix and the effective force vector,

respectively, defined as

MeI,t+At = Mest+at + AtyMeet+ae

+At2,3Kee,t+At (5.23)
feI,t+At, = fes,t+At_Mee,L+AtC.le,r_+At
—Keet+atde t+At (5.24)

Once the acceleration vector is found from Eq. 5.22, the displacement and velocity
vectors can be corrected by Egs. 5.18 and 5.19. This leads to updating the rigid body
motion by explicitly integrating Eq. 5.16, and then the procedure advances to the

next time step.

Iterative method: The accuracy can be improved using the iterative method

with the trade off of performing iterations. A superscript notation, (2), is used in
the following quantities to denote the iteration. The same Newmark algorithms are
employed in the development of a predictor-multicorrector scheme.

Before iteration(: = 0), the predicted values of the displacement and velocity are
assigned as initial values for the future time while the initial acceleration is assigned

as zero, i.e.
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qg )t+At. = Qettat (5.26)
qg)t+At = gle,u-m (5.27)
§ar = O (5.28)

Substitution of Eqgs. 5.18 and 5.19 into Eq. 5.17 yields

M*ag)wm = fes L+AL Mge)},t-{»-Atéle,t-i-At
((;()E,t+AtEle,t+At (5.29)

where M* is an effective inertia matrix which can be expressed as

M* = Mgg,wm"’At”/Mg)a,wAc

+APBKY L, (5.30)
Let Age be an acceleration increment during each iteration, t.e.

. 1 .
AQe = qg)wm qg t+)At (5.31)
and let Af be an effective force increment during the same interval of iteration, ¢.e.

Af = féb tFAL T M(s L+Ath)t+At

M( eet+At CIe t+AL K( ee t+.ltq£§ t+At (5.32)

By substituting Eqs. 5.30, 5.31, and 5.32 into Eq. 5.29, an effective inertia equation

can be derived and approximately expressed as
M "Aqe = Af (5.33)

Solution of Eq. 5.33 gives the values of the acceleration increment, Age. The results

are then subsequently used to find the corrected values of the displacement, velocity,
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and acceleration,

ﬁg,t:-ln = Elg,)wm +A‘.:.le (5'34)
- (i Kt e fit+1

ST = desrac + AtYEIT A, (5.35)
qf:,’:il“ = C~le.a+/.\.t-i-At"",6’6'1((_.,.i;'i)At (5.36)

In summary, Egs. 5.25-5.28 constitute a predictor phase, Egs. 5.30, 5.32, and 5.33
form an effective linear problem, and Eqs. 5.34-5.36 establish a corrector phase. If
additional iterations are to be performed, 7 is replaced by ¢ + 1, and calculations
resume with Eq. 5.30. Either a fixed number of iterations may be performed, or
iterating may be terminated when Aqe or Af satisfy preassigned convergence condi-
tions. When the iterative phase is completed, the solution at the future time, ¢ + At,
is defined by the last iterated values. At this point, the current time ¢ is replaced by

the future time ¢t 4+ At, and calculations for the next time step may begin.

5.4.2 Explicit phase

After performing the implicit integration of Eq. 5.17, the kinematic values of
the elastic displacement, velocity, and acceleration at the future time are obtained,
and the results can be substituted into Eq. 5.16. The rigid body displacement and

velocity vectors at the future time can be predicted using the following formulas,
~ . Lo oAy o
Are+ar = Qe + AtGey + EAt (1=28)qr. (5.37)

ar,t-{-AL =Gy + At(L = 7)qre (5.38)

It is noted that Eqs. 5.37 and 5.38 are analogous to Eqs. 5.20 and 5.21. By substi-

tution of the above predictor vectors along with the results from solving Eq. 5.17,
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the acceleration vector of the rigid body motion in Eq. 5.16 can be found from the

following equations,

Miri+atdr i+at = frE,t+At (5.39)
where
frE,t+At = fri+ac — Mretacettat (5.40)

Once again, the rigid body displacement and velocity vectors are ready to be corrected

as follows,
Ort+At = Or,erac + At?Br tiac (5.41)
Ori+ar = glr,t+At + Atyqr t+at (5.42)

where the acceleration vector, Gr ¢+, is found from solving Eq. 5.39. The procedures
in the explicit phase include predicting the values through Egs. 5.37 and 5.38, solving
Eq. 5.39 for the acceleration vector, and- correcting the values through Egs. 5.41 and
5.42.

Thus, the sequential implicit-explicit time integration algorithms introduced to
solve the equation system, Eqs. 5.16 and 5.17, are completely derived. Solution of

the original dynamic equations, Eq. 5.1, are therefore obtained.

5.5 Illustration of Numerical Results

A TFortran coﬁputer code has been written to simulate the dynamic response
of a spatial structure system with the implementation of the numerical algorithms
developed in this work. In the analyses to follow, the direct method, rather than
the more accurate iterative method, is employed in the implicit phase because of

limitations in computing storage and time. Illustrated in Figure 4.1, the dynamic
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part of the structure under consideration in the model is supported by a Hooke'’s
type universal joint at point O. The lower shaft connected to the joint, driven by a
D.C. motor, spins vertically about its own central axis. The structure rotates about
the joint with two unknown rigid body rotating angles A; and ;. Tanks 1 and 2 are
two rigid body assemblies which contain sloshing liquid. Beams 1, 3, 4, 5, 7, and 8
are modeled as elastic bodies while beams 2 and 6 and thé cross bar are treated as
rigid bodies. More detailed modeling and application details were published by Xu
and Baumgarten [93][94][95][96].

A modal analysis for the structure model has been accomplished using the
MSC/NASTRAN finite element package. The natural frequencies range from 23Hz
to over 1000Hz. The critical size of the time step with v equal to 0.5 is about 0.0002
seconds, if using the explicit integration method only (see Hughes and Liu [45]). By
considering the accuracy in showing the effect of the highest natural frequency in the
model, the time step size could be as small as 0.0001 seconds. Based on the sequential
implicit-explicit time integration method, a time interval of 0.005 seconds was chosen
for integration. The simulations were performed on a networked DECstation 3100
workstation using MIPS Fortran 77 compiler running under RISC-based ULTRIX 4.1.
Approximately 5.21 seconds of CPU time was required for one real-time step. The
total number of the degrees of freedom of the model is equal to nineteen, in which
each elastic beam is modeled by one beam element with a third order polynomial
shape function.

A sinusoidal function (see Figure 2.6) was used as a spin profile for the lower shaft
in the simulation. Starting from zero, the angular velocity, A3, increased gradually

and reached 60rpm over the time base, ¢,. In Case 1, an initial tilt of A; = 1 degree
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Figure 5.1: Case 1: Response comparison of a rigid body model with a flexible
model using initial tilt angle of A} = 1 degree and base time of fp = 3
seconds
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Figure 5.2: Case 2: Confirmation of “numerical damping” effect with v = 0.6.
# = 0.303 and v = 0.5, f = 0.25 by applying an impulse of 1N as
an exciting force
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was set to induce off balance rotation, and ¢, was set to 3 seconds in the spin profile.
The numerical results of two rigid body rotating angles and velocities were compared
for the rigid and flexible models. As shown in Figure 5.1, the values of the flexible
model (dashed line) deviate significantly from the corresponding values of the rigid
body model (solid line) after a few seconds. Another run, Case 2, with an impulse
acting on one of the tanks but with no initial tilt was performed. Here, ¢, = 1
second was used in the spin profile. The impulse was applied in the vertical direction
after 1.5 seconds with a magnitude of 1 Newton. This run lasted for 10 seconds so
that the peak value of off balance motion was developed thoroughly. The solid lines
represent the results with Newmark parameters of v = 0.6 and # = 0.303 while the
dashed lines are for v = 0.5 and = 0.25. A phenomenon of “numerical damping”
is reconfirmed in the plots as shown in Figure 5.2. By increasing v to 0.6, the high
frequencies engendered by the stiff components are damped out. D1Y and D3Y
are the circumferential (tangential) deflections of beam 1 and ‘beam 3 at the distal
ends, respectively (note the different scales used in the plots). D1Z is the vertical
deflection of beam 1 while D37 is the radial deflection of beam 3. The initial elastic
deformation for each flexible beam in all the runs were set to zero to avoid possible

over or under estimation of elastic deflections and rotations in the simulation.

5.6 Summary

A sequential implicit-explicit time integration algorithm has been developed in
the present chapter. The method is intended to solve second order nonlinear ordinary
differential equations derived from the modeling of flexible structural systems with

mutually dependent rigid body and elastic motions. The original dynamic equations
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are transferred to a subsystem which is composed of two coupled sets of motion equa-
tions. One set of equations governs the nonlinear rigid body motion while another
set of equations is defined to describe the linear elastic vibration. Two algorithms,
implicit and explicit, are proposed to integrate the subsystem, in which the elas-
tic vibration is solved first during the implicit phase, and the rigid body motion
is then updated subsequently during the explicit phase. The Newmark algorithm
family is employed in both the implicit and explicit integrations in which a multiple
pass predictor-corrector scheme is used in the implicit method while a single pass
predictor-corrector scheme is used in the explicit method. Two illustrative examples
are presented in simulating dynamic response of a spatial system with unknown rigid
body motion. The numerical integrations are carried out, and the results are com-
pared for a rigid body model and a flexible model. In the second run case an impulse
is applied to the structure to excite the elastic beam oscillations in which the higher
frequencies can be damped out by increasing the value of the Newmark parameter,
4. The computational efficiency is demonstrated using the current method. The
accuracy (which is at most second order as discussed here) can be further improved

by introducing higher order predictor-corrector schemes.
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CHAPTER 6. SIMULATION AND MEASUREMENT RESULTS

The following structure configurations and material properties are used in the
simulation of dynamic response of the satellite test rig. The ISO unit system (metric
system) is selected as a primary unit system. The corresponding values in the English
system are also supplied in parentheses following the ISO values. The specific values
for each of the structure members are listed in Tables 6.1 - 6.6.

The input spin velocity of the lower shaft and its corresponding angular accelera-
tion profile are shown in Figure 6.1. A sinusoidal function is assumed for the angular
velocity profile in which the speed of the lower shaft increases gradually from zero
to w, = 60 rpm over a time base, f,. In cases 1, 2, and 3 the time base of ¢, = 3
seconds i1s used while in case 4 the time base of ¢, = 1.5 seconds is selected. For
convenience, the test rig schematic drawing is illustrated in Figure 6.2 again. All the
physical structures, dimensions, and locations dealt with in the following simulation
cases are referred to in the figure. The following parameters and conditions in each

case are either optional or varying:

upper shaft tilt, A, (to set initial tilt angle)
external impulse (to excite the structures)
steady-state spin velocity, w, (to limit maximum speed)
spin time base, ¢,

total simulation time, 7

integration time size, At

Newmark parameters, v,
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Table 6.1: List of cross-sectional shape and size

Beam 1 rectangle 6mm x 12mm(1/4" x 1/2")
Beam 2 square 19mm x 19mm(3/4" x 3/4")
Beam 3 circle d3 = 6mm(5/16")

Beam 4 circle ds = 6mm(5/16")

Beam 5 rectangle 6mm x 12mm(1/4" x 1/2")
Beam 6 square 19mm x 19mm(3/4" x 3/4")
Beam 7 circle dr = 6mm(5/16")

Beam 8 circle ds = 6mm(5/16")

Cross bar rectangle 6.35mm x 25.4mm(1/4" x 1")

Upper shaft circle dys = 25.4mm(1")

Lower shaft circle dis = 25.4mm(1")

Tank cube 165mm x 165mm x 114mm(6.5" x 6.5" x 4.5")

Table 6.2: List of cross-sectional area

Beam 1 A, = T2 mm? 0.125 in?)
Beam 2 A, = 361 mm? 0.56 in?)

Beam 3 Az = 28.3 mm? 4.39 x 1072 :n?)
Beam 4 Ay = 28.3 mm? 4.39 x 1072 {n?)
Beam 5 As = T2 mm? 0.125 in?)

Beam 7 A7 = 28.3 mm? 4.39 x 1072 in?)
Beam 8 Ag = 28.3 mm?® 4.39 X 1072 in?)
Cross bar Ay = 161.3 mm?
Upper shaft A, = 506.7 mm?
Lower shaft A;, = 506.7 mm?

0.785 in?)

(
(
(
5
Beam 6 Ag = 361 mm? (0.56 in?)
(
(
(0.
(
(0.785 in?)
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Table 6.3: List of link length
Beam 1 Ly =165mm  (6.5")
Beam 2 Ly =104 mm (4")
Beam 3 L3 =290 mm (114"
Beam 4 Li=290mm  (11.4")
Beam 5 Ls =165 mm  (6.5")
Beam 6 Le =104 mm  (4")
Beam 7 L; =290 mm  (114")
Beam 8 Ls =290 mm  (11.4")
Cross bar Lo, =1219 mm (48")
Upper shaft Ly, =127 mm  (5")
Lower shaft L;; =940 mm  (37")

Table 6.4: List of mass density

Beam 1
Beam 2
Beam 3
Beam 4
Beam 5
Beam 6
Beam 7
Beam 8

Cross bar
Upper shaft
Lower shaft

p1 = 1.833 x 103kg/m?3
p2 = 2.707 x 10%kg/m?
p3 = T1.833 x 103kg/m?®
ps = 7.833 x 103kg/m3
ps = 7.833 x 103kg/m?
pe = 2.707 x 103kg/m3
p7 = 1.833 x 103kg/m3
ps = 1.833 x 103kg/m3

P = T.833 x 10%kg/m®
pus = 7.833 x 103kg/m3
pis = 7.833 x 103kg/m?

(15 18slug/ f13)
(5.25slug/ ft3)

(15.18slug/ ft3)
(15.18slug/ ft3)
(15.18slug/ f3)
(5.25slug/ ft3)

(15.18slug/ ft3)
(15.18slug/ ft3)
(15.18slug/ ft3)
(15.18slug/ f13)
(15.18slug/ ft3)
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Table 6.5: List of Young’s modulus
Beam 1 Ey =210 GPa (30 x 10° psi)
Beam 2 E, =70 GPa (10 x 10° ps:)
Beam 3 E3 =210 GPa (30 x 10° psi)
Beam 4 E4 =210 GPa (30 x 108 psi)
Beam 5 Es =210 GPa (30 x 10° psi)
Beam 6 Es =170 GPa (10 x 10° pst)
Beam 7 E: =210 GPa (30 x 10° pst)
Beam 8 Es =210 GPa (30 x 10° psi)
Cross bar E4 =210 GPa (30 x 10° psi)

Upper shaft E,, =210 GPa (30 x 10° psi)
Lower shaft FEj; =210 GPa (30 x 10° psi)

Gravity is considered the only external loading acting on the test rig. In the first
four cases, liquid contained in the tanks is modeled as a fixed mass concentrated at the
tank geometric centers. Additionally, internal energy dissipation and instantaneous
liquid free surface profile are considered. In the last run case, the liquid sloshing flow
is modeled by the computational fluid dynamics techniques. Instantaneous liquid
energy loss due to internal friction, liquid mass center relative to the tank geometric
center, liquid shape, and liquid orientation are computed using the CFD modeling
and are implemented in the structure modeling. In return, tank position, velocity,
acceleration, and orientation are computed by the structure computer code and are
implemented in the CFD code. Fluid-structure interaction mechanisms are then
investigated. No relevant publications addressing the interaction mechanisms linking
two completely developed models have been found to date. Initial results for the pure

spin-up cases are encouraging and are acceptable in general.
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Table 6.6: List of second moment of area

Beam 1
Beam 2
Beam 3
Beam 4
Beam 5
Beam 6
Beam 7
Beam 8
Cross bar
Upper shaft

Lower shaft

I, = 216mm*
I, = 864mm*
I, = 10860mm*
I, = 10860mm*

I3, = 63.6mm*
I3, = 63.6mm!
Iy, = 63.6mm?
Iy, = 63.6mm*
Is, = 216mm*

I5, = 864mm*

Is, = 10860mm?*
T = 10860mm*

I, = 63.6mm*
I;, = 63.6mm*
Ig, = 63.6mm?*
Ig, = 63.6mm*

4

Iy, = 8672mm*

Ly = 20432mm?
I.s: = 20432mm*
L5y = 20432mm?
I, = 20432mm?*

(5.19 x 10™4in)
(2.08 x 10~34n)
(2.61 x 10~%in")
(2.61 x 10%n)
(153 x 10~4in?)
(1.53 x 10~4in)
(1.53 x 10™%in")
(1.53 x 1074in)
(5.19 x 10~4in*)
(2.08 x 10-%in)
(2.61 x 10~2¢n*)
(2.61 x 10~%n?)
(1.53 x 10~%in?)
(1.53 x 10~4in4)
(1.53 x 10~4n*)
(1.53 x 10™4in)
(1.30 x 1073n?)
(2.08  10~2in?)
(4.90 x 10~ %int)
(4.90 x 10~%:n?)
(4.90 x 10~%in")
(4.90 X 10~24n)
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Figure 6.1:  Lower shaft spin-up profiles where the solid line denotes spin velocity,
A3 (= w), and the dashed line denotes spin acceleration, A3 (= &)
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Figure 6.2: A test rig schematic drawing
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6.1 Run Case 1: Stable Spin-up with Collar Up

Simulation conditions and parameters for Case 1 are listed in Table 6.7. The

collar which covers the universal joint in the test rig is always up in this case so that

two rigid body nutation angles are always zero. This is a pure spin-up case for which

the simulation results are shown from Figure 6.3 to Figure 6.9.

Table 6.7: Case 1 conditions and parameters

Tilt, A
Impulse
Velocity, w,
Time base, t,
Total time, 7
Step size, At
Parameter, v

Parameter, 8

(none)
(none)
60

3

5
0.005
0.5
0.25

The time histories of the tank center position, velocity, and acceleration relative

to an inertial frame during spin-up are plotted in Figures 6.3, 6.4, 6.5, and 6.6.

The effect of elastic deformation is clearly evident in Figure 6.4 showing the X and

Z coordinates of the tank center position during the first second. The tangential

deflections of beams 1 and 3 at the distal ends are compared in Figure 6.7. The

tangential deflection of beam 1 is much smaller than the total tangential deflection

of beam 3 which includes not only beam 1 tangential deflection but also its own local

tangential deflection. In addition, there is a phase shift of about 45 degrees to 90

degrees between these two deflections as shown in Figure 6.7. The radial deflections of

beams 3 and 4 are plotted in Figure 6.8. Initial deflections are set to zero. During the
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first one second the gravity dominates the forces acting on the tank and overpowers
the centrifugal force term. As a consequence, the radial deflections are negative
relative to the local coordinates. As spin velocity increases during the next few
seconds, the centrifugal force overcomes the gravity, and the radial deflections become
positive and reach the steady-state values as the spin velocity reaches a constant. In
addition, there is a twist phenomenon between beam 3 and beam 4 during the gradual
spin-up period of the first three seconds as evidenced by the difference of the radial
deflections shown in Figure 6.8. The twist is further evidenced during the constant
spin period of the last two seconds by the phase shift shown in Figure 6.8. The
rotations, due to the vertical or radial deflection, about the corresponding Y axis
of beams 1 and 3 are compared in Figure 6.9. In Figure 6.9, the vertical deflection
of beam 1 shows‘a negative value (referred to the left axis) while the corresponding
rotation of beam 1 about the Y; axis shows a positive value (referred to the right
axis). This is exactly what would be expected. The signs of the radial deflection of
beam 3 (see Figure 6.8) and the corresponding rotation of beam 3 about the Y34 axis

(see Figure 6.9) are also opposite.

6.2 Run Case 2: Stable Spin-up with Collar Down

The only difference between Case 1 and Case 2 is that the collar is down in Case
2 while the collar is up in Case 1. Therefore, there is no constraint against rigid
body nutation. Any asymmetric elastic deformation of the flexible structures will
cause rigid body nutation. Two nutating angles, induced by the elastic deformation,
clearly show up in Figure 6.10 though the magnitudes are still small during the first

five seconds simulated. The time history of the tank center position relative to an
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inertial frame is plotted in Figure 6.11(note the different scales used). All the elastic
deflections and rotations are very much the same as those in Case 1 because the
magnitudes of two nutating angles are small. Therefore, they would not induce large

inertial forces.

Table 6.8: Case 2 conditions and parameters

Tilt, A (degree) 0
Impulse (Newton) (none)
Velocity, w, (rpm) 60
Time base, ¢, (second) 3
Total time, T (second) 5

Step size, At (second) 0.005
Parameter, v 0.5
Parameter, 3 0.25

6.3 Run Case 3: General Motion with Initial Tilt

In case 3, one of the initial rigid body tilt angles, A;, is set to 1 degree while
the other rigid body tilt angle, Ay, is set to zero. No constraint on the universal
joint is applied. The main purpose of this run is to verify the effects of rigid body
nutation on the structural elastic deformation. Also, the results of a rigid body
model are compared with the results of a flexible model. A fairly large value of the
Young’s modulus is used in the rigid body model so that the structures are fictitiously
stiffened. Thus, the elastic deflections and rotations are negligible. The simulation
conditions and parameters of Case 3 are listed in Table 6.9:

A comparison of the results of the flexible and rigid models are plotted from

Figure 6.12 to Figure 6.16. Rigid body nutating angles are shown in Figure 6.12 in
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Table 6.9: Case 3 conditions and parameters

Tilt, A (degree) 1
Impulse (Newton) (none)
Velocity, w, (rpm) 60
Time base, ¢, (second) 3
Total time, 7 (second) 5
Step size, At (second) 0.005
Parameter, v 0.5
Parameter, 0.25

which the \; angles of both the rigid and the flexible models increase to four degrees
while the \; angles increase to only two degrees. The periodic spin-up frequency
of 1 Hz affects the rigid body nutation as evidenced by that frequency appearing in
the plot. Figures 6.13 and 6.14 illustrate the rigid body angular velocities (nutating
rates), M and )y, over a five second simulation period. Velocity 2 also grows faster |
than velocity 1 as does rigid body angle 1, A;, shown in Figure 6.12. The plots of
the rigid body angular accelerations, A1 and )y, are shown in Figures 6.15 and 6.16.
The typical patterns of the rigid body model and the flexible model are observed and
compared in Figure 6.15. The instantaneous value of the flexible model oscillates
around the value of the rigid body model. More modes and a large peak value of M
also show up in this flexible model plot.

Elastic deflections and rotations of each flexible structure with or without initial
rigid body tilt are compared in Figures 6.17 - 6.20. The tangential deflections of
heams 1 and 3 in the corresponding local Y direction are shown in Figures 6.17 and
6.18. The tangential deflections with initial rigid body tilt of A\ = 1 deviate from the

corresponding counterparts with no initial tilt (see Figures 6.17 and 6.18) as the rigid
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body nutating angles grow dramatically after four seconds (see Figure 6.12). In the
next four plots with or without tilt as shown in Figures 6.19 and 6.20, comparisons
of beam 1 vertical deflections and beam 3 radial deflections are illustrated. The
same ‘run-away’ phenomenon is also expected and observed in Figures 6.19 and 6.20.
The deflections of beam 1 in the local Y and Z directions and their axisymmetric
counterparts of beam 5 are compared in Figures 6.21 and 6.22. The values of beam
1 and beam 5 start to separate, run away, and head for the opposite directions
after approximately four seconds (see Figures 6.21 and 6.22). The twist phenomenon
of beams 3 and 4 are also observed in this run case (see Figure 6.23). Instead of
remaining twisted in run Case 1 with no initial tilt, the radial deflections of beams
3 and 4 are in phase in this case once the spin velocity reaches steady state as
shown in Figure 6.23. The tangential and radial deflections of beam 3 in the local
coordinates are compared with the corresponding deflections of the axisymmetric
counterpart, beam 7, in Figures 6.24 and 6.25. The tangential deflections are in

phase (see Figure 6.24) while the radial deflections are out of phase (see Figure 6.25).

6.4 Run Case 4: General Motion with Excitation

In this run case, an impulse of 1 Newton is applied on one of the tanks in an
upward direction after the lower shaft spins for 1.5 seconds. The spin profiles are
the same as those used in the previous cases except that it takes only 1 second to
drive the lower shaft from zero to 60 rpm. The running conditions and parameters

are listed in Table 6.10.

During the period of increasing rigid body angular velocity, from 0 to | second,

the collar is set in its up position and no nutation is allowed. After | second the
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Table 6.10: Case 4 conditions and parameters

Tilt, M (degree) 0

Impulse (Newton) 1

Velocity, w, (rpm) 60

Time base, t, (second) 1

Total time, 7 (second) 10

Step size, At (second) 0.005
Parameter, « 0.5, 0.6
Parameter, 3 0.25, 0.3025

collar is suddenly dropped and the universal joint is free to nutate. At the time of
1.5 seconds an impulse with the magnitude of 1 Newton suddenly acts on a tank to
initiate excitation of the structures. The upper shaft experiences a relatively large
nutation before it regains stability as evidenced by the large variations of the rigid
body rotating angles of A; and A, as shown in Figure 6.26. The corresponding rigid
body velocities and accelerations are plotted in Figures 6.27 and 6.28. The time
histories of tanks 1 and 2 center positions are shown in Figures 6.29 - 6.31 in which
the Z coordinates of tank 1 center and tank 2 center are compared in Figure 6.31.
The influence of the rigid body motion on the elastic deformation of the structures
is very significant as shown in Figures 6.32 - 6.34. Large transient values are also
observed in the beam tangential, vertical, and radial deflection profiles. These values
will not disappear unless there is some kind of damping in the system. The change
of the Newmark parameters from v = 0.5 and 8 = 0.25 to v = 0.6 and g = 0.3025
will artificially add numerical damping to the system in the time integration. This
effect of numerical damping is verified in Figures 6.35 - 6.37. Beams | and 5 are

much stiffer than beams 3 and T so that the transient values of rotation for beams
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1 and 5 are much larger than the transient values of beams 3 and 7 also shown in

Figures 6.35 - 6.37.

6.5 Run Case 5: Fluid-structure Interaction

In this interaction run case, fluid sloshing motion is modeled using the CFD
technique. The fluid-structure interaction mechanisms are investigated under a joint
effort of the CFD modeling and the flezible system dynamics (FSD) modeling. As
part of the research on the satellite project, two computer codes have been developed:
the FSD code computes the overall test rig dynamics and the CFD code calculates
the sloshing motion of the fluid in the tank. A master program has been written
to call these two codes and to control the way of transferring information between
them after every time step during the execution. Three different interaction modes

are defined in the following according to the method of information transfer:

o Non-interaction: No information is transferred between the codes. Two codes
are executed separately.

e One-way interaction: Only the information from the CFD code is transferred
to the FSD code. There is no information input to the CFD code from the FSD

code.

e Two-way interaction: Information goes back and forth between the two codes.

In a non-interaction mode, The FSD code assumes the fluid to be a solid mass
which is lumped at the initial location of the mass center of the tank. Similarly,
the CFD code assumes the tank to undergo a simple rotary motion about the spin
axis. In an interaction mode, on the other hand, the FSD code gets the location of

the fluid mass center and the six components of moments of inertia as input at the
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Table 6.11: Case 5 conditions and parameters

Tilt, Ay (degree) (none)
Impulse (Newton) (none)
Velocity, w, (rpm) 30
Time base, t, (second) 0.5
Total time, 7 (second) 2
Step size, At (second) 0.001
Parameter, v 0.6
Parameter, 3 0.303

beginning of every time step. This helps correlate the effects of the liquid sloshing
on the structure. In return, the FSD code passes on the instantaneous positions,
velocities, and accelerations of the tank to the CFD code at the end of every time
step, resulting in an accurate kinematic representation of the tank.

In this section, study is focused on investigating the effects of liquid sloshing on
the structural deflections for a stable spin-up case. The specific conditions and the
values of parameters are listed in Table 6.11.

In Figure 6.38, radial deflections at the tank center for three modes are com-
pared. The results of the one-way and two-way interactions are so close in the entire
simulation period that they are almost identical. Three curves remain nearly identical
in the increasing spin-up period (see Figure 6.38) but the curve of the non-interaction
mode runs away from the other two once the spin-up speed reaches its constant value.
A different steady-state value of the radial deflection at the tank center for the non-
interaction and interaction modes is found in the simulation (see Figure 6.38). The
tangential deflections at the tank center for three modes are plotted in Figure 6.39.

Three curves are kept close during the increasing spin-up period as well as the con-
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stant velocity period. The peak values of the non-interaction mode are larger than
the counterparts of the interaction modes. This is expected because in the interaction
modes the information of the liquid damping is passed on from the CFD code to the
FSD code. During this initial interaction run, it was noticed that it is difficult for the
computation sensitive CFD code to handle elastic deformation with large transient
values. It was therefore decided to introduce numerical damping using Newmark pa-
rameters of v = 0.6 and 8 = 0.303 to minimize the transient values. This somehow
decreases the sense of the effect of liquid damping. However, it was observed from the
results that the numerical damping is more effective than the liquid damping in com-
putation as there is very little difference between the non-interaction and interaction

modes in identifying transient values from the plots.

6.6 Experimental Measurements

The configuration of the satellite test rig (dynamic part) for the experimental
measurements is shown in Figure 6.2. The physical representation of each individual
structure is set to identical dimensions as the computational simulation model. Both
tanks are half filled with glycerin which was chosen as the test liquid in order to
correlate CFD modeling. The dynamic part of the test rig system is powered by a
DC drive motor through a drive train. The motor is controlled manually rather than
automatically. The collar which can cover the universal joint could be in its up or
down position depending on the needs.

One arm (involving beams 3 and 4) of the test rig is instrumented using four
strain gauges mounted or{ the front and rear sides of each of beams 3 and 4. The

strain gauges are circuited as a full bridge from which the output signal (voltage) is
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amplified using an operational amplifier. This bridge system is powered using two
sets of DC battery with 10 V each, and is connected to a slip ring with multi-leads
for output. The rotational speed of the lower shaft is measured by a tachometer
connected to the motor drive train. All the measurement outputs are connected to
an IBM PS/2 model 50 computer outfitted with a National Instruments’ MIO-16
data acquisition board. This hardware is currently configured to accept 8 channels
of bipolar voltage signals (& 10 V), and is capable of a maximum data acquisition
rate of 90,000 samples per second.

Prior to performing the experiments with the test rig, the bridge system was
calibrated to obtain its sensitivity (voltage versus beam deflection relationship) within
the linear range. It was determined that in a reasonable range of beam deflection the
sensitivity of the bridge system remained constant. This calibration was accomplished
by applying known deflection of the beam and recording the output voltage from the
bridge system.

It was decided to run the experimental tests for a stable spin-up case with the
collar in its up position to restrain the rigid body nutation at the universal joint.
Due to the fact that the CFD modeling is still in development to handle the general
motion cases, the experimental tests are therefore also restricted. Since the speed
of the test rig’s DC motor is controlled manually using a transformer, the transient
variation and the profile of the rotational speed could not be made repeatable. It
was decided, therefore, to perform several runs by manually varying the drive motor
from 0 to 60 rpm over a time interval of approximately 3 seconds. The “best”
profile would then be selected as the input speed profile to be read by the I'SD code,

and the corresponding numerical results are computed. Figure 6.40 shows the spin
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velocity profiles in which the dotted one is the measured one and the solid curve is
the ideal sinusoidal profile. For the current mounting of the strain gauges, they can
detect not only the local beam deformation but also the elastic deformation of the
beams preceding the current beam. The most critical, sensitive, and significant elastic
deforma;cion, the overall radial deflection at the tank center, is measured, which is
then compared with the computational result as shown in Figure 6.41. The results are
very close both in their patterns and in their magnitudes for the transient and steady-
state values. The difference between the computational result and experimental data
is within 5%. The computed curve oscillates about the measured curve during the
initial spin period (within one second) as shown in Figure 6.41. This is because the
initial elastic deformations for the flexible beams in the computer simulation are set to
zero. In other words, the structural system is undeformed initially. as a consequence,
there is a sudden force acting on the tank due to its heavy weight. On the other hand,
the same overall radial deflection at the tank center is measured when the structural

system is in its deformed and hence statically balanced configuration.
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CHAPTER 7. GENERAL CONCLUSIONS

A systematic mathematical model which predicts the test rig dynamic response,
and accounts for the mutual influence between the nonlinear rigid body motion and
the linear elastic deformation, has been fully developed during the course of this
study. The present model has a unique character which differs from and stands
out from the traditional flexible system model. This characteristic is that the un-
known global generalized coordinates include the elastic degrees of freedom, as well
as the rigid body degrees of freedom. Thesé two motions affect one another in the
modeling, which then ultimately reflects the inherent nature of the problem under
consideration. The nonlinear coupling terms in the dynamic equations of motion
are completely derived in matrix form. A special numerical integration procedure
is developed to solve the dynamic equations of motion with large valued rigid body
motion and small valued elastic deformation. A sequential implicit-explicit time in-
tegration scheme is adopted in which a multiple predictor-corrector algorithm from
Newmark family is used. A general FSD (flexible structural dynamics) computer code
is written in which the CFD (computational fluid dynamics) modeling of the sloshing
motion of the liquid is accommodated. The numerical simulation for several run cases
has been performed. The results in general agree with observations. Measurement

instrumentation has been set up, and the experimental test run has been performed
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for a stable spin-up case. The measured data are compared with the numerical re-
sults for the corresponding case, and good agreement is indicated. A fluid-structure
interaction analysis has been initiated for the sta,blel spin-up case. The results of the
non-interactive mode and the interactive mode are very close. The ultimate goals of
this satellite project are to simulate satellite orbital motion using the test rig and to
predict the instability range under certain circumstances using the FSD and CFD

models. Therefore, future work is recommended as follows:

e Passive interaction mechanisms in terms of inertia coupling and force coupling

should be further investigated.

e Extensive interaction runs linking the FSD and CFD computer codes should
be performed for three different interaction modes, non-interaction, one-way

interaction, and two-way interaction.

¢ Stability analysis of dynamic response for multibody flexible structures might be

studied to predict the instability range and to guide the interaction simulation.

e Further experimental measurements corresponding to specific interaction sim-

ulations should be performed in order to validate the interaction mechanisms.

Major contributions of this research have been achieved in the investigation of
the dynamic response of a flexible structural system in terms of motion coupling
of unknown rigid body motion and elastic deformation, three-dimensional analysis
of the elastic member discretization, and development of a numerical technique for
solving the totally coupled dynamic equation system. Due to the nature of the test

rig structure under consideration for this study, rigid body degrees of freedom of
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the structure at the spherical universal joint are unknown and cannot be specified.
Instead, these two rotations must be calculated through the modeling. Therefore,
the generalized coordinates of the entire structure include not only the elastic defor-
mation coordinates but also the unknown rigid body coordinates. As a consequence,
the unknown motion coupling terms involve the elastic-rigid coupling, elastic-elastic
coupling in the presence of the unknown rigid body motion, and the rigid-rigid cou-
pling in the presence of the unknown elastic deformation. The formulation of the
governing equations of motion is much more complicated in determining these non-
linear coupling terms which are neglected historically. To date, most of the study
of the dynamics of flexible structural systems is limited in the investigation of the
link elastic deformation and its effects on specified nominal rigid body motion in the
area of mechanisms. In the area of robotics, investigators have ‘studied the cause
of oscillation of the actuator hand moving along a described trajectory due to the
elastic deflections and rotatioﬁs of the preceding flexible arms. Under this current
study, however, it is desired to compute the elastic deformation of the individual
flexible members of the structure undergoing unknown rigid body motion, as well as
to predict this unknown rigid body motion accounting for the effects of the elastic
deformation and the mutually dependent interaction between the rigid body motion
and elastic deformation.

The current work has also extended the finite element modeling of elastic mem-
bers involved in the flexible system dynamics to a three-dimensional spatial problem
which further increases the complexity of the modeling. In order to reduce the elastic
degrees of freedom and hence the number of equations, some assumptions regarding

elastic deformation are proposed to complete the formulation of the finite element
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discretization for continuous elastic members. Two phase displacement definition is
employed instead of one phase representation of the coordinates [82] [54] [55] [24] [25]
[26] [85] in defining the system generalized coordinates which include the rigid body
motion and the elastic deformation.

The numerical technique developed in this study is designed specially for in-
tegrating structural dynamic equations with large valued rigid body variables and
small valued elastic variables. The key step in the procedure of numerical integration
is to separate the equation system into two groups. One of the groups represents
the nonlinear rigid body motion and the other group represents the linear elastic
motion. The linear equation system is integrated first using an implicit method with
a Newmark predictor-corrector scheme. The nonlinear equation system is then inte-
grated using an explicit method where the elastic kinematic properties are backward

substituted.
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APPENDIX A. TRANSFORMATION MATRICES

If (il,jl,fq) represents a Cartesian coordinate system, and (fg,jz,f(z) is another
Cartesian coordinate system after rotating an arbitrary angle, ©, about one of the

axes of the (il,jl, f(l) system, the following three rotational transformation matrices

are defined

1 0 0
T12(0;) = 0 cos®; —sin®; (A-1)
0 sin@;' CdS@i J

cos®; 0 sinO;
T12(0;) = 0 1 0 (A-2)

—sin®@; 0 cosO;

cos®@, —sin®, 0
T2(0r) = sin@; cos@; 0 (A-3)
0 0 1

where ©;, ©;, O are the rotating angles about the il, jl, and kj axes respectively.
The transformation matrices encountered in Chapters 3 and 4 are defined as
cosAy —sinAz 0 cosA; 0 sin) 1 0 0
Teo = | sindg  coshy 0 0 1 0 0 cosdy —sinky (A-4)
0 0 1 —sinA; 0 cos}, 0 sindy  cosA,



—1 0 0
Tao = |01 0 (A-5)
LO 01
1 0 o0
Ts = [ 0 -1 0 , (A~6)
i 0 0 1
F 0 01
Taa = | 0 10 (A-T)
] -1 00
0 0 -1
Tors = 0 -1 0 (A-8)
] -1 0 0
1 0 ¢smy
Tse = 0 1 -0, (A-9)
| ~fomy 02 1|
1 0 drmy
Trse = 0 1 —bs (A-10)
[ —¢rmy 0s 1

where Ay, A, and A3 are three rigid body rotation angles of the universal joint,
B3my and ¢zn, are the elastic rotation angles at the distal ends of beams 3 and 7,

respectively, and the twist angles, 0, and g, are defined as

by = - (dyms — dime) (A-11)
L
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and

1
06 = 'L_ (d7mz - d8mz) (A_12)
6

where L, and L¢ are the lengths of beams 2 and 6, respectively, and danz, damz, d7mz,

and dg,,. are the radial elastic deflections at the distal ends of beams 3, 4, 7, and 8,

respectively.
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APPENDIX B. SKEW-SYMMETRIC MATRICES

B.1 Skew-Symmetric Matrix

For a given vector, f), a corresponding skew-symmetric matrix, €2, associated

with the vector, ﬁ, is defined as

0 —Q3 2
Q = 93 0 —Ql (B_l)
—Q, 0

where Q;(: = 1,2,3) are the components of the vector, Q. Analogously, a skew-

symmetric matrix [f)] associated with a given matriz, b, is defined as

0 -—-bs b
Bl=| by 0 b (B-2)
—b; b, 0
with
b,
[b] = | b, (B-3)
b3

where by, b,, bz are the row vectors.
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B.2 Special Matrix Operators

For simplicity, two special matrix product operators ® and I' are introduced
in the present section. These special operators have a higher priority over all other

matrix operations, and they are defined as

A Q®T(B) = [A;B] for each submatrix
'(B)® A = [BA;] for each submatrix
I'7B) = I(BT)

where A is a partitioned matrix with the following form

r

App ooo e e Agn

. W

and the number of columns of each A;j(: = 1,...,m; y = 1,...,n) must be equal to

the number of rows of matrix B so that they are compatible for matrix operations.

B.3 Matrix Partial Derivatives

If q is an n-dimensional column vector, and a scalar, ®, and an m-dimensional
vector, a, are functions of q, the following matrix partial derivatives may be defined
ao JP
oo _[ a2 (B-5)
Jq dq;

da | Oa; L .
a—q,r— [ 0 ] (t=1,---,m; j=1,---,m) (B-6)
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where {8®/0q;} is an n-dimensional column vector, and [9a;/d¢;] is an n x m matrix

in which 7 determines a row and j determines a column for the matrix. The following

properties of matrix partial derivatives can then be derived from the above definitions

[74].

= 20+

= o

(C + CT) q
0, o O
aqT oqT
Jda DT + l: 0d1

.a?a e

(B-7)
(B-8)
(B-9)
(B-10)
gg;a (B-11)

where D = [d; ---d,]7, a, b, ®;, and @, are functions of g, C is a constant square

matrix, and d;( = 1, ...,n) are the subvectors in D.
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APPENDIX C. CONSTANT MATRICES DEFINED IN CHAPTER 3

The following matrices are the constant matrices defined in Chapter 3.

- I D

00

0 D,
00

0 o0

I' D,
0 0

0 D4J

12 6/ —12 6l
42 -6l 217

k, = (C-4)




I 00O

6] = (C-5)
0o0TIoO
0I 0O

[,52] = (C-6)

: 0001
© 3 2

D, = g v (C-7)
LT e
3 2

D, = | § F (C-8)
]
3 2

D, = | S ¢ (C-9)
T
3 _2

D, = |§ ¥ ,  (C-10)
LT "
10

I = (C-11)
01
1 0

r = (C-12)
0 —1
00

0 = (C-13)
00

where [ is the length of an element, Y and Z are the coefficient matrices defined in
the displacement functions, k; and ks are the stiffness matrices, [31] and {3;] are the
coefficient matrices defined in the structural stiffness matrix, D,, D,, D3, D,, I I,

and 0 are the submatrices in matrices Y and Z.
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APPENDIX D. COMPUTER SIMULATION PROGRAM

# This is an input data file. Every arithmetic value
# must be in D12.5 format.
# name must be less than or equal to 5. All data are in
# metric units, i.e., length-m, mass-kg, time-sec.

#

# equal sign "=" must
# be in this column
# |

# | value
# | I

# \l/ \I/
# | |

#

NSTEP = 1999

NITER = 1

G = 0.98000D+01
OMAGo = 0.30000D+02
BETA = 0.30250D+00
GAMA = 0.60000D+00
DELT = 0.10000D-02
To = 0.50000D+00
TDROP = 0.10000D+02
Lus = 0.12700D+00
Es = 0.21000D+12
RHO = 0.78330D+04
Al = 0.72000D-04
AS = 0.72000D-04
A3 = 0.28300D-04
A4 = 0.28300D-04
A7 = 0.28300D-04
A8 = 0.28300D-04
L1 = 0.16500D+00
L5 = 0.16500D+00
L2 = 0.10400D+00
L6 = 0.10400D+00
L3 = 0.29000D+00
L4 = 0.29000D+00

The length of each variable

comments
I
\I/
|

NSTEP is an integer(<=4 digits)
NITER is an integer(<=2 digits)

constant spin = 30 rpm

0.25000D+00

0.50000D+00

NSTEP and DELT determine total time
constant spin velocity after 0.5 seconds
collar is dropped at 10 seconds

Lus = 0.370 for the longer shaft

for steel(0.9D+90 for rigid model)

for steel

6 x 12 (mm x mm)

D=6.0mm

L3 = 0.265 originally



L7 =
L8
Jytr =
Jys
Jy3
Jy4
Jy7
Jys8
Jz1 =
Jz5 =
Jz3
Jz4d =
Jz7
Jz8
La =
Rt =
LMAS1
LMAS2 =
ENDFILE

(]

0.29000D+00
0.29000D+00
0.21600D-09

= 0.21600D-09

0.63600D-10
0.63600D-10
0.63600D-10
0.63600D-10
0.86400D-09
0.86400D-09
0.63600D-10
0.63600D-10
0.63600D-10

= 0.63600D-10

0.29000D+00
0.90000D-01
0.10770D+01
0.10770D+01

229

Jyl,5 = 12*6%*3/12

Jy3,4,7,8 = PI*D**4/64

Jz1,5 = 6%12%%3/12

Jz3,4,7,8 = PI¥D**4/64

La = L3 or L7

distance from arm to tank center
liquid mass in tank 1

liquid mass in tank 2
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#

# This is a MAKEFILE

# -— Jiechi Xu, Iowa State University, 9/9, 91

#

DIRO = /home/jiechi/newone/program

DIR1 = /home/jiechi/newone/lowercase/OBJFILES

#

FILES = Makefile DATA.DAT xumain.f input.f output.f\
$(DIRO) /matrix.f $(DIRO)/shaft.f $(DIRO)/rbeam.f\
$(DIRO)/fbean. £ $(DIRO)/tank.f $(DIRO)/stiff.f\
$(DIR0)/assembly.f $(DIRO)/force.f $(DIR0)/1ib.£\
$(DIRO) /mapping.f $(DIRO)/partition.f $(DIRO)/imphase.f\
$(DIRO)/exphase.f $(DIRO)/corrector.f $(DIRO)/compat.f\
$(DIRO)/postpro.f  $(DIRO)/gforout.f $(DIRO)/xuwrite.f\
$(DIRO)/xuoption.f $(DIRO)/xuinit.f

#

PRINTS = Makefile DATA.DAT

#*

FFLAG1 = -¢ -u ~-C -fpe0 -g3 -03 -check unde -static #final options

FFLAG2 = -¢ -u ~-C -fpe0 -g2 -00 -check unde —static #for debugging

FFLAG3 = -¢ -u -C -fep0 -g3 -04 -V -std -bestGnum -assume recursive\

-assume noaccuracy_sensitive -check underflow -show code\

-show include -show xref -static #initial options
#
INCLUDEL = $(DIRO)/parameterli.f
INCLUDE2 = $(DIRO)/parameter2.f
INCLUDE3 = $(DIRO)/parameter3.f
INCLUDE4 = $(DIRO)/parameter4.f
#

OBJECTS = $(DIR1)/xumain.o $(DIR1)/matrix.o  $(DIR1)/shaft.o\
$(DIR1)/rbeam.o $(DIR1)/fbeam.o0  $(DIR1)/tank.o\
$(DIR1)/stiff.o $(DIR1)/assembly.o $(DIR1)/force.o\
$(DIR1)/1lib.o $(DIR1)/mapping.o $(DIR1)/partition.o\
$(DIR1)/imphase.o $(DIR1)/exphase.o $(DIR1)/corrector.o\
$(DIR1)/input.o $(DIR1)/output.o $(DIR1)/compat.o\
$(DIR1)/postpro.o  $(DIR1)/gforout.o $(DIR1)/xuwrite.o\
$(DIR1)/xuoption.o $(DIR1)/xuinit.o

#

# 1ib.f includes 4 subroutines: equation, gauss, solve, and couple.

#

# <=S= kkkoksksdokkdok Rk R Rk kR kR kKK Fokdokd Rk Rk kkk =T

dir:
@mkdir OBJFILES

list: $(FILES) # to list recently changed files in subdir “program"
Qls -1 $7;1s -1

type: $(PRINTS) # to type recently changed "Makefile"\
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and/or "DATA.DAT" file(s) on the screen
Qcat $7;1s -1

cleanup:
Q@rm $(DIR1)/*.0;1s ~1 $(DIR1)/*.0;1s -1
# <=== kkkdokkokokskokokdokkdkokskok dakok ok skokok sk sk okok ok ok kdkskokskokok ek kokokokokk ===
xumain.out: $(0BJECTS)
£77 $(0BJECTS) -o xumain.out
Qecho
Q@echo === Compilation is complete, dude! ===
Qecho
Qecho === What is next, Bart? ===
Qecho
Qecho === Aho, do not answer it! ===
Qecho
Qecho === The execute file is "xumain.out" ===
Qecho
1ls -1

$(DIR1)/xumain.o: xumain.f $(INCLUDE1) $(INCLUDE2)\
$(INCLUDE3) $(INCLUDE4)
£77 $(FFLAG1) xumain.f -o $(DIR1)/xumain.o

$(DIR1) /xuwrite.o: $(DIRO)/xuwrite.f $(INCLUDE2)
£77 $(FFLAG1) $(DIRO)/xuwrite.f -o $(DIR1)/xuwrite.o

$(DIR1)/xuoption.o: $(DIRO)/xuoption.f
£77 $(FFLAG1) $(DIRO)/xuoption.f -o $(DIR1)/xuoption.o

$(DIR1)/xuinit.o: $(DIRO)/xuinit.f $(INCLUDE1) $(INCLUDE2)\
$(INCLUDE4)
£77 $(FFLAG1) $(DIRO)/xuinit.f -o $(DIR1)/xuinit.o

$(DIR1)/input.o: input.f
£77 $(FFLAG1) input.f -o $(DIR1)/input.o

$(DIR1)/output.o: output.f $(INCLUDE1) $(INCLUDE2)
177 $(FFLAG1) output.f -o $(DIR1)/output.o

$(DIR1)/compat.o: $(DIRO)/compat.f $(INCLUDE1) $(INCLUDE2)
£77 $(FFLAG1) $(DIRO)/compat.f -o $(DIR1)/compat.o

$(DIR1)/matrix.o: $(DIRO)/matrix.f $(INCLUDE1) $(INCLUDE2)
£77 $(FFLAG1) $(DIRO)/matrix.f -o $(DIR1)/matrix.o

$(DIR1)/shaft.o: $(DIRO)/shaft.f
£77 $(FFLAG1) $(DIRO)/shaft.f —o $(DIR1)/shaft.o
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$(DIR1)/rbeam.o: $(DIRO)/xrbeam.f
£77 $(FFLAG1) $(DIRO)/rbeam.f —~o $(DIR1)/rbeam.o

$(DIR1)/fbeam.o: $(DIRO)/fbeam.f
£77 $(FFLAG1) $(DIRO)/fbeam.f —o $(DIR1)/fbeam.o

$(DIR1)/tank.o: $(DIRO)/tank.?
177 $(FFLAG1) $(DIRO)/tank.f -o $(DIR1)/tank.o

$(DIR1)/stiff.o: $(DIRO)/stiff.f
£77 $(FFLAG1) $(DIRO)/stiff.f -o $(DIR1)/stiff.o

$(DIR1)/assembly.o: $(DIRO)/assembly.f $(INCLUDE1) $(INCLUDE2)
£77 $(FFLAG1) $(DIRO)/assembly.f -o $(DIR1)/assembly.o

$(DIR1)/force.o: $(DIR0)/force.f $(INCLUDE1) $(INCLUDE2)
£77 $(FFLAG1) $(DIRO)/force.f -o $(DIR1)/force.o

$(DIR1)/mapping.o: $(DIRO)/mapping.f $(INCLUDE1) $(INCLUDE4)
£77 $(FFLAG1) $(DIRO)/mapping.f -o $(DIR1)/mapping.o

$(DIR1)/partition.o: $(DIRO)/partition.f\
$(INCLUDE1) $(INCLUDE3) $(INCLUDE4)
£77 $(FFLAG1) $(DIR0)/partition.f -o $(DIR1)/partition.o

$(DIR1)/imphase.o: $(DIRO)/imphase.f\
$(INCLUDE1) $(INCLUDE3) $(INCLUDE4)
£77 $(FFLAG1) $(DIRO)/imphase.f -o $(DIR1)/imphase.o

$(DIR1)/exphase.o: $(DIR0)/exphase.f\
$(INCLUDE1) $(INCLUDE3) $(INCLUDE4)
£77 $(FFLAG1) $(DIRO)/exphase.f -o $(DIR1)/exphase.o

$(DIR1)/corrector.o: $(DIRO)/corrector.f\
$(INCLUDE1) $(INCLUDE3) $(INCLUDE4)
£77 $(FFLAG1) $(DIRO)/corrector.f -o $(DIR1)/corrector.o

$(DIR1)/1ib.o: $(DIR0)/1ib.f $(INCLUDE1) $(INCLUDE3)
£77 $(FFLAG1) $(DIRO)/1ib.f —o ${DIR1)/1lib.o

$(DIR1)/postpro.o: $(DIRO)/postpro.f
£77 $(FFLAG1) $(DIRO)/postpro.f -o $(DIR1)/postpro.o

$(DIR1)/gforout.o: $(DIRO)/gforout.f
£77 $(FFLAG1) $(DIRO)/gforout.f -o $(DIR1)/gforout.o
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PROGRAM XUMAIN
c%
(03 e sk ok e sk e i s e e e e e Sk ke sk 3 3k ek s ok o o o o e ok sk e o ok ek o ko sk ok sk ok *
A FORTRAN PROGRAM TO SOLVE SECOND ORDER
NON-LINEAR IRREGULAR DIFFERENTIAL EUQATIONS
GOVERNING THE MOTION OF SATELLITE SIMULATOR
DESCRITIZATION -—-—~=~- FINITE ELEMENT METHOD
NUMERICAL TECHNIQUE ~--- NEWMARK BETA METHOD
COORDINATE REDUCTION -~ COMPONENT MODE SYTHESIS
NUMBER OF ELEMENT PER BEAM : ONE,TEN
(C 3 2k 3k 3k e 3 ke ok 3¢ o s e 3 s S e 3k e 3 e ok ke 3 e ek e 3 ek ok 3 3k S 3 o e e ke e ke ok 3 o ook ok e Aok ok ok ok ok

ch

*
*

aaaoaaoaoaoan
L R N R R AR 4

INCLUDE ’/home/jiechi/newone/program/parameteri.f’

INCLUDE ’/home/jiechi/newone/program/parameter2.f’

INCLUDE °’/home/jiechi/newone/program/parameter3.f’

INCLUDE °’/home/jiechi/newone/program/parameter4.f’
ch

INTEGER NSTEP,NITER,NDROP,I,J,I1,NXU,NXUF,NXUI,NXUS
ch
DOUBLE PRECISION IL.1,L2,L3,L4,L5,L6
,701(3,3),T03(3,3),T04(3,3),T05(3,3)
,q9(11),q9d(11),q9dd(11),q10(11),q10d(11) ,q10dd(11)
,P0S9(3) ,VEL9(3),ACC9(3),P0S10(3),VEL10(3),ACC10(3)
,FOR9(3) ,TOR9(3),FOR10(3),TOR10(3),GFORI(N),GFOR10(N)
,PHI6(7,N) ,PHI7(NG7,N),PHIS(NGS,N),PHI9(11,N),PHI10(11,N)
»q(X¥),qd(N),qdd (N) ,M(N,N) ,MD(N,N) ,MP(N,N) ,K(N,N),£(N),X(3)
,T(0:2000) ,POS(N+6,0:2000) , VEL(N+6,0:2000) ,ACC(N+6,0:2000)
,G,PI,BETA,GAMA,DELT, Ang, W, W1, W2
,DELTA(3),ICFD(6),TIME! ,LMAS1,LMAS2

+ 4+ + 4+ + 4+ + + o+

cl
CHARACTER*7 INTER,APPR,SPIN,CHANGE

c’
REAL Ti,Tf

c%
COMMON/COM3/G 1<~- input(from input)
COMMON/COMNM/BETA , GAMA ,DELT 1<-- input(from input)
COMMON/COM6/NSTEP, NITER,NDROP 1<~~ input(from input)
COMMON/COML/L1,L2,L3,L4,L5,L6 I<—- input(from input)

COMMON/COMW1/W1 I<—- input(from xuinit)
COMMON/COMQ/q,qd,qdd I<—- input(from xuinit)
COMMON/COMMKF/M ,MD ,MP K, £ 1<—~ input(from xuinit)
COMMON/COMPVA/POS, VEL, ACC 1<—~ input(from xuinit)
COMMON/COMT/TO1,T03,T04,TO5 I<~~ input(from xuinit)
COMMON/COMOP/APPR, SPIN, INTER t<-- input(from xuoption)
COMMON/COMPHI2/PHI6,PHI7,PHI8,PHI9,PHI10 !<~- input(from compat)
COMMON/COM11/DELTA,ICFD '<-- output(to tank)

COMMON/GFORCE/GFOR9, GFOR10 1<-- output(to force)



ch

¢’

¢

c’%

c...

C...

c%

c%

ch

Ckkk

C:::
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COMMON/COMNXU/NXU, NXUS 1<-- output (to xuinit,xuwrite)

DATA NXU,NXUF,NXUI,NXUS/96,97,98,99/
DATA Ang,T(0)/2%0.0D0/

CLOSE(NXUF)
CLOSE(NXUI)
CLOSE(NXUS)
OPEN (UNIT=NXUF,FILE=’FORCE.dat’,STATUS=’0LD’)
OPEN (UNIT=NXUI ,FILE=’INERT.dat’,STATUS=’0LD’)
OPEN (UNIT=NXUS,FILE=’CABAL.dat’,STATUS=’0LD*)

PI=4.0DO*DATAN(1.0DO)

InitializZation ... iiiiiii i i it et et i s
CALL XUWRITE() !<~-- write out 1st information file !
CALL XUINPUT() !<-- read input data file !
CALL XUOPTION() !<-- choose options !
CALL XUINIT() I<~- initial assignment and computing !

[}

................................. P e s et st et e s e e e e e

WRITE(*,*)’I am ready. Are you?’

WRITE(*,*)

WRITE(*,*) ’Your choices are:’

WRITE(*,%*)’1) Hit <ret> to run out of Ames. *% QR %%’
WRITE(*,*) *2) Type "quit" to crash the computer®
READ(*, ? (A)’)CHANGE
IF(CHANGE.EQ.’quit’.OR.CHANGE.EQ.’q’)THEN

WRITE(*,*)

WRITE(*,*) ’HELP!!! Your computer is dea.............. d’
WRITE(*,%*)

CLOSE(NXU)
OPEN(UNIT=NXU,FILE=’z_read_xu_first’,STATUS=’0LD’)
WRITE(NXU,*)’Your computer is crashed. No results’

STOP
END IF
WRITE(*,*)
WRITE(*,*) ’That"s it *MAN*. (You *grin* evilly)’
WRITE(*,*)
Ti=SECNDS(0.0) '<-- start tracking running time
close(15)
execute forward time step loop ¥¥dkkikskskkkskokkiokdkkkkdkkkkdkkk | %
DO 120 J=1,NSTEP !<-— number of time steps !*
T(J)=FLOAT(J)*DELT L
numerical integration :: <Newmark Method> :: T

CALL PARTITION(M,MD,MP,K,f,q,qd) ! 1%
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CALL IMPHASE(M,MD,K,f,q,qd,qdd) ! find d’s Y

CALL EXPHASE(T(J),q,qd,qdd) ! find Lamd’s !*

S S R SR R F R R R R R SR R R R R R 1%
C°"" renumber q,qd,qdd """ 7 V%
DO 85 I1=1,N-ITH ! from ITH+1 to N ¥
q(N+1-I1)=q(N-I1) ! ' *
qd(N+1-I1)=qd(N-I1) ! Y
qdd(N+1-I1)=qdd(N-I1) ! %

85 CONTINUE ! t#
CrorrTTTTTnTs T sss s sssanasneTes S
=== input spin profile === Tk
IF(SPIN.EQ.’1’)THEN ! k

C+++ option (1) calculated ++++++ ! S
CALL LAMD(T(J),X) ! ! ITH th 1%
q(ITH)=X(1) ! ! Ix
qd(ITH)=X(2) _ ! ! Lk
qdd(ITH)=X(3) ! <-- cheat? ! T
CHittttttttttittttddtttdttttititt ! 1%
ELSE ! 1%

C--- option (2) measured --—---—-- ! %
READ(NXUS,*)T(J),W ! ! Vi
READ(NXUS,*)T(J),W2 ! ! e

qd (ITH)=W*PI/30.0 ! ] L
Ang=Ang+0.5*DELT ! ! T

+ *(Wi+qd(ITH)) ! ! 1%
q(ITH)=Ang ! ! 1%
W2=W2+P1/30.0 ! ! Tk
qdd(ITH)=0.5 ! ! Ix

+ *(W2-W1)/DELT ! <-- trouble ! 1%
Wi=qd (ITH) ! ! %
IF(MOD(J,2).EQ.1) ! ! ™

+ BACKSPACE(NXUS) ! ! 1%
BACKSPACE (NXUS) ] ! 1%

c ' 1%
END IF ! 1%

C== %
C??7 determine up or down 7?7?7777 1%
IF(J.LE.NDROP)THEN ! from 1 to ITH-1 1%

DO 90 I1=1,ITH-1 ! 1%
q(I1)=0.0 ! 1%
qd(I1)=0.0 ! 1%
qdd(I1)=0.0 ! 1%

90 CONTINUE ! 1%
END IF ! L
C?7772227777227772772277227227727777 1%
C--- find kinematic properties 1
CALL COUPLE(q9,PHI9,q,11,N,1) ! tk

CALL COUPLE(q9d,PHI9,qd,11,N,1) ! 1%
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CALL COUPLE(q9dd,PHI9,qdd,11,N,1)

CALL COUPLE(q10,PHI10,q,11,N,1)

CALL COUPLE(q10d,PHI10,qd,11,N,1)

CALL COUPLE(q10dd,PHI10,qdd,11,N,1)

CALL POSTPRO(L1,L2,q9,q9d,q9dd,T01
,P0S9, VEL9, ACC9)

CALL POSTPRO(LS,L6,q10,q10d,q10dd,T05S
,P0S10,VEL10,ACC10)

c

C=== find local and global quantities

100

1056

DO 100 I1=1,N
POS(I1,J)=q(I1)
VEL(I1,J)=qd(I1)
ACC(I1,J)=qdd(I1)
CONTINUE

DO 105 I1=1,3
POS(N+I1,J)=P0S9(I1)
VEL(N+I1,J)=VELO(I1)
ACC(N+I1,J)=ACC9(I1)
POS(N+3+I1,])=P0S10(I1)
VEL(N+3+I1,J)=VEL10(I1)
ACC(N+3+I1,J)=ACC10(I1)
CONTINUE

C... select interaction option

IF(INTER.EQ.’YES’)THEN

C... select approach(inertia force or matrix)

IF(APPR.EQ.’2’)THEN

......

C#it#t read CFD inertia active forces ##t##titditidtittit

110

+

C... read CFD inertia matrix

+

READ (NXUF, * ,END=199)TIME,FORS(3)
,FOR9(2),FOR9(1)
FOR9(1)=-FORS(1)

DO 110 I=1,3

FOR10(I)=FOR9(I)

TOR9(I)=0.0D0

TOR10(I)=0.0D0

CONTINUE

CALL GFOROUT(L2,q9,P0S9,T01,PHI9
,FOR9, TOR9, GFOR9)

CALL GFOROUT(L6,q10,P0S10,T05,PHI10
,FOR10,TOR10,GFOR10)

ELSE

READ(NXUI,*,END=199)TIME,DELTA(3)
,DELTA(2) ,DELTA(1),ICFD(6),ICFD(5)

—~aamnann--~

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

!
!
!
!
!
!
!
!

CHARHHREHRRRERRERRRERRRR R
C"~" find generalized active forces

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

1%
"
1%
1%
"
1%
"
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1%
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%
%
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1%
1%
1%
%
¥
1%
1%
1%
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1%
1%
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I ¥
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1k
1%
1%
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+ ,ICFD(3),ICFD(4),ICFD(2),ICFD(1) ' ! ! 1%
DELTA(1)=-DELTA(1) ! ! ! 1%
ICFD(2)=-ICFD(2) ! ! ! E
ICFD(3)=-ICFD(3) ' ! ! 1%

ittt it e teottotaotseassssstossecssnssarasnnses ! ! ' £
END IF ! ! 1%
Gt iie it taeateasosseoosasasssssossasossasssansasssoes ! ! 1%
END IF ' 1%
Gt it e ittt teateasasesotossscsaasessctossnctonnannaans ! 1%
CALL MATRIX(M,MD,MP,K,f,q,qd) 1%
CALL MAPPING(M,MD,MP,K,f,q,qd,qdd) 1
write(15,*)T(J),q(7)*1000.0,q(8)*1000.0 !<-- temporary !*
120 CONTINUE 1%
Coeskeskskse koo sk o sk ok ke sk ek ook o sk sk ok ok o ksl o sk ok ok o kool e sk sk ok sk e sk ook 13
ch
199 T£=SECNDS(T1i) !<-- end computing running time
c
C... write out 2nd information file ..........eviviiierrannnnnnns
CLOSE(NXU) !
OPEN(UNIT=NXU,FILE=’z_read_xu_second’ ,STATUS=’UNKNOWN’)
WRITE(NXU,*)’This is a second "read_xu" file.’ !
WRITE(NXU,*)’Running time(seconds)=’,Tf !
IF(INTER.EQ.’YES’ )THEN !
WRITE(NXU,*)’This is an interaction run’ !
ELSE ' : !
WRITE(NXU,*)’This is a non-interaction xrun’ !
END IF !
Gt ettt e e e e e e e, !

C... output results
CALL OUTPUT(T,3,’dataP’,P0S,PI,NSTEP)
CALL OUTPUT(T,3,’dataV’,VEL,PI,NSTEP)
CALL OUTPUT(T,3,’dataA’,ACC,PI,NSTEP)

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

ve oo

! <-- position
! <=-= velocity
! <-- acceleration

Gttt i it ittt it ettt sttt e !

FORMAT(1X,F7.4,11(1X,D10.3))
FORMAT(1X,F7.4,8(1X,D10.3))
STOP

END

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

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

SUBROUTINE LAMD(T,X)

INPUT --T

OUTPUT -- X

INTEGER I

DOUBLE PRECISION OMAGo,PI,To,T,X(3)
COMMON/COMF/CMAGo,PI ,To

!<-- input(from input)
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DO 10 I=1,3
X(I)=0.0
10 CONTINUE
C... specify sinusoidal function .........ceivivviiannnnn

IF(T.LE.To)THEN !
X(1)=(0.5%0MAGo)*(T-DSIN((PI/To)*T)*(To/PI)) !
X(2)=(0.5%0MAGo)*(1.0~-DCOS((PI/To)*T)) !
X(3)=(0.5%0MAGo)*(PI/To)*DSIN((PI/To)*T) !
ELSE !
X(1)=(0.5%0MAGo) *(2.0*T-To) !
X(2)=0MAGo !
X(3)=0.0 y
END IF !

1

RETURN
END
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SUBROUTINE XUWRITE()

c INPUT -- Niil,Ni3,Ni4,Ni5,Ni7,Ni8,NXU

c OUTPUT -- (none)

Cokstookaok sk ok ook skokok okok ek ok ook ok ok sk ok o skokok Sk sk ok ks ok o ok e kb ok ok ok

Cc This subroutine is to write out information *

c to a file ,z_read_xu_first, about the final *

c output files which contain the computing *

c results. *

Coeeskskd sk ke kok ok ok ook skosokokdok ok ook ok sk ok ok ks ok ok e Kok Aok

c%
INCLUDE ’/home/jiechi/newone/program/parameter2.f’

c
INTEGER NXU,MOD34,MOD78,INT34,INT78

c%
COMMON/COMNXU/NXU !<-- input(from xumain)

c%
MOD34=MOD((Ni1+Ni3+Ni4-1),2)
MOD78=MOD( (Ni5+Ni7+Ni8-1),2)
INT34=INT((Nil+Ni3+Ni4-1)/2)
INT78=INT((Ni5+Ni7+Ni8-1)/2)

c%
IF((INT34+INT78).GT.9)THEN
WRITE(*,*)’The total number of output files for each’
WRITE(*,%*)’vector(position, velocity, and acceleration)’
WRITE(*,*)’exceeds the allowed maximum number of "9".’
WRITE(*,*)’You need to write an integer value to character’
WRITE(*,*)’value converting subroutine to modify the’
WRITE(*,*)’present one. You should also modify the’
WRITE(*,*)’declaration of character "ADD" in subroutine’
WRITE(*,*)’"QUTPUT".’
WRITE(*,*)’Sorry, the program is stopped.’
STOP
END IF

C... write out information for output files ......

CLOSE(NXU)
OPEN(UNIT=NXU,FILE=’z_read_xu_first’,STATUS=’NEW’)
WRITE(NXU,2)’1) There are ’,INT34+INT78+1,’ output files.’
IF(MOD34.EQ.1.AND.MOD78.EQ.O)THEN

WRITE(NXU,*)’2) Version "0" file contains Lamd vector’,

+ ’ and "d34m" vector only.’
WRITE(NXU,2)’3) The rest files from 1 to ’,INT34+INTT78,
+ ’ contain, in order,’
WRITE(NXU,*)’ the subvectors: d1, 43, d4, 45, d47,°,
+ ’ 48, and d78m.’
END IF

IF(MOD34.EQ.0.AND.MOD78.EQ.1)THEN
WRITE(NXU,*)’2) Version "0" file contains Lamd vector’,
+ ' and "d78m" vector only.’
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WRITE(NXU,2)’3) The rest files from 1 to ’,INT34+INT78,

+ ? contain, in order,’
WRITE(NXU,*)’ the subvectors: di, d3, d4, d34m,’,
+ ’ d5, d7, and d8.°
END IF

IF(MOD34.EQ.1.AND.MOD78.EQ.1)THEN
WRITE(NXU,#*)’2) Version "0" file contains Lamd vector,’,
I

+ d34m, and 478m vectors.’
WRITE(NXU,2)’3) The rest files from i to ’,INT34+INT78,
+ ’ contain, in ordex,’
WRITE(NXU,*)' the subvectors: d1, d3, d4, ds, 47,°,
+ ? and d8.°
END IF
IF(MOD34.EQ.0.AND.MOD78.EQ.Q)THEN
WRITE(NXU,*)’2) Version "O" file contains Lamd vector.’
WRITE(NXU,2)’3) The rest files from 1 to ’,INT34+INT78,
+ ’ contain, in order,’
WRITE(NXU,*)’ the subvectors: d1, d3, d4, d434m,’,
+ ’» d5, 47, 48, and d78m.°
END IF
WRITE(NXU,*)’4) Each file, except the "0" one,’,
+ ’ has exact 8 components.’
FORMAT(1X,A,I2,4)
RETURN

END



C
C

241

SUBROUTINE XUOPTION()
INPUT -- (key board input)
OUTPUT -- INTER,APPR,SPIN

C 2k o ke e o e ke e ok o e e ke o ok e sl b ok e ok o e s o e e e ok sl ok e s s e ofe o e e ok ok ok sk ske sk

aaoaaaan

This is a subroutine to merely choose *
computing options which are: *
1) interaction option *
2) approach option *
3) spin profle option *

C 2k 3k 2k ke s e ke e e o o e e ke sk ok s ok e ok ke sk e afe e ke e ok ek s e e ek ok s e e ok ko ek ok ok

c
cY

c%

c...

C...

CHARACTER*7 APPR,SPIN,INTER
COMMON/COMOP/APPR,SPIN,INTER 1<-- output(to xumain,xuinit)
choose interaction & approach options ..............
INTER="NO’ ' !
WRITE(*,#*)’Do interaction?(<ret>=N)’ !
READ(*,’(A)’)INTER !
IF(INTER.EQ.’YES’.OR.INTER.EQ.’Y’.CR. !
+ INTER.EQ.’yes’.OR.INTER.EQ.’y’)THEN !
INTER=’YES’ !
WRITE(*,*)’Which approach?(i or 2)° !
WRITE(*,*)’1) inertia matrix approach’ !
WRITE(*,*)’2) inertia forces approach’ !
READ(*,’ (A) ?)APPR !
END IF !
.................................................... !
. choose spin profile option ............ovvieininnnnn
WRITE(*,*)’Which spin profile?(1 or 2)° !
WRITE(*,%)’1) calculated spin profile’ !
WRITE(*,*)’2) measured spin profile’ !
READ(*,’(A)’)SPIN !
.............................................. !

RETURN
END



SUBROUTINE XUINIT()
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INPUT -- (COMMON and INCLUDE statements)

QUTPUT -- (COMMON statement)

Ckk

aaoaaoaan

CoHkkkk

C’

c

c%

c%
c%

c%

c%

+ + o+ o+ + o+

Fedkdk koK sk kR kR oo ke okk ok Aok sk sk ko
The functions of this subroutine are to specify *
and compute initial conditions, which include: *

1) clear zeros *
2) initial assignments *
3) initial calculations *

Rk KAk 4 feoe sk o ek Ak ook ok *kkkk Rk ok

INCLUDE ’/home/jiechi/newone/program/parameteri.f’ !(define N)
INCLUDE ’/home/jiechi/newone/program/parameter2.f’ !(define N)
INCLUDE ’/home/jiechi/newone/program/parameter4.f’ !(define ITH)

INTEGER I,J,NXU,NXUS

DOUBLE PRECISION PI,G,Lus,L1,L2,L3,L4,L5,L6
,LMAS1,LMAS2,DELTA(3) ,ICFD(6),TIME,W1
,R1(3),R3(3),R4(3),R5(3),R7(3),R8(3)

,T01(3,3),T03(3,3),T04(3,3),T034(3,3)
,T05(3,3),T07(3,3),T08(3,3),T078(3,3)
,POS(N+6,0:2000) ,VEL(N+6,0:2000) , ACC(N+6,0:2000)

,P0S9(3),VEL9(3),ACCO(3),P0S10(3),VEL10(3),ACC10(3)
,q9(11),99d(11),q9dd(11),q10(11),q10d(11) ,q10dd (11)

,q(N),qd(N),qdd(N) ,M(N,N) ,MD(N,N) ,MP(N,N) ,K(N,N),£(N)
,FOR9(3),TOR9(3) ,FOR10(3) ,TOR10(3),GFOR9(N) ,GFOR10(N)
,PHI6(7,N) ,PHI7(NG7,N),PHIS(NGS,N),PHI9(11,N),PHI10(11,N)

1,X(3),d(N-ITH)
CHARACTER*7 CHANGE, APPR,SPIN

COMMON/COM3/G
COMMON/COM4/Lus
COMMON/COMLMAS/LMAS1 , LMAS2
COMMON/COML/L1,L2,L3,L4,L5,L6
COMMON/COMNXU/NXU, NXUS
COMMON/COMOP/APPR, SPIN
COMMON/COM11/DELTA , ICFD
COMMON/COMW1/W1
COMMON/COMQ/q, qd , qdd
COMMON/COMMKF/M,MD ,MP K, f
COMMON/COMPVA/POS , VEL , ACC
COMMON/GFORCE/GFOR9, GFOR10
COMMON/COMR/R1,R3,R4,R5,R7,R8

1<-- watch here

input (from input)
input (from input)
input (input)output (matrix)
input(from input)
input(from xumain)
input(from xuoption)

1<—-
1<—-
1<~
t<—-
I<—-
1<—-
1<~

COMMON/COMT/TO1,T03,T04,T05,T07,T08,T034,T078 !<--

output(to
output(to
output(to
output(to
output(to
output(to
output

output

tank)
xumain)
xumain)
xumain)
xumain)
force)
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PI=4.0DC*DATAN(1.0DO)

c’%

C... clear zero start ...........
DO 10 I=1,3
R1(I)=0.0
R3(I)=0.0
R4(1)=0.0
R5(1)=0.0
R7(I)=0.0
R8(I)=0.0
FOR9(I)=0.0
TOR9(I)=0.0
FOR10(I)=0.0
TOR10(I)=0.0
DO 10 J=1,3
T01(I,J3)=0.
T03(I,J)=0.
T04(I,J)=0.
T05(I,J)=0.
T07(1,J)=0.
T08(I,J)=0.
T034(I,J)=0.0
T078(I,3)=0.0

10 CONTINUE
DO 15 J=1,N
q(3)=0.0
qd(J)=0.0
qdd(J)=0.0
GFOR9(J)=0.0D0
GFOR10(J)=0.0DO

OO OO0 O0O0

15 CONTINUE
C... clear zexo end ............!
C... assign initial values ......

T01(1,1)=1.0 ]
T01(2,2)=1.0 !
T01(3,3)=1.0 !
T03(1,3)=1.0 !
T03(2,2)=1.0 |
T03(3,1)=-1.0 ]
T05(1,1)=-1.0 ]
T05(2,2)=-1.0 !
T05(3,3)=1.0 !
T07(1,3)=-1.0 ]
T07(2,2)=-1.0 !
T07(3,1)=-1.0 !
DO 20 J=1,3 ]
DO 20 I=1,3 ]
T04(I,J)=T03(I,1) !
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. change initial values for (1) and/or q(2)
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T08(T,3)=T07(I,J) !
T034(I,J)=T03(I,J) ]
T078(I,J)=T07(I,I) ]
CONTINUE ]
CALL COMPAT() !
R1(1)=0.0 ]
R1(2)=0.0 ]
R1(3)=Lus !
R3(1)=L1 ]
R3(2)=L2/2.0 ]
R3(3)=Lus !
R4(1)=L1 ]
R4(2)=-L2/2.0 ]
R4(3)=Lus !
R5(1)=0.0 !
R5(2)=0.0 !
R5(3)=Lus !
R7(1)=-L1 !
R7(2)=L2/2.0 !
R7(3)=Lus !
R8(1)=-L1 !
R8(2)=-L2/2.0 ]
R8(3)=Lus !

{

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

. assign initial q, qd .......
! 1 degree offset

q(1)=PI/180.D0
q(6)=-6.696D-04
q(7)= 7.688D-03

!<—-- compatibility matrix subroutine

q(10)=q(6) ! It seems it’s not a
q(11)=q(7) ¢ good approach to give

q(14)= 7.264D-03
q(15)=q(13)
q(17)=q(13)
q(18)=q(14)
q(19)=q(13)

! both q and qd.

WRITE(*,*) Default initial conditions:’

WRITE(*,*)’ql = 0, q2 = 0’

CHANGE="NO’

WRITE(*,*)’Need to change?(<ret>=N)’

READ(*,’(A)’)CHANGE

IF(CHANGE.EQ. 'YES’ .OR.CHANGE.EQ.’Y’.OR.
CHANGE.EQ.’yes’.UR.CHANGE.EQ.’y’)THEN

WRITE(*,*) ’Which one?’

WRITE(*,*)’(1 = q1; 2 = q2; 3 = both)’

READ(*,’ (A)’) CHANGE

]
1
]
'
:
q(13)=-1.090D-03 ! initial conditions for
1
!
|
!
]

.................
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IF(CHANGE.EQ.’3’)THEN !
WRITE(*,*)’Input the values of q1 and q2(degrees)’ !
READ(*,%)q(1),q(2) !
q(1)=q(1)*P1/180.D0 !
q(2)=q(2)*P1/180.D0 !
ELSE !
IF(CHANGE.EQ.’1’)THEN ¢
WRITE(*,*)’Input the value of qi(degree)’ !
READ(*,*)q(1) !
q(1)=q(1)*P1/180.D0 !
ELSE !
WRITE(*,*)’Input the value of q2(degree)’ !
READ(*,*)q(2) !
q(2)=q(2)*P1/180.D0 |
END IF !
END IF !
CHANGE=’NO’ !
WRITE(*,%*)’Now the values are:’ !
WRITE(*,*)’q1 =’,q(1),’q2 =’,q(2) !
WRITE(*,*)’Need to change again?(<ret>=N)’ !
READ(*,’ (A)’)CHANGE !
IF(CHANGE.EQ.’YES’ .OR.CHANGE.EQ. Y’ .OR. !
+ CHANGE.EQ.’yes’.0OR.CHANGE.EQ. ’y’)GOTO 50 !
END IF '
]

WRITE(*,%*)
WRITE(*,*)’Waite a second. I am working hard.’
WRITE(*,*)

17

C... find initial kinematic properties at tank centers ............
CALL COUPLE(q9,PHI9,q,11,N,1) '
CALL COUPLE(q9d,PHI9,qd,11,N,1) !
CALL COUPLE(q9dd,PHI9,qdd,11,N,1) !
CALL COUPLE(q10,PHI10,q,11,N,1) !
CALL COUPLE(q10d,PHI10,qd,11,N,1) !
CALL COUPLE(q10dd,PHI10,qdd,11,N,1) !
CALL POSTPRO(L1,L2,q99,99d,q9dd,T01,P0S9,VEL9,ACCY) !
CALL POSTPRO(LS,L6,q10,q10d,q10dd,T0S,P0S10,VEL10,ACC10) !

[}

Gttt i i i i i i i ittt it et et et )
C... select approach(inertia force or inertia matrix) ...........
IF(APPR.EQ.’2’)THEN 1<
C... compute initial active force ...............
DO 25 I=1,3

|
FOR9(I)=-LMAS1*ACCO(I) ]
FOR10(I)=-LMAS2%ACC10(I) !
25 CONTINUE !
FOR9(3)=FOR9(3)~-LMAS1*G !
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. compute initial qdd ..........cciiiiiieinnann
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FOR10(3)=FOR10(3)-LMAS2*G !

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

. compute initial generalized active force ...

CALL GFOROUT(L2,q9,P0S9,T01 !

+ ,PHI9,FOR9,TOR9,GFOR9) !
CALL GFOROUT(L6,q10,P0S10,T05 !

+ ,PHI10,FOR10,TOR10,GFOR10) !
!

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

force

LMAS1=0.0DO 1<-- tricky here
LMAS2=0.0D0 !<-- tricky here
ELSE 1<

. read initial inertia matrix ................
CLOSE(NXU) '

OPEN(NXU,FILE=’INERTO.dat’,STATUS=’0LD’)!
READ(NXU, *)TIME, (DELTA(I),I=1,3) !
+ , (ICFD(1),I=1,6) !

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

inertia
matrix

. read measured spin profile(optional) .......

IF(SPIN.EQ. ’2’)THEN !
READ(NXUS,*) TIME, qd(ITH) !
qd (ITH)=qd(ITH)*PI/30.0 !
W1=qd(ITH) !
END IF v !

]

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

J=0
DO 30 I=1,N-ITH

d(I)=q(I+ITH)

CONTINUE

CALL MATRIX(M,MD,MP,K,f,q,qd)
CALL MAPPING(M,MD,MP,K,f,q,qd,qdd)
CALL PARTITION(M,MD,MP,K,f,q,qd)
CALL INITIAL(X,f,q)

X(1)=0.0D0 imax
X(2)=0.0D0 Itemp

b0 35 I=1,N-ITH
IF(q(I).EQ.0.0DO)GOTO 34
X(2)=4aBS((q(1)-d(1))/q(I))
IF(X(1).LT.X(2))X(1)=X(2)
CONTINUE

DO 40 I=1,N-ITH

d(1)=q(I)

CONTINUE

J=J+1

|
1
]
]
!
]
]
1
[}
1
X(3)=1.0D-05 lerror !
]
]
]
]
]
1
)
1
1
DO 45 I=1,N~ITH !
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c q(N+1-I)=q(N-ITH+1-I)
c45 CONTINUE

c DO 50 I=1,ITH

c q(1)=0.0

]
]
1
]
c50 CONTINUE '
c WRITE(11,500)FLOAT(J),(q(I),I=1,11) !
c WRITE(12,600)FLOAT(J), (q(I),I=12,N) '
c IF(J.GE.NITER)STOP !
c IF(X(1).GT.X(3))GOTO 32 !
c IF(J.LT.NITER)STOP !
c CALL EQUATION(qdd,M,HD,MP,K,f,q,qd) !

]

L
C... keep initial kinematic properties ...... BN
DO 75 I=1,N !
P0S(I,0)=q(I) !
VEL(I,0)=qd(I) !
ACC(1,0)=qdd(I) !
75 CONTINUE !
DO 80 I=1,3 !
POS(N+I,0)=P0S9(I) !
VEL(N+I,0)=VEL9(I) |
ACC(N+I,0)=ACCO(I) !
POS(N+3+I,0)=P0S10(I) !
VEL(N+3+I,0)=VEL10(I) !
ACC(N+3+I,0)=ACC10(I) !
80 CONTINUE !
Gttt ittt et ieraeiei i !
RETURN
END
Ch
T R S R R R R R R
c subroutine initial
S S R R R
ch
SUBROUTINE INITIAL(X,f,q)
c INPUT -- K,f,INCLUDE(N,ITH)
c OUTPUT -- ¢q
Cooskokstokok koo stk ok ook ok stk ek ok sk ok sk sk ok sk ok ok Aok ok ok ok sk ko ko oo
c This is a short subroutine which performs *
c calculation for initial qdd *
Coksokokos ok ok ook ook e ok sk ok sk oo ok oo ok ok okl sk ok ok ok ok
ch
INCLUDE °’/home/jiechi/newone/program/parameteri.f’
INCLUDE °’/home/jiechi/newone/program/parameterés.f’
ch
INTEGER I,J,IX(N-ITH)
CU

DOUBLE PRECISION K(N-ITH,N-ITH),f(N-ITH)
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,q(N-1ITH) ,Kout (N-ITH,N-ITH),DUM(N-ITH)

DO 10 I=1,N-ITH

q(1)=0.0

DUM(1)=0.0

DO 10 J=1,N-ITH

Kout(I,J)=0.0

CONTINUE

CALL GAUSS(K,N-ITH,IX,Kout,DUN)
CALL SOLVE(Kout,N-ITH,IX,f,q)
RETURN

END
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SUBROUTINE XUINPUT()
c%
c INPUT -- DATA.DAT file
c OUTPUT -- COMMON statements
c’4
INTEGER NSTEP,NITER,NDROP,VALUE1
c%
DOUBLE PRECISION Li,L2,L3,L4,L5,L6,L7,L8,A1,A3,A4,A5,A7,A8
+ ,Jy1,3y3,Jy4,Jy5,3y7,73y8,3=21,J23,J24,J25,J27, J28,La,Rt

+ ,MASS1,MASS3,MASS4,MASS5,MASS7 ,MASS8,LMAS1 ,LMAS2
+ ,PI,G,0MAGo,BETA,GAMA,DELT,To,TDROP,Lus,Es,RHO,VALUE2
C%
CHARACTER*7,CH1,CH2,CH3,CH4,CH5,CH6,CH7 ,CH8,CH9,CH10
+ ,CH11,CH12,CH13,CH14,CH15,CH16,CH17,CH18,CH19,CH20
+ ,CH21,CH22,CH23,CH24,CH25,CH26 ,CH27,CH28,CH29,CH30
+ ,CH31,CH32,CH33,CH34,CH35,CH36,CH37,CH38,CH39,CH40
+ ,CH41,CH42
+ ,mark*72,CHANGE,X
ci
COMMON/COM3/G 1<~~ output
COMMON/COM4/Lus 1<-- output
COMMON/COMS/Es 1<-- output
COMMON/COM7/La,Rt !<-- output
COMMON/COMF/0OMAGo,PI, To !<-- output
COMMON/COMLMAS/LMAS1, LMAS2 1<=- output
COMMON/COMNM/BETA , GAMA , DELT !<=~ output
COMMON/COM6/HSTEP, NITER ,NDRCP !<-- output
COMMON/COML/L1,L2,L3,L4,L5,L6,L7,L8 !<-- output
COMMON/COMJy/Jy1,Jy3,Jy4,Jy5,3y7,Jy8 !<-- output
COMMON/COMJz/Jz1,]=23, Jz4,325,1=27,]28 I<-- output
COMMON/COMMASS/MASS1,MASS3 ,MASS4 ,MASS5,MASS7 ,MASS8 !1<-- output
c%
CLOSE(40) ,
OPEN(UNIT=40,FILE=’DATA.dat’,STATUS="0LD’)
ch
10 READ(40,°’ (A)’ )mark
IF(mark(1:1) .EQ.’#’.0R.mark(1:1).EQ.’!’.0OR.
+ mark(1:1).EQ.’%’.0R.mark(1:1).EQ.’$’)GOTO 10
BACKSPACE(40)

READ(40,°(A,I5)’)CH1 ,NSTEP
READ(40,°(A,I2)’)CH2 ,NITER
READ(40,100)CH3 ,G
READ(40,100)CH4 ,0MAGo
READ(40,100)CHS ,BETA
READ(40,100)CH6 ,GAMA
READ(40,100)CH7 ,DELT
READ(40,100)CH8 ,To
READ(40,100)CH9 ,TDROP
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READ(40,100)CH10,Lus
READ(40,100)CH11,Es
READ (40, 100)CH12,RHO
READ(40,100)CH13,A1
READ(40,100)CH14,45
READ(40,100)CH15,A3
READ (40, 100)CH16, A4
READ(40,100)CH17,A7
READ(40,100)CH18,A8
READ (40, 100)CH19,L1
READ (40, 100)CH20,L5
READ(40,100)CH21,L2
READ (40, 100)CH22,L6
READ (40, 100)CH23,L3
READ (40, 100)CH24,L4
READ (40, 100)CH25,L7
READ (40, 100)CH26,L8
READ (40, 100)CH27, Jy1
READ (40, 100)CH28, Jy6
READ (40, 100)CH29, Jy3
READ (40, 100) CH30, Jy4
READ (40, 100)CH31, Jy7
READ (40, 100) CH32, Jy8
READ(40,100)CH33, Jz1
READ (40, 100)CH34, 125
READ (40, 100)CH35,J23
READ (40, 100)CH36,Jz4
READ(40,100)CH37,Jz7
READ (40, 100)CH38, J28
READ(40,100)CH39,La
READ (40, 100)CH40,Rt
READ (40, 100) CH41,LMAS1
READ (40, 100) CH42,LMAS2

WRITE(*,*)

WRITE(*,*) ?<~—%**x** Echo data file #%kkk—->?
WRITE(*,*) d

REWIND(40)

READ (40, (A)’)mark

IF(mark(1:7).NE. ’endfile’.AND.mark(1:7) .NE. ’ENDFILE’ )THEN
WRITE(*, ’(4)’)mark

GOTQ 15

END IF

WRITE(*,’(4) ’)mark

WRITE(*,*)

WRITE(#,*)’<——%**** Echo is complete *¥*¥*—=>’
WRITE(*,*)

CHANGE="NO’

WRITE(*,*)’Any change?(<ret>=N)’
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READ(*,’ (A)’)CHANGE
IF(CHANGE.EQ. ’YES’ ,OR.CHANGE.EQ. Y’ .OR.
CHANGE.EQ. ’yes’.OR.CHANGE.EQ. ’y’) THEN
WRITE(*,*) ’Which one?(type variable name)’
READ(*,°(A4)’)X

WRITE(*,*) ’Please input the value’
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IF(X.EQ.’NSTEP’ .OR.X.EQ.’NITER’.OR.
X.EQ.’nstep’.0R.X.EQ. ’niter’)THEN
READ(*,*) VALUE1
IF(X.EQ.’NSTEP’.0R.X.EQ. ’nstep’ ) NSTEP=VALUE1
IF(X.EQ.’NITER’.0R.X.EQ. ’niter’ )NITER=VALUE1

ELSE

READ(*,*) VALUE2

IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
. IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X

.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.

IF(X.EQ.

IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X
IF(X

.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.
.EQ.

)G)
OMAGo’ .
’BETA’
?GAMA’
’DELT’
)To)
TDROP’ .
’Lus’
)ES)
*RHO’
JAI)
)ASI
’As)
)A4)
)A?’
)A8!
}Li)
JLS’
’Lz)
JLGJ
)le
)L4)
JL7)
JLSJ
1 Jy1?
:Jys;
)Jysl
)Jy4)
)Jy7)
JJy8J
’Jz1?
?Jz5?
2 Jz3?
2 Jz4’
2 Jz7?

.OR.X.EQ.

OR.X.EQ.

.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.

OR.X.EQ.

.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.
.OR.X.EQ.

Jg)

)G

=VALUE2

’omago’ ) OMAGo=VALUE2
’beta’ )BETA =VALUE2
‘gama’ )GAMA =VALUE2
’delt’ )DELT =VALUE2

’to? )To =VALUE2
’tdrop’)TDROP=VALUE2
’lus’ )Lus =VALUE2
‘es? JEs  =VALUE2
’rho’ )RHO =VALUE2
‘a1’ JAL =VALUE2
‘ab’ JAS =VALUE2
’a3’ )A3 =VALUE2
’ad’ JA4 =VALUE2
‘a7’ )aT =VALUE2
’a8’ )A8 =VALUE2
11 JL1 =VALUE2
15’ JL5 =VALUE2
212! L2 =VALUE2
’16’ JL6 =VALUE2
13 JL3 =VALUE2
14’ JL4  =VALUE2
17’ L7 =VALUE2
’18’ )L8  =VALUE2
’jy1? )Jyl =VALUE2
jy5’ )Jy5 =VALUE2
'jy3’ )Jy3 =VALUE2
'jy4’ )Jy4 =VALUE2
'jy7’  )IyT =VALUE2
'jy8’ )Jy8 =VALUE2
’jz1? )Jz1 =VALUE2
1§25’ )Jz5 =VALUE2
1§23’ )Jz3 =VALUE2
'jz4’ )Jz4 =VALUE2
’§j27’ )J27 =VALUE2
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IF(X.EQ.’J28° .OR.X.EQ.’jz8’ )Jz8 =VALUE2
IF(X.EQ.’La’ .OR.X.EQ.’la’ )La =VALUE2
IF(X.EQ.’Rt’ .OR.X.EQ.’rt’ )Rt =VALUE2
IF(X.EQ.’LMAS1’ .0R.X.EQ.’1mas1’)LMAS1=VALUE2
IF(X.EQ.’LMAS2’.0R.X.EQ. ’1lmas2’)LMAS2=VALUE2
END IF

CHANGE="NO’

WRITE(*,*)’Another change?(<ret>=N)’

READ(*,’ (A)’ )CHANGE

IF(CHANGE.EQ.’YES’.OR.CHANGE.EQ. Y’ .OR.
CHANGE.EQ.’yes’.0R.CHANGE.EQ.’y’)GOTO 20

WRITE(*,*)

WRITE(*,%*)’<== ***** Echo new data file #¥k**x ==>>

WRITE(*,%*)

WRITE(*,?(A,I5)’)CH1, NSTEP

WRITE(*,’(A,I2)’)CH2, NITER

WRITE(*,100)CH3, G

WRITE(*,100)CH4, OMAGo

WRITE(*,100)CH5, BETA

WRITE(*,100)CHE6, GAMA

WRITE(*,100)CH7, DELT

WRITE(*,100)CH8, To

WRITE(*,100)CH9, TDROP

WRITE(*,100)CH10,Lus

WRITE(*,100)CH11,Es

WRITE(*,100)CH12,RHO

WRITE(*,100)CH13,A1

WRITE(*,100)CH14,A5

WRITE(*,100)CH15,A3

WRITE(*,100)CH16,A4

WRITE(*,100)CH17,A7

WRITE(*,100)CH18,A8

WRITE(*,100)CH19,L1

WRITE(*,100)CH20,L5

WRITE(*,100)CH21,L2

WRITE(*,100)CH22,L6

WRITE(*,100)CH23,L3

WRITE(*,100)CH24,L4

WRITE(*,100)CH25,L7

WRITE(*,100)CH26,L8

WRITE(*,100)CH27,Jy1

WRITE(*,100)CH28,Jy5

WRITE(*,100)CH29,Jy3

WRITE(*,100)CH30,Jy4

WRITE(*,100)CH31,Jy7

WRITE(*,100)CH32,Jy8

WRITE(*,100)CH33,Jz1

WRITE(*,100)CH34,J=5
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WRITE(*,100)CH35,Jz3
WRITE(*,100)CH36,J=z4
WRITE(*,100)CH37,Jz7
WRITE(*,100)CH38,Jz8
WRITE(*,100)CH39,La
WRITE(*,100)CH40,Rt
WRITE(*,100)CH41,LMAS1
WRITE(*,100)CH42,LMAS2
WRITE(*,*)
WRITE(*,*)’<== #*x**x New echo is complete ¥k¥k* ==>?
WRITE(*,*) ‘
CHANGE=’NO’
WRITE(*,#*) ’Further change?(<ret>=N)’
READ(*,? (A)’)CHANGE
IF(CHANGE.EQ. ’YES’ .OR.CHANGE.EQ.’Y’.0OR.
CHANGE.EQ.’yes’.OR.CHANGE.EQ.’y’)GOTO 20
END IF
WRITE(*,*)
WRITE(*,*)’~— reading data file finished --’
WRITE(*,*)

PI=4.0*DATAN(1.0DO)
OMAGo=PI*(0OMAG0/30.0)
NDROP=TDROP/DELT
MASS1=RHO*A1*L1
MASS3=RHO*A3*L3
MASS4=RHO*A4*L4
MASS5=RHO*AS5*L5
MASS7=RHO*AT*L7
MASS8=RHO*A8+L8

FORMAT(A,D12.5)
RETURN
END
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SUBROUTINE OUTPUT(T,NR,SN,X,PI,NSTEP)

C%

c INPUT -- T,NR,SN,X,PI,NSTEP

C OUTPUT -- WRITE statements

c’

Cokeokok sk koo sk sk ke sk sk ek ok ek sk e ok sk sk ok s ok sk ok sk ook ok e s ok ok sk o ok ke ok ok ok ok ok ok
C T =-- Time vector *
c NR -- Number of generalized coordinates for rigid body =*
C Note: The restriction of NR is NR<=3. *
c 'SN -- Subname of input vector, "dat.p",'dat.v","dat.a" *
(4 X -- A vector, i.e., position, velocity, acceleration *

Cokese otk sk ke ok e e ok ook oo ok ok e ook o sk ook sk ok ook ok oo
)
INCLUDE ’/home/jiechi/newone/program/parameteri.f’
INCLUDE ’/home/jiechi/newone/program/parameter2.f’

cl
INTEGER I,J,K,NR,NU,NTEMP,NSTEP,INT34,INT78,M0D34,M0D78
c
DOUBLE PRECISION T(O:NSTEP),X(N+6,0:NSTEP),PI
cl
CHARACTER*6 SN*5,NAME
ch

MOD34=MOD((Ni1+Ni3+Ni4-1),2)
MOD78=MOD ((Ni5+Ni7+Ni8-1),2)
INT34=INT((Ni1+Ni3+Ni4-1)/2)
INT78=INT((NiS+Ni7+Ni8-1)/2)
Cx** to close and re-open units of output files ######UVRAA#NAR
c IF(NT.EQ.O)THEN

'
c M=ICHAR(’0’) !character index of integer zero "0" !
< DO § J=0,INT34+INT78 !
< CLOSE(NU+J) !
c5 CONTINUE !
c DO 7 J=0,INT34+INT78 !
c ADD=CHAR(M+J) !
c OPEN(UNIT=NU+J,FILE=SN//ADD,STATUS=’NEW’) !
c7 CONTINUE !
c END IF !
CHRHHI R R R R R R R R R R R AR R B R R R R R R AR R R R
NU=30
CLOSE(NU)

(192 9201 2929202 20291 9151416202621 6292919 2920292925 T o2 S22 S
IF(MOD34.EQ. 1) THEN

IF(MOD78.EQ.1)THEN
NTEMP=NR+8+ (INT34+INT78)+4
WRITE(NAME,’(A,I1)’)SN,0
OPEN(UNIT=NU,FILE=NAME,STATUS=’NEW’)
WRITE(NU,300)(T(K), (X(I,K)*180.D0/PI,I=1,NR)

* , (X(I,K)*1000.D0,I=NR+8+INT34+1, NR+8+INT34+2)
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,X(NR+8*INT34+3,K)*180.D0/PI X (NR+8*INT34+4,K)*1000.D0
, (X(I,K)*1000.D0,I=NTEMP+1 ,NTEMP+2)
,X(NTEMP+3,K)*180.D0/PI,X (NTEMP+4,K)*1000.D0,K=0,NSTEP)
DO 20 J=1,INT34
NTEMP=NR+8*(J-1)
WRITE(NAME,’(A,I1)°)SN,J
CLOSE(NU)
OPEN (UNIT=NU,FILE=NAME,STATUS=’NEW’)
WRITE(NU,200) (T(K), (X(I,K)*1000.D0
,X(I+1,K)*180.D0/PI,I=NTEMP+1 ,NTEMP+7,2) ,K=0,NSTEP)
CONTINUE
DO 30 J=1,INT78
NTEMP=NR+8* (INT34+J-1)+4
WRITE(NAME,’(A,I1)°)SN,INT34+]
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME, STATUS=’NEW’)
WRITE(NU,200) (T(K), (X(I,K)#*1000.D0
,X(I+1,K)*180.D0/PI,I=NTEMP+1 ,NTEMP+7,2) ,K=0,NSTEP)
CONTINUE
ELSE

(9229292929 29292 92192929 1929292020200 92919292 92101 o191 9292 o2ttt

NTEMP=NR+8+*INT34
WRITE(NAME,’(A,I1)?)SN,0
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME,STATUS=’NEW’)
WRITE(NU,100) (T(K),(X(I,K)*180.D0/PI,I=1,NR)
, (X(I,K)*1000.DO,I=NTEMP+1 ,NTEMP+2)
,X(NTEMP+3,K)*180.D0/PI ,X(NTEMP+4,K)*1000.D0,K=0,NSTEP)
DO 40 J=1,INT34
NTEMP=NR+8%* (J-1)
WRITE(NAME, ’(A,I1)?)SN,J
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME,STATUS='NEW’)
WRITE(NU,200) (T(K), (X(I,K)*1000.D0
,X(I+1,K)*180.D0/PI,I=NTEMP+1,NTEMP+7,2) ,K=0,NSTEP)
CONTINUE
IF(INT78.GT.1)THEN
DO 50 J=1,IN178-1
NTEMP=NR+8*INT34+4+8%(J-1)
WRITE(NAME,’(A,I1)’)SN,INT34+]
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME,STATUS=’NEW’)
WRITE(NU,200)(T(K), (X(I,K)*1000.D0
,X(I+1,K)*180.D0/PI,I=NTEMP+1,NTEMP+7,2),K=0,NSTEP)
CONTINUE
END IF
NTEMP=NR+8*INT34+4+8+*(INT78-1)
WRITE(NAME,’(A,T1)’)SN,INT34+INT78
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CLOSE(NU)

OPEN(UNIT=NU,FILE=NAME,STATUS='NEW’)

WRITE(NU,200) (T(K)

, (X(I,K)*1000.D0,X(I+1,K)*180.D0O/PI, I=NTEMP+1,NTEMP+3,2)
, (X(I,K)*1000.D0,I=NTEMP+5,NTEMP+6)
,X(NTEMP+7,K)*180.D0/PI,X (NTEMP+8,K)*1000.D0,K=0,NSTEP)
END IF

192929292 019029292929 292 929092922921 Lo 2oL S 2Pl Lo lel 1P Lol e Lt

ELSE
192929029 19292929292 292 14 L2029l Pl Sl ol Sl LD Sl ol ol P lol ol ot

IF(MOD78.EQ.1)THEN
NTEMP=NR+8* (INT34+INT78)
WRITE(NAME,’(4,I1)°)SN,0
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME,STATUS=’NEW’)
WRITE(NU,100) (T(K), (X(I,K)*180.D0/PI,I=1,NR)
, (X(I,K)*1000.D0,I=NTEMP+1,NTEMP+2)
,X(NTEMP+3,K)*180,D0/PI,X(NTEMP+4,K)*1000.D0,K=0,NSTEP)
IF(INT34.GT.1)THEN
DO 60 J=1,INT34-1
NTEMP=NR+8*(J-1)
WRITE(NAME,’(A,I1)’)SN,J
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME,STATUS=’NEW’)
WRITE(NU,200) (T(K), (X(I,K)*1000.D0
,X(I+1,K)*180.D0/PI, I=NTEMP+1,NTEMP+7,2) ,K=0,NSTEP)
CONTINUE
END IF
NTEMP=NR+8*(INT34-1)
WRITE(NAME,’(A,I1)’)SN,INT34
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME,STATUS="NEW’)
WRITE(NU,200) (T(K)
, (X(I,K)*1000.D0,X(I+1,K)*180.D0/PI,I=NTEMP+1,NTEMP+3,2)
, (X(I,K)*1000.D0,I=NTEMP+5,NTEMP+6)
,X(NTEMP+T7 ,K)#180.D0/PI, X (NTEMP+8,K)*1000.D0,K=0,NSTEP)
DO 70 J=1,INT78
NTEMP=NR+8+* (INT34+J-1)
WRITE(NAME,’(A,I1)’)SN,INT34+]
CLOSE (NU)
OPEN (UNIT=NU,FILE=NAME,STATUS="NEW’)
WRITE(NU,200) (T(X), (X(I,K)*1000.DO
,X(I+1,K)*180.D0/PI,I=NTEMP+1,NTEMP+7,2),K=0,NSTEP)
CONTINUE
ELSE

(929292929292 929292 91929292 929292929292 19292 S0 29202 oL ol el ottt

WRITE(NAME,’(A,I1)’)SN,0
CLOSE (NU)
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OPEN(UNIT=NU,FILE=NAME,STATUS="NEW’)
DO 75 K=0,NSTEP
WRITE(NU,400)T(K), (X(I,K)*180.D0/PI,I=1,NR)
CONTINUE
IF(INT34.GT.1)THEN
DO 80 J=1,INT34-1
NTEMP=NR+8*(J-1)
WRITE(NAME,’(4,I1)’)SN,J
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME,STATUS=’NEW’)
DO 80 K=0,NSTEP
WRITE(NU,200)T(K), (X(I,K)*1000.D0,X(I+1,K)*180.D0/PI
,I=NTEMP+1,NTEMP+7,2)
CONTINUE
END IF
NTEMP=NR+8+* (INT34-1)
WRITE(NAME,’(A,I1)’)SN,INT34
CLOSE(NU)
QOPEN(UNIT=NU,FILE=NAME,STATUS=’NEW’)
DO 85 K=0,NSTEP
WRITE(NU,200)T(K)
, (X(I,K)*1000.D0,X(I+1,K)*180.D0/PI,I=NTEMP+1,NTEMP+3,2)
, (X(I,K)*1000.D0,I=NTEMP+5,NTEMP+6)
,X(NTEMP+7,K)*180.D0/PI,X(NTEMP+8,K)*1000.D0
CONTINUE
IF(INT78.GT.1)THEN
DO 90 J=1,INT78-1
NTEMP=NR+8%(INT34+J-1)
WRITE(NAME, ’(A,I1)°)SN,INT34+]
CLOSE(NU)
OPEN (UNIT=NU,FILE=NAME,STATUS=’NEW’)
DO 90 K=0,NSTEP
WRITE(NU,200)T(K), (X(I,K)*1000.D0,X(I+1,K)*180.D0/PI
, I=NTEMP+1,NTEMP+7,2)
CONTINUE
END IF
NTEMP=NR+8+* (INT34+INT78-1)
WRITE(NAME, ’ (A,I1)’)SN,INT34+INT78
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME,STATUS=’NEW’)
DO 95 K=0,NSTEP
WRITE(NU,200)T(K)
, (X(I,K)*1000.D0,X(I+1,K)*180.D0/PI,I=NTEMP+1,NTEMP+3,2)
, (X(I,K)*1000.D0,I=NTEMP+5,NTEMP+6)
, X(NTEMP+7 ,K)*180.D0/PI, X (NTEMP+8,K)*1000.D0
CONTINUE
END IF

END IF
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CL===0LOLKO LN OO
WRITE(NAME,’(4)’)SN//’K’
CLOSE(NU)
OPEN(UNIT=NU,FILE=NAME,STATUS="NEW’)
DO 97 K=0,NSTEP
WRITE(NU,500)T(K), (X(N+I,K)*1000.D0,I=1,6)

o7 CONTINUE
CL=m2OEOL<I O EOLILI OISO OOIOOLIIIO DGO OOLO===
100 FORMAT(1X,F7.4,7(1X,D14.7)) 17=NR+4
200 FORMAT(1X,F7.4,8(1X,D14.7)) 18=4+4
300 FORMAT(1X,F7.4,11(1X,D10.3)) '11=NR+4+4
400 FORMAT(1X,F7.4,3(1X,D14.7)) 13=NR
500 FORMAT(1X,F7.4,6(1X,D14.7)) 16=3+3
RETURN

END



c’

c’

C%

c’

cl.

ch

L R R N S B R I SR IR NN

¥ OK K K X X X K *
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SUBROUTINE MATRIX(M,MD,MP,K,f,q,qd)

INPUT -- q,qd
QUTPUT -- M,MD,MP,K,f

INCLUDE °’/home/jiechi/newone/program/parameteri.f’
INCLUDE ’/home/jiechi/newone/program/parameter2.f’

INTEGER I,J

DOUBLE PRECISION L1,L2,L3,L4,L5,L6,L7,L8
,£1(NG1),£3(NG3),f4(NG4),f2(7),f9(11),£0(3)
,£5(NG5) ,£f7(NG7) ,£8(NG8),£6(7),£10(11),£(N)
,q1(NG1),q3(NG3),q4(NG4),q2(7),q9(11),q0(3)
,q5(NG5),q7(NG7),q8(NG8),q6(7),q10(11),q(N)
,q1d(NG1),q3d(NG3) ,q4d (NG4) ,q2d(7),q9d(11),q0d(3)
,q5d(NG5) ,q7d(NGT7) ,q8d (NG8) ,q6d(7),q10d(11),qd(N)

,MD1(¥G1,NG1) ,MD3(NG3,NG3) ,MD4(NG4,NG4) ,MD5(NG5,NG5)
,MP1(NG1,NG1) ,MP3(NG3,NG3) ,MP4(NG4,NG4) ,MP5(NG5,NG5)
,MD7(NG7 ,NG7) ,MD8(NG8,NG8) ,MP7(NG7,NG7) ,MP8(NG8,NG8)

,MD(N,N) ,MDO(3,3),MD2(7,7) ,MD6(7,7) ,MD9(11,11) ,MD10(11,11)
,MP(N,N),MPO(3,3),MP2(7,7) ,MP6(7,7) ,HP9(11,11) ,MP10(11,11)

,M1(NG1,NG1) ,M3(NG3,NG3),M4(NG4,NG4) ,M2(7,7) ,M9(11,

11),M0(3,3)

,M6(NG5,NG5) ,M7 (NG7 ,NG7) ,M8(NG8,NG8) ,M6(7,7) ,M10(11,11) ,M(N,N)

,K1(NG1,NG1) ,K3(NG3,NG3),K4(NG4,NG4) ,K2(7,7) ,K9(11,

11),K0(3,3)

,K8(NG5,NG5) ,K7(NG7,NG7) ,K8(NG8,NG8) ,K6(7,7) ,K10(11,11) ,K(N,N)

DOUBLE PRECISION R1(3),R3(3),R4(3),R5(3),R7(3),R8(3)
,J1(3,8G1-3),35(3,NG5-3),T01(3,3),TO5(3,3),T034(3,3)
,J3(3,NG3-3),J7(3,NG7-3),T03(3,3),T07(3,3),T078(3,3)

,J4(3,NG4-3),J8(3,NG8-3),T04(3,3),T08(3,3)
,Jy1,Jy3,Jy4,Jy5,3y7,3y8,3=21,323, J24,J=25,3=27, J28

,PHIO(3,N) ,PHI2(7,N),PHI6(7,N) ,PRI9(11,N),PHI10(11,

,PHI1(NG1,N) ,PHI3(NG3,N),PHI4(NG4,N)
,PHIS(NGS,N) ,PHI7(NG7,N),PHI8(NGS,N)
,MASS1,MASS3,MASS4,MASS5,MASS7 ,MASS8,LMAS1,LMAS2
,NT(3,3),ND(3,3),NP(3,9),TP(3,3)

COMMON/COM8/NT,ND 1<
COMMON/COM9/NP, TP I<—-
COMMON/COMR/R1,R3,R4,R5,R7,R8 1<~

COMMON/COMT/T01,T03,T04,T05,T07,T08,T034,T078 !<~-

COMMON/COMPHI1/PHIO,PHI1,PHI2,PHI3,PHI4,PHI5 !<-—-
COMMON/COMPHI2/PHI6,PHI7,PHI8,PHI9,PHI10 1<==
COMMON/COMLMAS/LMAS1,LMAS2 1 <=
COMMON/COML/L1,L2,L3,L4,L5,L6,L7,L8 1<~
COMMON/COMJy/Jy1,Jy3,3y4,Jy5,3y7,3y8 I<mm
COMMON/COMJz/Jz1,323,J24,)25,3=27,3z8 1<

N)

output

output

input (xuinit)

input (xuinit)

input (compat)

input (compat)

input (input,xuinit)
input (input)

input (input)

input (input)
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COMMON/COMMASS/MASS1,MASS3,MASS4,MASSS , MASS7 ,MASS8 !<-- input(input)

c%

Ch%* clear zero start Fksdksdokdokkikikkikikkkkk(
DO 10 J=1,7
92(J)=0.0D0
q6(J3)=0.0D0
q2d(J)=0.0D0
q6d(J)=0.0D0
£2(J)=0.0D0
£6(J)=0.0D0
DO 10 I=1,7
M2(I,J)=0.0D0
M6(I,J)=0.0D0
MD2(I,J)=0.0D0
MD6(I,J)=0.0D0
MP2(I,J)=0.0D0
MP6(I,J)=0.0D0
K2(I,J)=0.0D0
K6(I,J)=0.0D0

10 CONTINUE
DO 15 J=1,11
q9(J3)=0.0D0
q10(J)=0.0D0
q9d(J)=0.0D0
q10d(J)=0.0D0
£9(J)=0.0D0
£10(J)=0.0D0
DO 15 I=1,11
M9(I,J)=0.0D0
M10(I,J)=0.0D0
MD9(I,J)=0.0D0
MD10(I,J)=0.0DO
MP9(I,J)=0.0D0
MP10(I,J)=0.0DO
K9(I,J)=0.0D0
K10(I,J)=0.0D0

15 CONTINUE
DO 20 J=1,NG1
q1(J3)=0.0D0
q1d(J)=0.0D0
£1(J)=0.0D0
DO 20 I=1,NG1
M1(I,J)=0.0D0
MD1(I,J)=0.0D0
MP1(I,J)=0.0D0
K1(I,J)=0.0D0

20 CONTINUE
DO 25 J=1,NG3



25

30

35

40

q3(3)=0.0D0
q3d(J)=0.0D0
£3(3)=0.0D0
DO 25 I=1,NG3
M3(I,J)=0.0D0
MD3(I,J)=0.0D0
MP3(I,3)=0.0D0
K3(I,J)=0.0D0
CONTINUE

DO 30 J=1,NG4
q4(J3)=0.0D0
q4d(J)=0.0D0
£4(J)=0.0D0
DO 30 I=1,NG4
M4(1,J)=0.0D0
MD4(1,J3)=0.0D0
MP4(I,J)=0.0D0
K4(I,J)=0.0D0
CONTINUE

DO 35 J=1,NG5
q5(3)=0.0D0
q5d (3)=0.0D0
£5(J)=0.0D0

DO 35 I=1,NGS
M5(I,J3)=0.0D0
MD5(I,J)=0.0D0
MP5(I,J)=0.0D0
K5(1,J3)=0.0D0
CONTINUE

D0 40 J=1,NG7
q7(3)=0.0D0
q7d(3)=0.0D0
£7(3)=0.0D0

DO 40 I=1,NG7
M7(I,J)=0.0D0
MD7(I,J)=0.0D0
MP7(I,J)=0.0D0
K7(I,J)=0.0D0
CONTINUE

DO 45 J=1,NG8
q8(J)=0.0D0
q8d(3)=0.0D0
£8(J)=0.0D0
DO 45 1=1,NG8
M8(I,J)=0.0D0
MD8(I, J)=0.0D0
MP8(I,J)=0.0D0
K8(I,J)=0.0D0
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45 CONTINUE
DO 60 J=1,N
£(J)=0.0D0
DO 50 I=1,N
M(I,J)=0.0D0
MD(I,J)=0.0D0
MP(X,J)=0.0D0
K(I,J3)=0.0D0
50 CONTINUE
DO 100 J=1,3
q0(J)=0.0D0
q0d(J)=0.0D0
£0(3)=0.0D0
DO 100 I=1,3
ND(I,J)=0.0D0
TP(I,J)=0.0D0
NP(I,J)=0.0DO
NP(I,J+3)=0.0DO
NP(I,J+6)=0.0D0
¥0(I,3)=0.0D0
MDO(I, J)=0.0D0
MPO(I, J)=0.0D0
Ko(I,J)=0.0D0
100 CONTINUE
Ck*x% clear zexro end ¥k kikkkikdkkdkikC
NT(1,1)= 0.0
NT(1,2)= 1.0
NT(1,3)=-DSIN(q(1))
NT(2,1)= DCOS(q(2))
NT(2,2)= 0.0
NT(2,3)= DCOS(q(1))*DSIN(q(2))
NT(3,1)=-DSIN(q(2))
NT(3,2)= 0.0
NT(3,3)= DCOS(q(1))*DC0S(q(2))
ND(1,3)=-qd(1)*DC0S(q(1))
ND(2,1)=-qd(2)*DSIN(q(2))
ND(2,3)=-qd(1)*DSIN(q(1))*DSIN(q(2))
* +qd(2)*DC0S(q(1))*DC0S(q(2))
ND(3,1)=-qd(2)*DC0S(q(2))
ND(3,3)=-qd(1)*DSIN(q(1))*DC0S(q(2))
* -qd(2)*DC0S(q(1))+DSIN(q(2))
TP(1,1)=-DCOS(q(1))
TP(1,2)=-DSIN(q(1))*DSIN(q(2))
TP(1,3)=-DSIN(q(1))*DC0S(q(2))
TP(2,2)= NT(3,3)
TP(2,3)=-NT(2,3)
NP(1,3)= TP(1,1)
NP(1,6)= TP(1,2)



NP(1,
NP(2,
NP(2,
NP(2,
NP(2,

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
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9)= TP(1,3)

4)= NT(3,1)

6)= TP(2,2)

7)==-NT(2,1)

9)= TP(2,3)

COUPLE(q1,PHI1,q,NG1,N,1)

COUPLE(q3,PHI3,q,NG3,N,1)

COUPLE(q4,PHI4,q,NG4,N,1)

COUPLE(q5,PHIS,q,NG5,N, 1)

COUPLE(q7,PHI7,q,NG7,N,1)

COUPLE(q8,PHIS8,q,NG8,N,1)

COUPLE(q0,PHIO,q,3,N,1)

COUPLE(q2,PHI2,q,7,N,1)

COUPLE(g6,PHI6,q,7,N,1)

COUPLE(q9,PHI9,q,11,N,1)

COUPLE(q10,PHI10,q,11,N,1)
COUPLE(q1d,PHI1,qd,NG1,N,1)
COUPLE(q3d,PHI3,qd,NG3,N,1)
COUPLE{qg4d,PHI4,qd,NG4,N,1)
COUPLE(q5d,PHI5,qd,NG5,N,1)
COUPLE(q7d,PEI7,qd,NG7,N,1)
COUPLE(g8d,PHI8,qd,NG8,N,1)

COUPLE(q0d,PHI0,qd,3,N,1)

COUPLE(q2d,PHI2,qd,7,N,1)

COUPLE(q6d,PHI6,qd,7,N,1)

COUPLE(qg9d,PHI9,qd,11,N,1)
COUPLE(q10d,PHI10,qd,11,N,1)
SHAFT(q0,q0d, 0 ,MDO,MP0O,£0)

RBEAM(L1, 1.0D0,q2,q2d,M2,HD2,MP2,K2,$2)
RBEAM(L1,-1.0D0,q6,q6d,M6,MD6,MP6,K6,£6)
TANK(L1,L2,T01,T034,q9, q9d, M9, MD9, MP9, K9, F9,LMAS1)
TANK(LS5,L6,T05,T078,q10,q10d,H10,4D10,MP10,K10,F10,LMAS2)
FBEAM(Ni1,NG1,L1,MASS1,R1,TO1,q1,q1d,M1,MD1,MP1,J1,F1)
FBEAM(Ni3,NG3,L3,MASS3,R3,T03,q3,q3d,M3,MD3,MP3,13,F3)
FBEAM(Ni4,NG4,L4,MASS4,R4,T04,q4,q4d,M4,MD4,MP4,J4,F4)
FBEAM(Ni5,NGS,L5,MASS5,R5,T05,95,95d,M5,MD5, MP5, J5,F5)
FBEAM(Ni7,NG7,L7,MASS7,R7,TO7,q7,q7d,M7,MD7 ,MP7,37,F7)
FBEAM(Xi8,NG8S,L8,MASS8,R8,T08,q8,q8d,M8,MD8,MP8, I8, F8)
STIFF(K1,J1,Nil1,NG1,L1,Jy1,Jz1)
STIFF(K3,J3,Ni3,NG3,L3, Jy3,Jz3)
STIFF(K4,J4,Ni4,NG4,L4,Jy4,Jz4)
STIFF(KS,J5,Ni5,NG5,L5, Jy5, J25)
STIFF(K7,J7,Ni7,NG7,L7,3y7,Jz27)
STIFF(K8,J8,Ni8,NG8,L8, Jy8,Jz8)

ASSEMBLY (M,MO,M1,M2,M3,M4 M5 ,M6,M7,M8,M9,H10)
ASSEMBLY(MD,MDO,MD1,MD2,MD3,MD4,MDS , MD6,MD7,MD8,MD9, MD10)
ASSEMBLY (MP,MPO,MP1,MP2,MP3,MP4,MPS ,MP6,HP7 ,MP8,MP9,MP10)
ASSEMBLY(K,X0,K1,K2,K3,K4,K5,K6,K7,K8,K9,K10)
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CALL FORCE(f,f0,f1,£2,£3,f4,£5,£6,£7,£8,£9,£10)
RETURN
END
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SUBROUTINE ASSEMBLY(MX,MXO0,MX1,MX2,MX3,MX4
* ,MX5,MX6,MX7,MX8,MX9,MX10)
OUTPUT -- MX
c INPUT -- MXO,MX1,MX2,MX3,MX4,MX5,MX6,MX7,MX8,MX9,MX10

Ch

Q

INCLUDE ’/home/jiechi/newone/program/parameterl.f’
INCLUDE ’/home/jiechi/newone/program/parameter2.f’
A
INTEGER I,I0,I1,I2,13,14,15,16,17,18,19,1I10
* »J,J0,31,32,33,34,35,36,37,38,39,J10

DOUBLE PRECISION MX(N,N),MX0(3,3),Mx2(7,7),MX6(7,7)
,MX9(11,11) ,MX10(11,11) ,MX1(NG1,NG1) ,MX3(NG3,NG3)
,MX4(NG4,NG4) ,MX5(NG5,NG5) ,MX7 (NG7,NG7) ,MX8(NG8,NG8)
,PHIO(3,N),PHI2(7,N),PHI6(7,N) ,PHI9(11,N),PHI10(11,N)
,PHI1(NGi,N),PHI3(NG3,N),PHI4(NG4,N)

,PHI5S(NG5,N) ,PHI7(NG7,N) ,PHI8(NG8,N)
,SUMO,SUM1,SUM2,SUM3, SUM4, SUMS
,SUM6,SUM7 , SUM8,SUM9, SUM10, SUM

* ¥ % K X ¥ *

ch
COMMON/COMPHI1/PHIO,PHI1,PHI2,PHI3,PHI4,PHIS !<--- input(compat)
COMMON/COMPHI2/PHI6,PHI7,PHI8,PHI9,PHI10 !<-—- input(compat)

ch
DO § J=1,N
DO 5 I=1,N
MX(I,J)=0.0D0

5 CONTINUE

ch
DO 100 J=1,N
DO 100 I=1,N
SUM=0.0D0
DO 11 Jo=1,3 1K<
SUM0=0.0D0
D0 10 I0=1,3
SUMO=SUMO+PHIO(I0,I)*MX0(I0,J0)

10 CONTINUE
SUM=SUM+SUM0*PHI0(JO,J)

11 CONTINUE 1<
DO 16 J1=1,NG1 <<
SUM1=0.0D0
DO 15 I1=1,NG1
SUM1=SUM1+PHI1(I1,I)*MX1(I1,J1)

15 CONTINUE
SUM=SUM+SUM1*PHI1(J1,J)

16 CONTINUE 1<
DO 21 J2=1,7 1<
SUM2=0.0D0 !
DO 20 12=1,7 '
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SUM2=SUM2+PHI2(I2,I)*MX2(12,J2)
CONTINUE
SUM=SUM+SUM2+PHI2(J2,J)

CONTINUE 1K<
DO 26 J3=1,NG3 !<<
SUM3=0.0D0

DO 25 I3=1,NG3
SUH3=SUM3+PHI3(13,I)+MX3(13,J3)
CONTINUE
SUM=SUM+SUM3*PHI3(J3,J)

- cm s e sem

CONTINUE 1<<
DO 31 J4=1,NG4 !<<
SUM4=0.0D0

DO 30 I4=1,NG4
SUM4=SUM4+PHI4(14,I)*MX4(14,J4)
CONTINUE
SUM=SUM+SUM4*PHI4(J4,J)

CONTINUE 1K<
DO 36 J5=1,NG5 !<<
SUM5=0.0D0

DO 35 15=1,NG5
SUMS=SUMS+PHIS(I5,I)*MX5(15, J5)
CONTINUE
SUM=SUM+SUM5*PHI15(J5,7J)

CONTINUE 1K<
DO 41 J6=1,7 1<
SUM6=0.0D0

DO 40 I6=1,7

SUM6=SUM6+PHI6(16,1)*MX6(I6,J6)
CONTINUE
SUM=SUM+SUM6*PHI6(J6,J)

CONTINUE 1<<
DO 46 J7=1,NG7 1<<
SUM7=0.0D0

DO 45 17=1,NG7
SUM7=SUM7+PHI7(I7,I)*MX7(17,J7)
CONTINUE
SUM=SUM+SUM7*PHI7(J7,J)

CONTINUE 1<
DO 51 J8=1,NG8 !<<
SUM8=0.0D0

DO 50 I8=1,NG8
SUM8=SUM8+PHIS(I8,I)*MX8(I8,J8)
CONTINUE
SUM=SUM+SUM8*PHI8(J8,J)

CONTINUE 1<

DO 56 J9=1,11 1<
SUM9=0.0D0
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DO 55 I9=1,11 !

SUM9=SUM9+PHIS(I9, I)*MX9(I9,J9) !
55 CONTINUE !

SUM=SUM+SUM9+*PHI9(J9,J) !
56 CONTINUE <<

DO 61 J10=1,11 I<<

SUM10=0.0D0

DO 60 I10=1,11

SUM10=SUM10+PHI10(I10,I)*MX10(I10,J10)
60 CONTINUE

SUH=SUM+SUM10+#PHI10(J10,J)

61 CONTINUE 1<<
MX(I,J)=SUM

100 CONTINUE
RETURN

END



c%

c%

c’%

c%

c%
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SUBROUTINE FORCE(F,FO0,Fi,F2,F3,F4,F5,F6,F7,F8,F9,F10)
OUTPUT -~ F
INPUT -- FO,F1,F2,F3,F4,F5,F6,F7,F8,F9,F10

INCLUDE ’/home/jiechi/newone/program/parameteri.f’
INCLUDE ’/home/jiechi/newone/program/parameter2.f’

INTEGER I,I0,I1,I2,13,14,15,16,17,18,19,I10

DOUBLE PRECISION FO(3),F2(7),F6(7),F9(11),F10(11)
,F1(NG1) ,F3(NG3) ,F4(NG4) ,F5(NG5) ,F7(NG7) ,F8(NG8) ,F(N)
,PHIO(3,N) ,PHI2(7,N),PHI6(7,N),PHI9(11,N),PHI10(11,N)
,PHI1(NG1,N) ,PHI3(NG3,N),PHI4(NG4,N),GFOR9(N)
,PHI5(NG5,N) ,PHI7(NG7,N),PHI8(NG8,N),GFOR10(N)

COMMON/COMPHI1/PHIO,PHI1,PHI2,PHI3,PHI4,PHIS 1<~ input(compat)
COMMON/COMPHI2/PHI6,PHI7,PHI8,PHI9,PHI10 1<--- input(compat)
COMMON/GFORCE/GFOR9,GFOR10 1<--- input(xumain)

DO 5 I=1,N
F(I)=0.0D0

CONTINUE

DG 100 I=1,N

DO 10 I0=1,3 )
F(I)=F(I)+PHIO(IO,I)*F0(I0)
CONTINUE

DO 15 I1=1,NG1
F(I)=F(I)+PHI1(I1,I)*F1(I1)
CONTINUE

DO 20 I2=1,7
F(I)=F(I)+PHI2(I2,I)*F2(I2)
CONTINUE

DO 25 I3=1,NG3
F(I)=F(I)+PHI3(I3,I)*F3(1I3)
CONTINUE

DO 30 I4=1,NG4
F(I)=F(I)+PHI4(I4,I)*F4(I4)
CONTINUE

DO 35 I5=1,NG5
F(I)=F(I)+PHIS(I5,I)*F5(I5)
CONTINUE

DO 40 I6=1,7
F(I)=F(I)+PHI6(I6,I)*F6(I6)
CONTINUE

DO 45 I7=1,NG7
F(I)=F(I)+PRI7(I7,I)*F7(I7)
CONTINUE

DO 50 I8=1,NG8



50
55
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100
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F(I)=F(I)+PHI8(I8,I)*F8(I8)
CONTINUE

DO 55 I9=1,11
F(I)=F(I)+PHI9(I9,I)*F9(I9)
CONTINUE

DO 60 I10=1,11
F(I)=F(I)+PHI10(I10,I)*F10(I10)
CONTINUE
F(I)=F(I)+GFOR9(I)+GFOR10(I) I<--- generalized active force
CONTINUE

RETURN

END
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SUBROUTINE FBEAM(Ni,NGi,L,MASS,Ri,Ti,qi,qid,Mi,MDi,MPi,Ji,Fi)
A
c INPUT -- Ni,NGi,L,MASS,Ri,Ti,qi,qid
c OUTPUT -- Mi,MDi,MPi,Ji,Fi
c%
§ e ke ofe 3 3 sk e ke 3K sfe o ok ok 3 3 e e e o e ek ok ok e e 3 e o e 33 ok 3k 3 3 e o 3 3 o ok o s ek e ke e e e ok ke e ok e ke e e ek ok sk ok ok k ok
! NOTE: DIMENSIONS OF THE FOLLOWING DUMMY VARIABLES
ARE VARIANT. THOSE DIMENSIONS OF DUMMY VARIABLES
DEFINED IN ARRAY DECLARATION ARE FOR TEN FINITE
ELEMENTS OR LESS.
TO USE MORE THAN TEN ELEMENTS, ONE MUST DEFINE NEW
DIMENSIONS CALCULATED AS FOLLOWING:

WHERE "Ni' IS THE NUMBER OF FINITE ELEMENTS AND
"NGi" IS AN INTERMEDIATE NUMBER APPEARED IN
DIMENSIONS.

DUMMY VARIABLES -- B(3*NGi,3*NGi),E(3%NGi,NGi),D(3,3+*NGi)
! Gi2(3,NGi) ,TEMP3(3,NGi), TEMP6(3,NGi)
! TEMP8(NGi,3),X(NGi) *
Dakokaokko ok ok Kok ok # feskok R R sk oo dokak ook o ok ok ok

c%

LR I I I K R IR S BEE BEE BN R R

[}
[}
]
|
[}
!
! NGi=a*(Ni+1)+3
]
i
]
|
!
[}
[}

INTEGER Ni,NGi,I,TI1,I2,J3,J1,J2,K,K1,K2
c%

DOUBLE PRECISION L,Li,G,MASS,Ri(3),Ti(3,3),NT(3,3),ND(3,3)
,qi(NGi),qid(NGi) ,Mi(NGi,NGi) ,MDi(NGi ,NGi) ,MPi(NGi,NGi)
,Ji(3,NGi~-3) ,Fi(NGi),T3(3),Y(8,4),2(8,4),55(4,4),55YZ(3,8)
,AHAP(24,4) ,BHAP(24,24) ,DHAP(3,24),RS(3,4),NP(3,9),TP(3,3)
,6i1(3,3),6i2(3,47),B(141,141),E(141,47),D(3,141) ,X(47)
,TEMP1(3,3),TEMP2(3,3),TEMP3(3,47), TEMP4(3,3), TEMP5(3,3)
,TEMP6(3,47) ,TEMP7(3,3) ,TEMP8(47,3) !%,Ci(NGi,NGi)

* * ¥ K ¥ *

c%
COMMON/COM3/G t<-—- input(from input)
COMMON/COM8/NT,ND 1<--- input(from matrix)
COMMON/COM9/NP,TP 1<--- input(from matrix)
¢
DYk sk sk ko dkokkkkokrkkokk CLEAR ZERO START skstkskokskskkokokkkokskdkokkkdokkkknk |
DO 20 I=1,3
T3(I1)=0.0
DO 5 J=1,4
RS(I,J)=0.0
5 CONTINUE
DO 10 J=1,3
Gi1(I,J)=0.0
TEMP1(I,J)=0.0
TEMP2(I, J)=0.0
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15

20

22

25

28

30

40

45

50

55

60
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TEMP4(I,J)=0.0
TEMP5(I,J)=0.0
TEMP7(I,J3)=0.0
CONTINUE

DO 15 J=1,8
SSYZ(I,J)=0.0
CONTINUE

DO 20 J=1,24
DHAP(I,J)=0.0
CONTINUE

DO 25 I=1,4

DO 22 J=1,4
$s(1,J3)=0.0
CONTINUE

D0 25 J=1,8
¥(J3,I)=0.0
Z(J,1)=0.0
CONTINUE

DO 30 I=1,24
DO 28 J=1,4
AHAP(I,1)=0.0
CONTINUE

DO 30 J=1,24
BHAP(I,J3)=0.0
CONTINUE

DO 45 I=1,3*NGi
DO 40 Ji=1,NGi
E(I,J1)=0.0
CONTINUE

DO 45 J=1,3*NGi
B(I,J)=0.0
CONTINUE

DO 60 I=1,3

DO 50 J=1,NGi
Gi2(1,J)=0.0
TEMP3(I,J)=0.0
TEMP6(I,J)=0.0
TEMP8(J,I)=0.0
CONTINUE

DO 55 J=1,NGi-3
Ji(1,3)=0.0
CONTINUE

DO 60 J=1,3*NGi
D(I,J)=0.0
CONTINUE

DO 65 I=1,NGi
Fi(I)=0.0

DO 65 J=1,NGi
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Mi(1,J)=0.0
MDi(I,J)=0.0
MPi(I,J3)=0.0

65 CONTINUE
VY deksdeskskk koo ok kokdokddkokkkk CLEAR ZERO END ks koo koo kkokk okl |
Li=L/Ni

T3(1)=-DSIN(qi(1))
T3(2)= DCOS(qi(1))*DSIN(qi(2))
T3(3)= DC0S(qi(1))*DC0S(qi(2))
Y(1,1)= 1.0
Y(1,3)=-3.0/(Li*Li)
Y(1,4)= 2.0/(Li**3)
Y(2,2)= 1.0
Y(2,3)=-2.0/Li
Y(2,4)= 1.0/(Li*Li)
Y(5,3)=-Y(1,3)
Y(5,4)=-Y(1,4)
Y(6,3)=-1.0/Li
Y(6,4)= Y(2,4)
2(3,1)= 1.0
2(3,3)= Y(1,3)
2(3,4)= Y(1,4)
2(4,2)=-1.0
Z2(4,3)=-Y(2,3)
2(4,4)=-Y(2,4)
2(7,3)=-Y(1,3)
2(7:4) =-Y(1:4)
2(8,3)=-Y(6,3)
Z2(8,4)=-Y(2,4)
Ss(1,1)=1.0
sS$(1,2)=Li/2.0
SS(1,3)=Li*Li/3.0
SS(1,4)=Li**x3/4.0
$s(2,1)=ss(1,2)
$s(2,2)=ss(1,3)
SS(2,3)=55(1,4)
$S(2,4)=Li**4/5.0
$s(3,1)=Ss5(1,3)
$S(3,2)=S5(2,3)
$5(3,3)=Ss5(2,4)
SS(3,4)=Li**5/6.0
S$S(4,1)=Ss(1,4)
SS(4,2)=SS(2,4)
$s(4,3)=55(3,4)
SS(4,4)=Li**6/7.0
DO 70 I=1,4

DO 70 J=1,8
SSYZ(2,J)=SSYZ(2,J)+SS(1,I)*Y(J,I)
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SSYZ(3,J)=SSYZ(3,J)+SS(1,I)*2(J,I)
CONTINUE

1Yok ik kkkokkkaokkkkokkkkk CONSTANT MATRICES START skskokdskskdkksokskokokskkksk) !

100

105

Gi1(1,1)= MASS*(Ri(2)*Ri(2)+Ri(3)*Ri(3)+L*L*(Ti(2,1)*Ti(2,1)
+Ti(3,1)*T1(3,1))/3.0+L*(Ri(2)*Ti(2,1)+Ri(3)*Ti(3,1)))

611(2,2)= MASS*(Ri(1)*Ri(1)+Ri(3)*Ri(3)+L*L*(Ti(1,1)*Ti(1,1)
+Ti(3,1)*T1(3,1))/3.0+L*(Ri(1)*Ti(1,1)+Ri(3)*Ti(3,1)))

Gi1(3,3)= MASS*(Ri(1)*Ri(1)+Ri(2)*Ri(2)+L*Lx(Ti(1,1)*Ti(1,1)
+T1(2,1)#Ti(2,1))/3.0+L*(Ri(1)*Ti(1,1)+Ri(2)*Ti(2,1)))

Gi1(1,2)=-MASS*(Ri(1)*Ri(2)+L*L*Ti(1,1)*Ti(2,1)/3.0
+L*(Ri(1)*Ti(2,1)+Ri(2)*Ti(1,1))/2.0)

Gi1(1,3)=-MASS*(Ri(1)*Ri(3)+L*L*Ti(1,1)*Ti(3,1)/3.0
+L*(R1(1)*Ti(3,1)+Ri(3)*Ti(1,1))/2.0)

Gi1(2,3)=-MASS*(Ri(2)*Ri(3)+L*L*Ti(2,1)*Ti(3,1)/3.0
+L*(Ri(2)*Ti(3,1)+Ri(3)*Ti(2,1))/2.0)

Gi1(2,1)=Gi1(1,2)

Gi1(3,1)=6Gi1(1,3)

Gi1(3,2)=6i1(2,3)

DO 100 J=1,4

DO 100 I=1,8

AHAP(I,J)=Ti(1,2)*Y(I,3)+Ti(1,3)*2(1,])

AHAP(I+8,J)=Ti(2,2)*Y(I,J)+Ti(2,3)*Z(1,J)

AHAP(I+16,3)=Ti(3,2)*Y(I,J)+Ti(3,3)*Z(I,J)

CONTINUE

DO 105 I=1,24

DO 105 J=1,24

DO 105 I1=1,4

DO 105 Ji=1,4

BHAP(I,J)=BHAP(I,J)+(MASS/Ni)*AHAP(I,I1)*SS(I1,J1)*ARAP(J,J1)

CONTINUE

Vi 4++++++++++++++++++++ SUMMATION DO LOOP START +++++++++++++tttttit+4),!

110

115

DO 120 K=1,Ni 1%k summation loop(k is g in the notes)
Ki=4x*K

K2=K1+7

DO 110 J=1,4
RS(C1,3)=(Ri(1)+Ti(1,1)*(K-1)*Li)*SS(1,J)+Ti(1,1)*SS(2,7)
RS(2,1)=(Ri(2)+Ti(2,1)*(K-1)*Li)*SS(1,J)+Ti(2,1)*5S(2,J)
RS(3,1)=(Ri(3)+Ti(3,1)*(K-1)*Li)*sS(1,1)+Ti(3,1)*SS(2,7J)
CONTINUE

DO 115 I=1,3

DO 115 J=1,24

DO 115 Ji1=1,4

DHAP(I, J)=DHAP(I,J)+(MASS/Ni)*RS(I,J1)+AHAP(J,J1)
CONTINUE

DO 120 I=K1,K2
Gi2(1,I)=6i2(1,I)+DHAP(2,I+17-K1)-DHAP(3,I+9~K1)
6i2(2,I)=6i2(2,I)+DHAP(3,I+1-K1)-DHAP(1,I+17-Ki)
Gi2(3,I)=Gi2(3,I)+DHAP(1,I+9-K1)-DHAP(2,I+1-K1)
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D(1,I)=D(1,I)+2.0*(DHAP(3,I+17-K1)+DHAP(2,I+9-K1))
D(2,1)=D(2,I)-(DHAP(1,I+9-K1)+DHAP(2,I+1-K1))
D(3,I)=D(3,I)-(DHAP(1,I+17-K1)+DHAP(3,I+1-K1))
D(1,I+NGi)=D(1,I+NGi)-(DHAP(1,1+9-K1)+DHAP(2,I+1~K1))
D(2,I+NGi)=D(2,I+NGi)+2.0*(DHAP(1,I+1-K1)+DHAP(3,I+17-K1))
D(3,I+NGi)=D(3,I+NGi)-(DHAP(2,I+17-K1)+DHAP(3,I+9-K1))
D(1,I+2*NGi)=D(1,I+2*NGi)-(DHAP(1,I+17-K1)+DHAP(3,I+1-K1))
D(2,I+2%NGi)=D(2, I+2*NGi)-(DHAP(2,I+17-K1)+DHAP(3,I+9-K1))
D(3,I+2+N¥Gi)=D(3, I+2*NGi)+2.0%(DHAP(1,I+1-K1)+DHAP(2,I+9-K1))
DO 120 J=K1,K2

Mi(I, J)=Mi(I,J)+BHAP(I+1-K1,J+1-K1)+BHAP(I+9-K1,J+9-K1)

* +BHAP(I+17-K1,J+17-K1)
B(I,J)=B(I,J)+BHAP(I+9-K1,J+9-K1)+BHAP(I+17-K1,J+17-K1)
B(I,J+NGi)=B(I,J+NGi)-BHAP(I+1-K1,J+9-K1)
B(I+NGi,J)=B(I+NGi,J)-BHAP(I+9-K1,J+1-K1)
B(I,J+2*NGi)=B(I, J+2*NGi)-BHAP(I+1-K1,J+17-K1)
B(I+2#NGi,J)=B(I+2*NGi,J)-BHAP(I+17-K1,J+1-K1)

B(I+NGi, J+NGi)=B(I+NGi, J+NGi)+BHAP(I+1-K1,J+1-K1)

* +BHAP(I+17-K1,J+17-K1)

B(I+NGi, J+2+NGi)=B(I+NGi, J+2*NGi)-BHAP(I+9-K1,J+17-K1)

B(I+2*NGi, J+NGi)=B(I+2*NGi, J+NGi)-BHAP(I+17-K1, J+9-K1)

B(I+2#NGi,J+2*NGi)=B(I+2*NGi,J+2*NGi)+BHAP(I+1-K1,J+1-K1)

: +BHAP(I+9-K1,J+9-K1)

E(I,J)=E(I,J)+BHAP(I+17-K1,J+9-K1)-BHAP(I+9-K1,J+17-K1)

E(I+NGi,J)=E(I+NGi,J)+BHAP(I+1-K1,J+17-K1)-BHAP(I+17-K1,J+1-K1)

E(I+2*NGi,J)=E(I+2*NGi,J)+BHAP(I+9-K1,J+1-K1)

* -BHAP(I+1-K1,J+9-K1)
120 CONTINUE
Uik tktkt kbt k+ SUMMATION DO LOOP & CONSTANT MATRICES END -+k+k+ktkki/!
DO 145 I=1,3
DO 145 J=1,3

DO 140 I1=1,NGi

TEMP2(I,J)=TEMP2(X,J)+D(I,I1+(J-1)*NGi)*qi(I1)

TEMPS(I, J)=TEMPS(I,J)+D(I,I1+(J-1)*NGi)*qid(I1)

DO 140 J1=1,NGi

TEMP1(I,J)=TEMP1(X,J)+qi(I1)*B(I1+(J~1)*NGi, J1+(I-1)*NGi)*qi(J1)

TEMP4(I,J)=TEMP4(I,J)+qi(I1)*B(I1+(J-1)*NGi, J1+(I-1)*NGi)*

* qid(J1)+qid(I1)*B(I1+(J-1)*NGi, J1+(I-1)*NGi)*qi(J1)

140 CONTINUE

DO 145 I1=1,3

TEMP7(I,J)=TEMP7(I,J)+NP(I,I1+(J-1)*3)*qid(I1)
145 CONTINUE

DO 150 I=1,3

DO 150 J=1,NGi

DO 150 I1=1,NGi

TEMP3(I, J)=TEMP3(I,J)+qi(I1)*E(J+(I-1)*NGi,I1)

TEMP6(I, J)=TEMP6(I,J)+qid(I1)*E(J+(I-1)*NGi,I1)

TEMP8(J,I)=TEMP8(J,I)+E(I1+(I-1)*NGi,J)*qid(I1)



275

150 CONTINUE
1Y, desdokek ok seok ok k ok kkkkodokdkokkk MATRIX ASSEMBLY START ks sdksodokokkokodokdkoky, |
DO 200 I=1,3
DO 200 J=1,3
DO 200 I1=1,3
DO 200 Ji=1,3
Mi(I,J)=Mi(I,J)
*  +NT(I1,I)*(Gi1(I1,J1)+TEMP1(I1,J1)+TEMP2(I1,J1))*NT(J1,])
MDi(I, J)=MDi(I,J)
*  +ND(I1,I)*(Gi1(X1,J1)+TEMP1(I1,J1)+TENP2(I1,J1))*NT(J1,])
*  +NT(I1,I)*(Gi1(I1,J1)+TEMP1(I1,J1)+TEMP2(I1,J1))*ND(J1,T)
*  +NT(I1,I)%( TEMP4(I1,J1)+TEMP5(I1,J1))+*NT(J1,3)
MPi(I,J)=MPi(I,J)
*  =TEMP7(I,I1)*(Gi1(I1,J1)+TEMP1(I1,J1)+TEMP2(I1,J1))*NT(J1,])
200 CONTINUE
DO 220 J=1,3
DO 220 I=1,NGi
DO 220 It=1,3
Mi(I,J)=Mi(I,J) +NT(I1,J)*(Gi2(I1,I)+TEMP3(I1,I))
Mi(J,I)=Mi(J,I) +NT(I1,J)#*(Gi2(I1,I)+TEMP3(I1,I))
MDi(I,J)=MDi(I,J)+ND(I1,J)*(Gi2(I1,I)+TEMP3(I1,I))

* +NT(I1,J)*TEMP6(I1,I)
MDi(J,I)=MDi(J,I)+ND(I1,J)*(Gi2(I1,I)+TEMP3(I1,I))
* +NT(I1,J)*TEMP6(I1,I)

MPi(I,J)=MPi(I,J)-TEMP8(I,I1)*NT(I1,J)
MPi(J,I)=MPi(J,I)-TEMP7(J,I11)*(Gi2(I1,I)+TEMP3(I1,I))
DO 220 J1=1,3

DO 220 J2=1,3 '
DO 220 I2=1,NGi !

[}
]
! MPi(T,J)=MPi(I,J)-0.5+(D(J1,I+(I1-1)*NGi)+ Isummation
! * (B(I+(I1-1)*NGi,I2+(J1~1)*NGi)+ 'before
! * B(I+(J1-1)*NGi,I2+(I1-1)*NGi))=* Imodification
! * qi(I2))*qid(J2)*NT(I1,J2)*NT(J1,J) !
1 1
L
X(1)=0.0 !

DO 211 I2=1,NGi !
X(I)=X(I)+qi(I2)*(B(I+(I1-1)*NGi,I2+(J1-1)*NGi)+ !

* B(I+(J1-1)*NGi,I2+(I1-1)*NGi)) !'summation
211 CONTINUE tafter
DO 220 J2=1,3 'modification
MPi(I,J)=MPi(I,J)-0.5%(X(I)+D(J1,I+(I1~-1)*NGi)) !
* *qid(JZ)*NT(Il,J2)*NT(31,J) !
] ]
220 CONTINUE
c DO 230 I=1,NGi

c DO 230 J=1,NGi
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Ci(I,3)=MDi(1,J)+MPi(I,J)

CONTINUE

DO 240 K=1,Ni

K1=4+K

K2=K1+7

DO 235 I=1,2 % the 3rd row of TP is zero

DO 235 J=K1,K2

DO 235 I1=1,3

DO 235 J1=1,3

Ji(I,J-3)=3i(I,J-3)+(MASS*G)/Ni*TP(I,I1)
*Ti(I1,J1)#SSYZ(J1,J+1-K1)

CONTINUE

DO 240 I=K1,K2

DO 240 I1=1,3

DO 240 J1=1,3

Fi(I)=Fi(I)-(MASS*G)/Ni*SSYZ(I1,I+1-K1)*Ti(J1,I1)*T3(J1)

CONTINUE

DO 250 I=1,2 1%the 3rd row of TP is zero

DO 250 J=1,3

Fi(I)=Fi(I)-(MASS*G)*TP(I,J)*(Ri(J)+0.5%L*Ti(J,1))

CONTINUE

1Y, Rkt e kok ok kakok ok ok kkkkkk MATRIX ASSEBMLY END sskskoskskokaoksekokokokkokkkokdokkokky, |

RETURN
END
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SUBROUTINE RBEAM(Li,SYGN,qi,qid,Mi,MDi,MPi,Ki,Fi)

INPUT -- Li,SYGN,qi,qid
OUTPUT -- Mi,MDi,MPi,Ki,Fi

INTEGER I1,11,I2,J,J1,J2

DOUBLE PRECISION MASS,G,Lus,Li,SYGN,qi(7),qid(7),Mi(7,7)
,Mpi(7,7),MPi(7,7) ,Ki(7,7) ,Fi(7),NT(3,3),ND(3,3),Iij(3,3)
,G1(3,3),62(4,3),H1(3,3),H2(3,3),H3(4,3) ,H4(3,4) ,H1D(3,3)
,H2D(3,3),H3D(4,3) ,84D(3,4),NP(3,9),TP(3,3),B(12,12)
,D(3,12) ,TEMP1(4) ,TEMP2(3,3) ,TEMP3(4) '4,Ci(7,7)

COMMON/COM3/G t<--- input(from input)
COMMON/COM4/Lus 1<~-- input(from input)
COMMON/COM8/NT, ND 1<-—- input(from matrix)
COMMON/COM9/NP, TP 1<-~-- input(from matrix)

DATA MASS/0.14/

C*x* clear zZero start kskiokkokskdkdkkdkxkkkkkkxC

10

15

20

DO 5 I=1,4
TEMP1(I)=0.0
TEMP3(1)=0.0
CONTINUE

O O O .

H1D(I,J)=0.0
H2D(I,J)=0.0
TEMP2(I,J)=0.0
CONTINUE

0.0
H4D(I,J)=0.0
CONTINUE

DO 25 I=1,12
DO 20 J=1,12
B(I,J)=0.0
CONTINUE

DO 25 J=1,3
D(J,1)=0.0
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25 CONTINUE
D0 30 I=1,7

30 CONTINUE
Cx** clear zero end sk ok ok e ok e ofe et ek ok ke sk ke ok ok ko C
I1ij(1,1)=183.6D-06
1ij(3,3)=1ij(1,1)
1ij(2,2)=8.4D-06
G1(1,1)= (Lus*Lus)
G1(1,3)=-SYGN*Li*Lus
G1(2,2)= (Li*Li)+(Lus*Lus)
G1(3,1)= 61(1,3)
61(3,3)= (Li*Li)
G2(1,1)=-SYGN*Lus
G2(1,3)=Li
G2(3,2)=-SYGN#L1i
H1(1,1)= (qi(4)*qi(4))+(qi(6)*qi(6))
H1(2,2)= (qi(6)#*qi(6))
H1(2,3)=-SYGN*qi(4)*qi(6)
H1(3,2)= H1(2,3)
H1(3,3)= (qi(4)*qi(4))
H2(1,1)= 2.0%Lus*qi(6)
H2(1,2)=-Li*qi(4)
H2(1,3)=-Li*qi(6)*SYGN
H2(2,1)= H2(1,2)
H2(2,2)= H2(1,1)
H2(2,3)=-Lus*qi(4)*SYGN
H2(3,1)= H2(1,3)
H2(3,2)= H2(2,3)
H2(3,3)= 0.0
H3(1,1)=-qi(6)*SYGN
H3(3,1)= qi(4)*SYGN
H4(1,2)= qi(7)*Iij(1,1)*SYGN
H4(2,4)= Iij(2,2)*SYGK
H4(3,2)= Iij(3,3)
H1D(1,1)= 2.0%((qi(4)*qid(4))+(qi(6)*qid(6)))
H1D(2,2)= 2.0%(qi(6)*qid(6))
H1D(2,3)=-(qi(4)*qid (6)+qi(6)*qid(4))*SYGN
H1D(3,2)= H1D(2,3)
H1D(3,3)= 2.0%(qi(4)*qid(4))
H2D(1,1)= 2.0*Lus*qid(6)
H2D(1,2)=-Li*qid(4)
H2D(1,3)=-Li*qid(6)*SYGN
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H2D(2,1)= H2D(1,2)

H2D(2,2)= H2D(1,1)

H2D(2,3)=-Lus*qid (4) *SYGN

H2D(3,1)= H2D(1,3)

H2D(3,2)= H2D(2,3)

H2D(3,3)= 0.0

H3D(1,1)=-qid(6)*SYGN

H3D(3,1)= qid(4)*SYGN

HAD(1,2)= qid(7)*Iij(1,1)*SYGN

B(1,1)=1.0

B(3,3)=1.0

B(7,7)=1.0

B(5,11)=-SYGN

B(11,5)=-SYGN !%B(9,7)= -SYGN

B(9,9)=1.0

D(1,3)=2.0%Lus

D(1,5)=-Li

D(1,11)=-Li*SYGN

D(2,1)=D(1,5)

D(2,7)=D(1,3)

D(2,9)=-Lus*SYGN

D(3,3)=D(1,11)

D(3,5)=D(2,9)

TEMP1(1)= MASS*qid(6)*SYGN

TEMP1(2)= 0.0

TEMP1(3)=-MASS*qid (4)*SYGN

TEMP1(4)= Iij(1,1)*qid(5)*SYGN

DO 40 I=1,3

DO 40 J=1,3

TEMP2(I,1)=TEMP2(I,1)+NP(I, J)*qid(J)

TEMP2(I,2)=TEMP2(I,2)+NP(I,J+3)*qid(J)

TEMP2(I,3)=TEMP2(I,3)+NP(I,J+6)*qid(J)

CONTINUE

DO 50 I=1,3

DO 50 J=1,3

DO 50 I1=1,3

DO 50 J1=1,3

Mi(I,J)=Mi(I,J)+MASS#NT(I1,I)*NT(J1,I)*
(G1(I1,J1)+H1(I1,J1)+H2(I1,J1)+Iij(I1,J1)/MASS)

MDi(I,J)=MDi(I,J)+MASS*(ND(I1,I)*NT(J1,J)*
(G1(I1,J1)+H1(TI1,J1)+H2(I1,J1)+Iij(I1,J1)/MASS)+
NT(I1,I)*ND(J1,J)*
(G1(I1,J1)+H1(TI1,J1)+H2(T1,J1)+Iij(I1,J1)/MASS)+
NT(I1,I)*NT(J1,J)*(H1D(I1,J1)+H2D(I1,J1)))

MPi(I,J)=MPi(I,J)~-MASS*TEMP2(I,I1)*NT(J1,J)*
(G1(I1,J1)+H1(TI1,J1)+H2(I1,J1)+Iij(I1,T1)/MASS)

CONTINUE

DO 585 I=1,3



280

DO 55 J=1,4
MPi(J+3,I)=MPi(J+3,I)-TEMP1(J)*NT(1,I)
DO 55 I1=1,3
Mi(I,J+3)=Mi(I,J+3)+MASS*NT(I1,I)*
(62(J,I1)+H3(J,I1)+H4(I1,J)/MASS)
Mi(J+3,I)=Mi(J+3,I)+MASSHNT(I1,I)*
(G2(J,I1)+H3(J,I1)+H4(I1,J)/MASS)
MDi(I,J+3)=MDi(I,J+3)+MASS*(ND(I1,I)*
(G2(J,I1)+H3(J,I1)+H4(I1,J)/MASS)+
NT(I1,I)*(H3D(J,I1)+H4D(I1,J)/MASS))
MDi(J+3,I)=MDi(J+3,I)+MASS*(ND(I1,I)*
(G2(J,I1)+H3(J,T1)+H4(I1,T)/MASS)+
NT(I1,I)*(H3D(J,I1)+H4D(I1,])/MASS))
MPi(I,J+3)=MPi(I,J+3)-MASS*TEMP2(I,I1)*
(G2(J,I1)+H3(J,I1)+H4(I1,J)/MASS)
DO 55 Ji=1,3

C Y440 34 s sk ke sk ok e ko ok ok ok ok ok ok sk ok

C
C
[
C

TEMP3(1)=0.0
TEMP3(2)=0.0
TEMP3(3)=0.0
TEMP3(4)=0.0

CY ke koo skoke ok sk sk sk o o ook s ook ok

52

55

TEMP3(J)=0.0

DO 52 12=1,4 .

TEMP3(J)=TEMP3(J)+qi(I2+3)* ,

' (B(J+4+(J1-1) ,I12+4%(I1-1))+B(J+4+(I1-1),12+4%(J1-1)))

CONTINUE

DO 55 J2=1,3

MPi(J+3,I)=MPi(J+3,I)~0.5+MASS*qid(J2)*NT(I1,J2)*NT(J1,I)
*(TEMP3(J)+D(J1, J+4%(I1-1)))

CONTINUE

Mi(4,4)=MASS

Mi(6,6)=MASS

Mi(5,5)=Iij(1,1)*qi(7)*qi(7)+Iij(3,3)

Mi(7,7)=1ij(2,2)

MDi(5,5)=2.0%Iij(1,1)*qi(7)*qid(7)

MPi(7,5)=-Iij(1,1)*qi(7)*qid(5)

C¥, e e dedede e e A ek Aok e e o ok

o4
<
c

c60

DO 60 I=1,7

DO 60 J=1,7
Ci(I,J)=MDi(I,J)+MPi(I,J])
CONTINUE

© %, 4 e e e sk o e b o e ok ok o e sk ok ok ok ok ok ok

Ki(1,4)=(MASS*G)*TP(1,2)*SYGN
Ki(1,6)=(MASS*G)*TP(1,3)
Ki(2,4)=(MASS*G)*TP(2,2)*SYGN
Ki(2,6)=(MASS*G)*TP(2,3)
Fi(1)=—(MASS*G)*(Li*TP(1,1)*SYGN+Lus*TP(1,3))
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Fi(2)=-(MASS*G)*Lus*TP(2,3)

Fi(3)= 0.0
Fi(4)=-(MASS*G)*DC0S(qi(1))*DSIN(qi(2))*SYGN
Fi(8)= 0.0
Fi(6)=-(MASS*G)*DC0S(qi(1))*DC0OS(qi(2))
Fi(7)= 0.0

RETURN

END



(/A

c’

c’

C%

¢’

c’

10
c

20

30
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SUBROUTINE SHAFT(q,qd,M,MD,MP,£)

INPUT -- q,qd
OUTPUT -- M,MD,MP,f

INTEGER I,J,I1,J1
DOUBLE PRECISION q(3),qd(3),M(3,3),MD(3,3),HP(3,3)

,£(3),NT(3,3),ND(3,3),NP(3,9),TP(3,3) ,E(3,3),X1(3,3)
,I1s,Mus,Mcb,G,Lus!%,C(3,3)

COMMON/COM3/G I<~-- input(from input)
COMMON/COM4/Lus 1<--- input(from input)
COMMON/COM8/NT,ND 1<--- input(from matrix)
COMMON/COMS/NP, TP 1<--- input(from matrix)

I1s=1220.0D-06
Mus=0.504

Mcb=1.64
E(1,1)=218308.46D-06
E(2,2)=27548.66D-06
E(3,3)=190759.8D-06

DO 10 I=1,3
po 10 J=1,3
M(I,3)=0.0
MD(I,J})=0.0
MP(I,J)=0.0
E(I,J)=0.0
X1(1,3)=0.0
CONTINUE

DO 20 I=1,3

Do 20 J=1,3

DO 20 Ii=1,3

X1(I,J)=X1(I,T)+NP(I,I1+(J-1)#*3)*qd(I1)

DO 20 J1=1,3

M(I,J3)=M(I,J) +NT(I1,I)*E(I1,J1)*NT(J1,J)

MD(I,J)=MD(I,J)+ND(I1,I)*E(I1,J1)*NT(J1,])
+NT(I1,I)*E(I1,J1)*ND(J1,J)

CONTINUE

M(3,3)=M(3,3)+Ils

DO 30 I=1,3

Do 30 J=1,3

D0 30 Ii1=1,3

DO 30 J1=1,3

MP(I,J)=MP(I,J)-X1(I,I1)*E(I1,J1)*NT(J1,J)

CONTINUE
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Y, 33k 3 A o e s o ke ook e e ok o e sk ke ook sk kokokokokok

c DO 40 I=1,3

c DO 40 J=1,3

c €(I,J)=MD(I,J)+MP(L,])
c40 CONTINUE

C%*********************************
£(1)=((0.5*%Mus+Mcb)*G*Lus)*DSIN(q(1) )*DC0S(q(2))
£(2)=((0.5%Mus+Mcb)*G*Lus) *DC0S(q(1) )*DSIN(q(2))
£(3)=0.0
RETURN
END
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SUBROUTINE TANK(Li,Lj,Ti,Tab,qi,qid,Mi,MDi,MPi,Ki,Fi,MASS2)
¢
c INPUT -- Li,Lj,Ti,Tab,qi,qid
c OUTPUT -- Mi,MDi,MPi,Ki,Fi
¢’

INTEGER I,J,I1,J1,I2,J2
c%
DOUBLE PRECISION MASS,G,Lus,La,Rt,Li,Lj,Ti(3,3),Tab(3,3)
,qi(11),qid(11),Mi(11,11) ,MDi(11,11) ,HPi(11,11),Ki(11,11)
,Fi(11),Rr(3),Re(3,8),B(24,24),D(3,24),E(8,24),61(3,3)
,G2(8,3),6G3(8,8) ,H1(3,3),02(3, 3),H3(8,3) ,H4(8,3) ,H1D(3,3)
,H2D(3,3),H3D(8,3) ,H4D(8,3),I1ij(3,3),NT(3,3),ND(3,3),NP(3,9)
,TP(3,3),Te3(3) ,TEMP1(3,3),TEMP2(8, 3) ,TEMP3(8) !%<-,Ci(11,11)
,DELT(3),ICFD(6),Ic1(3,3),Itcl(3,3),1j(3,3),Tabj(3,3)
,TEMP4(8,3),G3D(8,8),FH(8,24),G3P(8,8),MASS1,MASS2

* K ¥ H H H K

C%
COMMON/COM3/G I<-- input(from input)
COMMON/COM4/Lus 1<-- input(from input)
COMMON/COM7/La,Rt I<-— input(from input)
COMMON/COM8/NT,ND 1<~- input(from matrix)
COMMON/COM9/NP, TP !<-- input(from matrix)
COMMON/COM11/DELT, ICFD 1<~— input(from xumain,xuinit)

c’

solid mass; MASS2 = liquid mass

total mass

MASS1=0.58D0 ! MASS1
MASS=MASS1+MASS2 ! MASS

c%

Ckxk clear Zero starts dkkskoksskskkskokskokkk ik kokkkokkkkkC
DO 20 I=1,3
Fi(1)=0.0
Rr(1I)=0.0

)

H2D(I,J)=
Ic1(1,3)=0.
Ttcl(I,3)=0.0
Ij(1,3)=0.0
Iij(I1,3)=0.0
Tabj(1,3)=0.0
TEMP1(I,J)=0.0
Mi(1,3)=0.0
MDi(I,J)=0.0
MPi(I,3)=0.0
Ki(I,J)=0.0

10 CONTINUE
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DO 156 J=1,24

D(1,J3)=0.0
156 CONTINUE

DO 20 J=1,8

Re(I,J)=

)=
»1)=
H3(J,I)
)
I

TEMP2(J I)=
TEMP4(J,I)=
Mi(I,3+J)=0.
MDi(I,3+J)= 0.0
MPi(I,3+J)=0.0
Ki(I,3+J)=0.0
Mi(3+J3,I)=0.0
MDi(3+J,1)=0.0
MPi(3+J,I)=0.0
Ki(3+J,I1)=0.0
20 CONTINUE
DO 30 I=1,8
Fi(I)=0.0
TEMP3(I)=0.0
DO 25 J=1,8
G3(I1,3)=0.0
G3D(I,J)=0.0
G3P(1,J3)=0.0
Mi(3+I,3+J)=0.0
MDi(3+I,3+J)=0.0
MPi(3+I,3+J)=0.0
Ki(3+I,3+J)=0.0
25 CONTINUE
DO 30 J=1,24
E(I,J)=0.0
FH(I,J)=0.0
30 CONTINUE
DO 35 I=1,24
DO 35 J=1,24
B(I,3)=0.0
35 CONTINUE
CH** clear zero ends *¥dokikskskikskkokkkskokkkokkkkkiC
Rr(1)=Ti(1,1)*Li+(Tab(1,3)*Rt)
Rr(2)=0.0
Rr(3)=Lus+Tab(3,1)*(La+Rt)
L ) T - 1
Rr(1)=Rr(1)+(MASS2/MASS)*Tab(1,3)*DELT(3) !
Rr(2)=Rr(2)+(MASS2/MASS)*Tab(2,2)*DELT(2) !
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Rr(3)=Rr(3)+(MASS2/MASS)*Tab(3,1)*DELT(1) !

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

Re(1,6)= 0.5%Tab(1,3)
Re(1,7)=-Tab(1,3)*Rt
Re(1,8)= Re(1,6)
Re(2,1)= Ti(2,2)
Re(2,5)= Tab(2,2)
Re(2,6)=—Tab(2,2)*Rt/Lj
Re(2,8)=-Re(2,6)
Re(3,3)= 1.0

Re(3,7)= Tab(3,1)#*Rt

Re(1,6)=Re(1,6)+(MASS2/MASS)*Tab(1,3)*DELT(2)/Lj
Re(1,7)=Re(1,7)-(MASS2/MASS)*Tab(1,3)*DELT(1)
Re(1,8)=Re(1,8)-(MASS2/MASS)*Tab(1,3)*DELT(2)/Lj
Re(2,6)=Re(2,6)-(MASS2/MASS)*Tab(2,2)*DELT(3)/Lj
Re(2,8)=Re(2,8)+(HASS2/MASS)*Tab(2,2)+*DELT(3)/Lj
Re(3,7)=Re(3,7)+(MASS2/MASS)*Tab(3,1)*DELT(3)

Ic1(1,1)=4.51D-03 t<-- solid inertia matrix
Ici(2,2)=4.96D-03
Ic1(3,3)=Ic1(2,2)
Itcl(1,1)=ICFD(1) 1<-~ liquid inertia matrix
Itcl(1,2)=ICFD(2)
Itcl(1,3)=ICFD(3)
Itcl(2,2)=ICFD(4)
Itcl(2,3)=ICFD(5)
Itcl(3,3)=ICFD(6)
Itcl(2,1)=Itcl(1,2)
Itcl(3,1)=Itcl(1,3)
Itcl(3,2)=Itcl(2,3)
Ij(1,1)=-(HASS2*MASSZ/MASS)*(DELT(2)**2+DELT(3)**2)
Ij(1,2)= (MASS2*MASS2/MASS)*DELT(1)*DELT(2)
Ij(1,3)= (MASS2*MASS2/MASS)*DELT(1)*DELT(3)
1j(2,2)=-(MASS2+MASS2/MASS) * (DELT (1) **2+DELT(3) **2)
Ij(2,3)= (MASS2+MASS2/MASS)*DELT(2)*DELT(3)
I3(3,3)=-(MASS2+¥MASS2/MASS)*(DELT (1) **2+DELT(2) **2)
Ij(2,1)=1j(1,2)

Ij(3,1)=1j(1,3)

13(3,2)= 1j(2,3)
DO 40 I=1,3
DO 40 J=1,3

Ij(I1,3)=Ij(1,J)+Ic1(I,J)+Itcl(I,T)

CONTINUE
Tabj(1,1)= 1.0
Tabj(1,2)= 0.0
Tabj(1,3)= qi(10)
Tabj(2,1)= 0.0

..................................................
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Tabj(2,2)= 1.0

Tabj(2,3)=-(qi(9)-qi(11))/Lj

Tabj(3, 1)=-Tabj(1,3)

Tabj(3,2)=-Tabj(2,3)

Tabj(3,3)= 1.0

DO 45 I=1,3

DO 45 J=1,3

DO 45 I1=1,3

DO 45 J1=1,3

DO 45 I2=1,3

DO 45 J2=1,3
I1ij(1,3)=Iij(I,J)+Tab(I,I1)*Tabj(I1,J1)*Ij(J1,I2)*

* Tabj (J2,I2)*Tab(J,J2)
a5 CONTINUE

Te3(1)=-DSIN(gi(1))

Te3(2)=DC0S(qi(1))*DSIN(qi(2))

Te3(3)=DC0S(qi(1))*DC0S(qi(2))

cY%

DO 50 I=1,8
D(1,I)=2.0*(Rr(2)*Re(2,I)+Rr(3)*Re(3,I))
D(1,8+I)=-(Rr(1)*Re(2,I)+Rr(2)*Re(1,I))
D(1,16+I)=-(Rr(1)*Re(3,I)+Rxr(3)*Re(1,I))
D(2,8+I)=2.0%(Rxr(1)*Re(1,I)+Rr(3)*Re(3,I))
D(2,16+I)=-(Rr(2)*Re(3,I)+Rxr(3)*Re(2,I))
D(3,16+I)=2.0*(Rr(1)*Re(1,I)+Rr(2)*Re(2,I))
D(2,I)=D(1,8+I)

D(3,I)=D(1,16+I)

D(3,8+I)=D(2, 16+I)
G2(I,1)=Rr(2)+*Re(3,I)-Rr(3)*Re(2,I)
G2(I,2)=Rr(3)*Re(1,I)-Rr(1)*Re(3,I)
G2(I,3)=Rr(1)*Re(2,I)-Rr(2)*Re(1,I)

DO 50 J=1,8
B(I,J)=Re(2,I)*Re(2,J)+Re(3,I)*Re(3,J)
B(I,8+J)=—Re(1,I)*Re(2,J)
B(I,16+J)=-Re(1,I)*Re(3,J)
B(8+I,J)=-Re(2,I)*Re(1,J)
B(8+I,8+J)=Re(1,I)*Re(1,J)+Re(3,I)*Re(3,])
B(8+I,16+3)=-Re(2,I)*Re(3,J)
B(16+I,J)=-Re(3,I)*Re(1,J)
B(16+I,8+J)=—Re(3,I)*Re(2,J)
B(16+I,16+J)=Re(1,I)*Re(1,J)+Re(2,I)*Re(2,)
E(I,J)=-B(16+I,8+J)+B(8+I,16+])
E(I,8+J)=-B(I,16+J)+B(16+I,J)
E(I,16+J)=-B(8+I,J)+B(I,8+J)

50 CONTINUE

c
TEMP4(2,1)=Ti(1,1)*qi(7)
TEMP4(2,3)=Ti(3,3)



52

54

C%
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TEMP4(4,2)=Ti(2,2)

TEMP4(7,2)=Tab(2,2)

G1(1,1)= Rr(2)*+2+Rr(3)**2

G1(1,2)=-Rr(1)*Rx(2)

G1(1,3)=-Rr(1)*Rx(3)

G1(2,2)= Rr(1)**2+Rx(3)**2

G1(2,3)=-Rr{2)*Rxr(3)

G1(3,3)= Rr(1)**2+Rr(2)**2

G1(2,1)= G1(1,2)

G1(3,1)= G1(1,3)

G1(3,2)= G1(2,3)

DO 52 I=1,8

DO 52 J=1,3

DO 52 I1=1,3

H4(I,J)=H4(I,J)+TEMP4(I,I1)*Iij(I1,])

CONTINUE

H4D(2,1)=Ti(1,1)*Iij(1,1)*qid(7)

H4D(2,2)=Ti(1,1)*Iij(1,2)*qid(7)

H4D(2,3)=Ti(1,1)*Iij(1,3)*qid(7)

DO 54 1=1,8

DO 54 J=1,8

DO 54 I1=1,3

G3(I,J)=G3(I,J)+H4(T,I1)+TEMP4(J,I1)

G3D(I,1)=G3D(I,J)+H4D(I,I1)+TEMP4(J,I1)

CONTINUE

G3D(1,2)=G3D(1,2)+Ti(1,1)*H4(1,1)*qid(7)

G3D(2,2)=G3D(2,2)+Ti(1,1)*H4(2,1) *qid(7)

G3D(3,2)=G3D(3,2)+Ti(1,1)*H4(3,1)*qid(7)

G3D(4,2)=G3D(4,2)+Ti(1,1)*H4(4,1)*qid(7)

G3D(5,2)=G3D(5,2)+Ti(1,1)*H4(5,1) *qid(7)

G3D(6,2)=G3D(6,2)+Ti(1,1)*H4(6,1)*qid(T)

G3D(7,2)=G3D(7,2)+Ti(1,1)*H4(7,1)*qid(7)

G3D(8,2)=G3D(8,2)+Ti(1,1)*H4(8,1)*qid(7)

FH(2,4)= Ti(1,1)*Iij(1,1)

FH(2,12)=Ti(1,1)*Iij(1,2)

FH(2,20)=Ti(1,1)#Iij(1,3)

G3P(4,2)=Ti(1,1)*(Ti(1,1)*Iij(1,1)*qi(7)+
Ti(3,3)*I1j(1,3))*qid(5)

G3P(4,4)=Ti(1,1)*Ti(2,2)*Iij(1,2)*qid(5)

G3P(4,7)=Ti(1,1)*Tab(2,2)*Iij(1,2)*qid(5)

DO 80 I=1,3
D0 60 J=1,3
TEMP1(I,1)=TEMP1(I,1)+NP(I,J)*qid(J)
TEMP1(I,2)=TEMP1(I,2)+NP(I,3+J)*qid(J)
TEMP1(I,3)=TEMP1(I,3)+NP(I,6+J)*qid(J)
DO 60 I1=1,8
H2(I,])=H2(I,J)+D(I,I11+8*(J-1))*qi(3+I1)
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H2D(I,J)=H2D(I,J)+D(I,I1+8%(J-1))*qid(3+I1)

DO 60 J1=1,8
K1(X,J)=H1(I,J)+qi(3+I1)*B(I1+8%(I-1),J1+8*(J-1))*qi(3+J1)
H1D(I,J)=H1D(I,J)+qid(3+I1)*B(I1+8%(I-1),J1+8*(J-1))*qi(3+J1)

+qi(3+I1)*B(I1+8%(I-1),J1+8%(J-1))*qid(3+J1)

CONTINUE

DO 80 J=1,8

DO 80 I1=1,8
H3(J,I)=H3(J,I)+E(J,I1+8%(I-1))*qi(3+I1)
H3D(J,I)=H3D(J,I)+E(J,I1+8%(I-1))*qid(3+I1)
TEMP2(J,I)=TEMP2(J,I)+(E(I1,J+8*(I-1))+

FH(I1,J+8%(I-1))/MASS)*qid(3+I1)

CONTINUE

DO 200 I=1,3
DO 100 J=1,3
Fi(I)=Fi(I)-MASS*G*TP(I,J)*Rr(J)
DO 100 I1=1,3
DO 100 Ji=1,3
Mi(I,J3)=Mi(I,J)+MASS*NT(I1,I)*(G1(I1,J1)+H1(I1,J1)
+H2(X1,31)+I1j(T1,J1) /MASS)*NT(J1,])
MDi(I,J)=MDi(I,J)+MASS*(ND(I1,I)*(G1(I1,J1)+H1(I1,J1)+
H2(I1,J1)+Iij(I1,31)/MASS)*NT(J1,I)+NT(I1,I)*
(6G1(I1,J1)+H1(I1,J1)+H2(T1,J1)+Iij(I1,J1)/MASS)*
ND(J1,J)+NT(I1,I)*(H1D(I1,J1)+H2D(I1,J1))*NT(J1,7))
MPi(I,J)=MPi(I,J)-MASS*TEMP1(I,I1)*(G1(I1,J1)+H1(I1,J1)
+H2(I1,J31)+Iij(I1,J1)/MASS)*NT(J1,])
CONTINUE
DO 200 J=1,8
DO 200 I1=1,3
Mi(X,3+J)=Mi(I,3+J)+(MASS*NT(I1,I)*(G2(J,I1)
+03(J,I1)+H4(J,I1)/MASS))
Mi(3+J,I)=Hi(3fJ,I)+(MASS*NT(I1,I)*(G2(J,Ii)
+H3(J,I1)+H4(J,I1)/MASS))
MDi(I,3+J)=MDi(I,3+J)+(MASS*ND(I1,I)*(G2(J,I1)+H3(J,I1)
+H4(J,I1)/MASS)+MASS*NT(I1,I)
*(H3D(J,I1)+H4D(J,I1)/MASS))
MDi(3+J,I)=MD1i(3+J3,I)+(MASS*ND(I1,I)*(G2(J,I1)+H3(J,I1)
+H4(J,11)/MASS) +MASS*NT(11,I)
*(H3D(J,I1)+H4D(J,I1)/MASS))
MPi(I,3+J)=MPi(I,3+J)-MASS*TEMP1(I,I1)*(G2(J,I1)
+H3(J,I1)+H4(J,I1)/MASS)
MPi(3+J,I)=MPi(3+J,I)-MASS*TEMP2(J,I1)*NT(I1,I)
Ki(I,3+J)=Ki(I,3+J)+MASS*G*TP(I,I1)*Re(I1,J)
DO 200 Ji=1,3
TEMP3(J)=0.0
DO 114 I2=1,8
TEMP3(J)=TEMP3(J)+qi(3+I2)*(B(J+8*(J1-1),I2+8*(I1-1))
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* +B(J+8%(I1-1),I2+8%(J1-1)))
114 CONTINUE
DO 200 J2=1,3
MPi(3+J,I)=MPi(3+J,I)-0.5%MASS*qid(J2)*NT(I1,J2)*NT(J1,I)
* * (TEMP3(J)+D(J1,J+8*(I1~-1)))
200 CONTINUE
c%
DO 300 I=1,8
DO 250 J=1,3
Fi(3+I)=Fi(3+I)-MASS*G*Re(J,I)*Te3(J)
250 CONTINUE
DO 300 J=1,8
Mi(3+I,3+J3)=0.5%MASS*(B(I, J)+B(8+I,8+J)+B(16+I,16+J))+G3(I,J)
MDi(3+I,3+J)=G3D(I,J)
MPi(3+I,3+J)=G3P(I,J)

300 CONTINUE

Y, ek ok ok e ok ke ok ok o ok o o ko e ko sk ok ook ek
c DO 400 I=1,11

c DO 400 J=1,11

c Ci(1,J3)=MDi(I,J)+MPi(1,J)

c400 CONTINUE

Cltesde sk ok ook ek ok ok koo sk ok ok ok sokolokok ok ok ok okok sk ok
RETURN
END
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SUBROUTINE STIFF(Ki,Ji,Ni,NGi,L,Jyi,Jzi)
ch
c QUTPUT -- Ki
c INPUT -- Ji,Ni,NGi,L,Jyi,Jzi
ch
INTEGER I,J,11,Ni,NGi
ch
DOUBLE PRECISION Ki(NGi,NGi),Ji(3,NGi-3),Ks(8,8)
* ,L,Li,Ei,Jyi,Jzi,COEFy,COEFz
Ch
COMMON/COM5/Ed 1<-~- input(from input)

Cx** clear zero start *kikk¥x*C
D0 10 J=1,8
DO 10 I=1,8
Ks(I,J)=0.0

10 CONTINUE
DO 20 J=1,NGi
DO 20 I=1,NGi

Ki(I,J)=0.0

20 CONTINUE

C*** clear zero end ¥*xkkxkk*x*x(
Li=L/Ni

COEFy=Ei*Jyi/ (Li**3)
.COEFz=Ei*Jzi/(Li**3)
Ks(1,1)=12.0*COEFz
Ks(1,2)=6.0%Li*COEFz
Ks(1,5)=-Ks(1,1)
Ks(1,6)= Ks(1,2)
Ks(2,1)= Ks(1,2)
Ks(2,6)=2.0*%Li*Li*COEFz
Ks(2,2)= Ks(2,6)*2.0
Ks(2,5)=-Ks(1,2)
Ks(5,1)= Ks(1,5)
Ks(5,2)= Ks(2,5)
Ks(5,5)= Ks(1,1)
Ks(5,6)= Ks(2,5)
Ks(6,1)= Ks(1,6)
Ks(8,2)= Ks(2,6)
Ks(6,5)= Ks(5,6)
Ks(6,6)= Ks(2,2)
Ks(3,3)=12.0%COEFy
Ks(3,4)=-6.0*Li*COEFy
Ks(3,7)=-Ks(3,3)
Ks(3,8)= Ks(3,4)
Ks(4,3)= Ks(3,4)
Ks(4,8)=2.0%Li*Li*COEFy
Ks(4,4)= Ks(4,8)*2.0
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Ks(4,7)=-Ks(3,4)

Ks(7,3)= Ks(3,7)

Ks(7,4)= Ks(4,7)

Ks(7,7)= Ks(3,3)

Ks(7,8)= Ks(4,7)

Ks(8,3)= Ks(3,8)

Ks(8,4)= Ks(4,8)

Ks(8,7)= Ks(7,8)

Ks(8,8)= Ks(4,4)

DO 30 I=1,3

DO 30 J=4,NGi

Ki(I,J)=Ji(I,3-3)

CONTINUE

DO 40 Ii=1,Ni 1% I1 denotes g in the formula
DO 40 J=(4*I1),(4*I1)+7

DO 40 I=(4*I1),(4*I1)+7
Ki(I,J))=Ki(I,J)+Ks(I-(4%I1)+1,J~(4*I1)+1)
CONTINUE

RETURN

END
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C%

¢

c%

C%

10

20
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SUBROUTINE EQUATION(qdd,M,MD,MP,K,f,q,qd)

OUTPUT -~ qdd
INPUT -- M,MD,MP,K,f,q,qd

INCLUDE °’/home/jiechi/newone/program/parameteri.f’
INCLUDE ’/home/jiechi/newone/program/paraneter3.f’

INTEGER INDEX(L),I,J

DOUBLE PRECISION qdd(L),M(L,L),MD(L,L),MP(L,L),K(L,L)
»£(L),q(L) ,qd(L) ,Mout(L,L) ,DUM(L)

DO 10 I=1,L

qdd(I)=0.0

DUM(I)=0.0

DO 10 J=1,L

Mout(I,J)=0.0

CONTINUE

DO 20 I=1,L

DO 20 J=1,L

£(I)=£(I)-K(I,J)*q(I)-(MD(I,I)+MP(I,J))*qd(J)

CONTINUE

CALL GAUSS(M,L,INDEX,Mout,DUM) 1%to solve --> M * qdd = £
CALL SOLVE(Hout,L,INDEX,f,qdd) !%qdd is a variable vector
RETURN

END

C e e e ke ke o o s ke e o o o s ko e o e ke ok e ok ook e 3 ok s e sk o ke sl s o e ke o sk o sk ol sk o sk ok o sk ok ek sk e ek okeok ek ok ok ok ok |

c
c
c
c

(o4
c’
c

c’

10

SUBROUTINE GAUSS(AA,N,L,A,S)

INPUT -- AA,N t [AA]{X}={B}
OUTPUT -- L,A
DUMMY -- S

INTEGER I,J,K,LK,N,L(K)

DOUBLE PRECISION AA(N,N),A(N,N),S(N),R,RMAX,XMULT
CHARACTER*26 ERROR

DO 10 I=1,N
L(I)=0

S(1)=0.0

DO 10 J=1,N

A(I,3)=0.0

CONTINUE

ERROR="ALL ZERO ELEMENTS IN ROW #’
DO 30 I=1,N
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DO 30 J=1,N
ACT,D)=AACT,T)

CONTINUE

DO 40 I=1,N

L(I)=1

S(I)=0.0

DO 35 J=1,N
S(I)=DMAX1(S(I),ABS(A(I,T)))
CONTINUE
IF(S(I).EQ.0.0)GOTO 99
CONTINUE

DO 60 K=1,N-1

RMAX=0.0

DO 50 I=K,N
R=ABS(A(L(I),K))/sS(L(I))
IF(R.LE.RMAX)GOTO 50

J=I

RMAX=R

CONTINUE

LK=L(J)

L{J)=L(K)

L(X)=LK

DO 60 I=K+1,N
XMULT=A(L(I),K)/A(LK,K)

A(L(I),K)=XMULT

IF(A(L(I),K).EQ.0.0)GOTO 60

DO 55 J=K+1,N
A(L(I),3)=ACL(T),T)~-XMULT*A(LK,])
CONTINUE

CONTINUE

GOTO 100

WRITE(#*,°’(1X,A30,1X,I3) )ERROR,I
STOP

RETURN

END

C oK e e e b e o e e o e e e e e s g s ke ko ek e e ke b o ok ok o e s o ke ok sk o s oo o o e ek e ok ok sk o s ke ok ok e ke s sk ke o |

c%
c
c
cY

c%

c%

SUBROUTINE SOLVE(A,N,L,B,X)

INPUT -- A,N,L,B t [AJ{X}={B}
OUTPUT —- X

INTEGER I,J,N,L(N)
DOUBLE PRECISION A(N,N),B(N),X(N),SUM
SUM=0.0

DO 5 I=1,N
X(I1)=0.0
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CONTINUE
DO 10 J=1,N-1

DO 10 I=J+1,N
B(L(I))=B(L(I))-A(L(I),J)*B(L(J))
CONTINUE

X(N)=B(L(N))/A(L(N),N)

D0 30 I=1,N-1

SUM=B(L(N-I))

DO 20 J=K-I+1,N

SUM=SUM-A (L(N-I),J)*X(J)
CONTINUE '
X(N-I)=SUM/A(L(N-I),N-I)
CONTINUE

RETURN

END

(C ok ok ke ok ok e e e s sl ke ok ofe ok ok o ok s o o o ek ok ke ke ook sk o sk ok ok o ook ke ok ok ek o o e s ke ke ok o e ok ok ok sk e kool ko |

c%
C
c
c%
c%

c%

100

200

SUBROUTINE COUPLE(C,A,B,N1,N2,N3)

QUTPUT -~ C
INPUT -- A,B,N1,N2,N3
INTEGER I,J,K,N1,N2,N3 !C=A%B

DOUBLE PRECISION C(N1,N3),A(N1,N2),B(N2,N3)

D0 100 J=1,N3
D0 100 I=1,N1

¢(1,1)=0.0

CONTINUE

D0 200 J=1,N3

D0 200 I=1,N1

DO 200 K=1,N2
¢(I,J3)=Cc(I,3)+AC(I,K)*B(K,J)
CONTINUE

RETURN

END

€ o ek e e e e sk e s e ook ke s o sk sk o e ok ke ok b ke sk ok sk e ke e o sk s e o e b e ok sk sk ok o o ke o ok o ok o sk o ok ok skl ok ok |

c%
c
c
C%

c4

SUBROUTINE SKEW(AS,A)

INPUT —- A -
QUTPUT —- AS 1AS=A

DOUBLE PRECISION AS(3,3),A(3)

AS(1,1)= 0.0
AS(1,2)=-4(3)
AS(1,3)= A(2)
AS(2,1)= A(3)
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AS(2,2)= 0.0
As(2,3)=-A(1)
AS(3,1)=-4(2)
A3(3,2)= A(1)
AS(3,3)= 0.0
RETURN

END
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SUBROUTINE GFOROUT(Lj,qj,Pj,Ti,PHIj,Rforce,Torque,GFOR])
c%

c INPUT --Lj,qj,Pj,Ti,PHIj,Rforce,Torque

C OUTPUT -- GFORj 1<--—- generalized active force
c%

Cok sk skakeske sk ook sk ook ek ok o sk sk ok ko ok sk sk sk ook ok ook ko ok ok ok sk ok sk ook

c Rforce and Torque are expressed in inertial !

C coordinates.

Cokok ks sk ook ok ok ok ook ook ok oo kol ook
ch :
INCLUDE’ /home/jiechi/newone/program/parameteri.f’
Ch

INTEGER I,J,I1,J1
ch
DOUBLE PRECISION Lj,qj(N),Ti(3,3),Te(3,3),PHIj(11,N)
,GFORj (N),Pj(3),P3(3),P4(3),TH1(3,3),TH2(3,3),TM3(3,3)
,TH4(3,3),TM5(3,3),Tab(3,3),P5(3),P6(3),P7(3),W3(3,8)
,Wa(3,8),uxy(3,8),Wy=z(3,8),p8(3,8),P9(3,8),Vsub(3,11)
,Wsub(3,11),Vqj(3,N),Wqj(3,N),Ps5(3,3),Ps6(3,3),Ps7(3,3)
,Psj(3,3),TEMP2(3,3),NT(3,3),ND(3,3),Rforce(3),Torque(3)

L IR A

ch
COMMON/COM8/NT,ND 1<-—- input(matrix)
COMMON/COM10/P3,P4,TM1,TM2, TM3,TM4,TM5,Tab !<--- input(postpro)
COMMON/COM12/Te . 1<--~ input(postpro)
Ch )
Do 25 J=1,3
P5(J3)=0.0D0
P6(J)=0.0D0
P7(J)=0.0D0
DO 10 I-=1,3
TEMP2(I, J)=0.0D0
10 CONTINUE
DO 15 I=1,8
W3(J,I)=0.0D0
W4(J,1)=0.0D0
Wxy(J,I)=0.0D0
Wyz(J,I)=0.0D0
P8(J,I)=0.0D0
P9(J,I)=0.0D0
15 CONTINUE
DO 20 I=1,11
Vsub(J,I)=0.0D0
Wsub(J,I)=0.0D0
20 CONTINUE
DO 25 I=1,N
Vqj(J,1)=0.0D0
Wqj(J,I)=0.0D0
GFORj(I)=0.0D0
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CONTINUE

W3(1,2)=qj(7)
W3(2,4)=1.0D0
W3(3,2)=1.0D0
w4(1,6)=1.0D0/Lj
wa(1,8)=-wa(1,6)
w4(2,7)= 1.0D0
w4(3,6)=-qj (10)*W4(1,6)
w4(3,8)=-W4(3,6)
Wyz(2,4)= 1.0DO
Wyz(3,2)= 1.0D0
Wxy(1,6)= W4(1,6)
Wxy(1,8)=-uxy(1,6)
Wxy(2,7)= 1.0D0
P8(2,1)=1.0D0
P8(3,3)=1.0D0
P9(2,5)=1.0D0
P9(3,6)=0.5D0
P9(3,8)=0.5D0

DO 40 J=1,3

DO 40 I=1,3
P7(3)=P7(J)+TM5(J,I)*P4(I)
DO 40 I1=1,3
P5(J)=P5(J)+TH2(J,I)*TM3(I,TI1)*P3(I1)
CONTINUE

DO 45 J=1,3

DO 45 I=1,3

DO 45 J1=1,3

DO 45 I1=1,3

P6(J)=P6(J)+TM2(J,I)*TM3(I,J1)*TM4(J1,I1)*P7(I1)

CONTINUE

CALL SKEW(Ps5,P5)

CALL SKEW(Ps6,p6)

CALL SKEW(Ps7,P7)

CALL SKEW(Psj,Pj)

DO 60 J=1,3

DO 60 I=1,3

TEMP2(I,J)=0.0D0

CONTINUE

DO 65 J=1,3

DO 65 I=1,3

Wsub(I,J)=NT(I,J)

DO 65 J1=1,3
Vsub(I,J)=Vsub(I,J)~Psj(I,J1)*NT(J1,])
DO 65 I1=1,3
TEMP2(I,J)=TEMP2(I,J)+Ti(I,J1)*TH1(J1,I1)*
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* (Ps5(I1,J)+Ps6(I1,]))
65 CONTINUE
DO 70 I=1,3
Do 70 J=1,8
Do 70 I1=1,3
Vsub(I,3+J)=Vsub(I,3+J)+Ti(I,I1)*P8(I1,J)
* -TEMP2(I,I1)*Wy=z(I1,J)
70 CONTINUE
DO 75 J=1,3
Do 75 I=1,3
TEMP2(I,J)=0.0D0O
75 CONTINUE
DO 80 J=1,3
DO 80 I=1,3
DO 80 J1=1,3
DO 80 I1=1,3
TEMP2(I,J)=TEMP2(I,J])+Tab(I,J1)*TMa(J1,11)*Ps7(11,J)
80 CONTINUE

DO 85 I=1,3
DO 85 J=1,8
DO 85 I1=1,3
Vsub(I,3+J)=Vsub(I,3+J)+Tab(I,I1)*P9(I1,])
* ~TEMP2(I,I1)*Wxy(I1,7)
Wsub(I,3+J)=Wsub(I,3+J)+Ti(I,I1)*W3(I1,J)
Sk +Tab(I,I1)*W4(I1,])
85 CONTINUE
DO 90 I=1,3
DO 90 J=1,N

DO 90 Ii=1,11
Vqj(I,J)=Vqj(I,J)+Vsub(I,I1)+PHI]j(I1,J)
Wqj(I,J)=Wqj(I,3)+Wsub(l,T1)+PHI](I1,J)
90 CONTINUE
DO 100 J=1,N
DO 100 I=1,3
DO 100 I1=1,3
GFORj (J)=GFORj (J)+Vqj(I,J)*Te(I1,I)*Rforce(I1)
* +Wqj(I,3)*Te(I1,1)*Torque(Il)
100 CONTINUE
RETURN
END
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SUBROUTINE HAPPING(M,MD,MP,K,f,q,qd,qdd)

c%

C INPUT -- M,MD,MP,K,f,q,qd,qdd (befor mapping)
C OUTPUT -- M,MD,MP,K,f,q,qd,qdd (after mapping)
c%

(C 3% 3 3 ok e o o o e ke ok o ok ok Aok ok e ok k¥ dede ok kK ke kkkk

c To eliminate the ITHth equation to a sub- *

c set of equation system with N-1 variables *

c *

C This mapping subroutine is valid for *

C 1<ITHKN *

C where ITH is the index of the row and the *

c column of the matrix to be eliminated. *

Cok ok stokok ok ok sk ko sk ok sk ok ook oo koo ok ook ok e ok ook ok
c’
INCLUDE ’/home/jiechi/newone/program/parameteri.f’ !def N
INCLUDE ’/home/jiechi/newone/program/parameter4.f’ !def ITH
c%
INTEGER I,J,NN
c%
PARAMETER (NN=N+N)

c

DOUBLE PRECISION M(NN),MD(NN),MP(NN),K(NN),f(N)

* ,q(N),qd(N),qdd(})

ch
c IF(ITH.EQ.1.0R.ITH.EQ.N)THEN
c IF(ITH.EQ.1)THEN
c WRITE(*,*)’The MAPPING subroutine cann't be used’
c WRITE(*,*)’to eliminate the 1st row and the 1st column of the’
c WRITE(*,*) ’matrix which you are expecting to be mapped to a’
c WRITE(*,*)’submatrix.’
c END IF
c IF(ITH.EQ.N)THEN
[ WRITE(*,*)’The MAPPING subroutine cann"t be used’
c WRITE(*,%*)’to eliminate the last row and the last column of the’
c WRITE(*,*) ’matrix which you are expecting to be mapped to a’
c WRITE(*,*)’submatrix.’
c END IF
c STOP
c END IF

DO 10 I=1,ITH-1

(1) =£(1)-(M(N*(ITH-1)+I)*qdd(ITH) +(MD(N*(ITH-1)+I)

* +MP(N*(ITH-1)+I))*qd (ITH)+K(N*(ITH-1)+I)*q(ITH))

10 CONTINUE

DO 20 I=ITH+1,N
£(I-1)=f(I)-(M(N*(ITH~1)+I)*qdd (ITH)+(MD(N*(ITH-1)+I)
* +MP(N*(ITH-1)+I) )*qd (ITH) +K(N*(ITH-1)+I)*q(ITH))
20 CONTINUE
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DO 30 I=ITH+1,N
q(I-1)=q(I)

qd(I~1)=qd(I)

qdd(I-1)=qdd(I)

CONTINUE

DO 50 J=1,ITH-1

DO 40 I=1,ITH-1
M(((I-1)*(N-1))+I)=M(((I-1)*N)+I)
MD(((J3-1)*(N-1))+I)=MD(((J-1)*N)+I)
MP(((I-1)*(H-1))+I)=MP(((I-1)*N)+I)
K(((J-1)*(N-1) )+I)=K(((I-1)*N)+I)
CONTINUE

DO 50 I=ITH+1,N
MC((3-1)*(N=-1) ) +I-1)=M(((I-1)*N)+I)
MD(((J-1)*(N-1))+I-1)=MD(((J-1)*N)+I)
MP(((J-1)*(N-1))+I~1)=MP(((J-1)*N)+I)
K(((I-1)*(N-1))+I~-1)=K(((I-1)*N)+I)
CONTINUE

DO 70 J=ITH+1,N

DO 60 I=1,ITH-1
M(((I-2)*%(N-1))+I)=M(((J-1)*N)+I)
MD(((J-2)*(N-1))+I)=MD(((JI-1)*N)+I)
MP(((J-2)*(N-1))+I)=MP(((J-1)*N)+I)
K(((3-2)*%(N=-1))+I)=K(((I-1)*N)+I)
CONTINUE

DO 70 I=ITH+1,X
M(((I-2)*(N-1))+I-1)=M(((I-1)*N)+I)
MD(((J-2)*(N-1))+I-1)=MD(((I-1)*N)+I)
MP(((J-2)*(N-1))+I-1)=MP(((J-1)*N)+I)
KC((I3=2) % (N=-1))+I-1)=K({(T~1)*N)+I)
CONTINUE

RETURN

END
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SUBROUTINE PARTITION(M,MD,MP,K,f,q,qd)

c%

c INPUT ~-- M,MD,MP,K,f,q,qd

c OUTPUT — M,MD,K,f(indices are renumbered)
c4

Cokskse sk ok ek ook o o ke sk ok ks ook ok ok sk ook o ook st ook sk ko s ok ko ok ook ok
This subroutine is used to partition a mixed set of
dynamic motion equations into two sets of equivalent
motion equations in which the rigid and elastic body
governing equations are separated as shown below.

{ Mrr * Lamd + Mre * d = Fr

{ ..

{ Mes * d + Mee * d + Kee * d = Fes

The coefficient matrix Mes and the equivalent
force vector Fes are assembled after executing
this subroutine. The rest matrices Kee and

Mee remain unchanged and correspond to their
subparts in the original matrices K and MD. The

indices of Mes, Mee, Kee, and Fes are renumbered.
X, an intermediate matrix variable, is defined as
-1
X = Mer * Mrr
C stk sio ok sk ok sk s o e s sesiok ok sk ke ke s oo ook e s e stk sk st ik ok ke s ok sk sk sk ok ok ok sk ke sk skok ok ok

c%

s NN s NN NN Ne o R R R R e N e 2]
LA L L R R R R R T IR R BRI S N T3

INCLUDE ’/home/jiechi/newone/program/parameterl.f’
INCLUDE ’/home/jiechi/newone/program/parameter3.f’
INCLUDE ’/home/jiechi/newone/program/parameter4.f’

c%
INTEGER I,J,I1,IX(ITH-1),Imax,Jmax
* ,INDEX,INDEXO,INDEXI,INDEXJ,INDEXK
c%
DOUBLE PRECISION M(L,L),MD(L,L),MP(L,L),K(L,L),£(L)
* ,q(N),qd(N),y(ITH-1),b(ITH-1),A(ITH~1,ITH-1)
,AACITH-1,ITH-1),DUM(ITH-1)
c%

C ek skl sk sk e o stk o ok ok o ok s okok ok ol ke sk o ok ook sk o ok ok ok ok o sk

Note: Dimensions of q and qd are really L
instead of N. But they are defined
as N for the reason of consequential
use of the subroutines IMPHASE,
EXPHASE, and CORRECTOR.

Coe ks sk ok e kokok ok iskokok sk s ok ok ook sk sk ol ok o Aok sk sk ok ook ook ok

c%

Ckx*x clear zero start *xkxkkkkkkk%x(

aaoaogaan
LR R AR B
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DO 10 J=1,ITH-1
y(31)=0.0
b(3)=0.0
DUM(J)=0.0
DO 10 I=1,ITH-1
A(T,J3)=0.0
AA(I,J)=0.0
10 CONTINUE
Cx*%* clear zero end *kkikdkkkikkkkkk(
C==== to perform X
Cx*x** to perform submatrix A *k¥i* !
DO 15 J=1,ITH-1 ! !
DO 15 I=1,ITH-1 !A is defined as Mrr !
A(1,3)=M(1,]) ! !
15 CONTINUE ! !
Cohsededek sk ok ek ok ook ok ok ok Aok kok Kok ok kR !
DO 30 J=1,N-ITH !
CH*x*x* to perform subvector b #k¥k* '
DO 20 I=1,ITH-1 !b is defined as the jth !
[}
[}
1
!
]
[}
]
[}

b(I)=M(I,J+ITH-1) tcolumn vector of Mre
20 CONTINUE 'where 1 <= j <= N-ITH

st e o s e sk sk e sk o ook ok kol o sk ok ok ek ook kel A
CALL GAUSS(A,ITH-1,IX,;AA,DUM) !solve --> [Al*{y}={b}
CALL SOLVE(AA,ITH-1,IX,b,y) !y is a varying vector

DO 30 I=1,ITH-1 ! T
M(J+ITH-1,I)=y(I) 'to perform X = Y
30 CONTINUE 1X is stored in Mer

Cx%x%k%* to per;form Fr  seskokskok deok ok ook ok sk ok o sk ok 3k sk ok ok ek ok ok e e s sk e ol ke sk
DO 50 I=1,ITH-1 !
DO 40 J=1,ITH-1 !
£(I)=£(I)-(MD(T,J)+MP(I,J))*qd(J) !
40 CONTINUE !
DO 50 J=ITH,L !
£(I)=F(I)-(MD(T,J)+MP(I,I))*qd(3)-K(I,N)*q(I) !
50 CONTINUE !Fr is stored in fr '
(C sk 2k 3 sk e ke ke 3 o e sbe sk 3 ke s e e o ok 3K ok o e o 3 3k ok o e o s e ke sk s e e e o ok o ok o o ke ok 3k ok sk ok o ok ok ok ok
Chkkk to perform Fes #kxkikskiiikikihkokikiohhkiokkok ko kkkkk
DO 70 I=ITH,L !
DO 60 J=1,ITH-1 !
£(I)=£(I)-(MD(I,T)+MP(I,]))*qd(J)-M(I,J)*£(J) !
60 CONTINUE !
DO 70 J=ITH,L ]
£(I)=£(I)-MP(I,I)*qd(J) '
70 CONTINUE IFes is stored in fe !
(C e ok 32 sk sk 3k ke ke ok sk o 3 sk o o e s ok o e sk 0 e s e e e ek s ek ok sk o s ke e e o e o e sk e ok ok e ek ok sk ok ok ok
Ckxx* to perform Mes ikkskikkkskkdskksikiiksikiohidhkndokkd ki

DO 80 J=ITH,L '
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DO 80 I=ITH,L !

DO 80 I1=I,ITH-1 ]
M(I,J)=M(T, J)-M(I,11)+M(I1,]) !

80 CONTINUE !Mes is stored in Mee !
(G oK ok ok e 3k ek ke sk ok ok S o o sk s ke e e e o e o ke e ke 3k o sk o sk ok 3k ok e o ok o o ook o sk ko ke dkok ko ok sk kok
C#**k* index renumbering for M,MD,K,f skkdkdkkkkkkikkkkkikrk
Jmax=AINT(FLOAT((N-ITH)#**2/L)) !

DO 90 J=1,JImax+1 ]
Imax=L-AINT(FLOAT(J/(Jmax+1))) !

* *(L-MOD ((N-ITH)**2,L)) !

DO 90 I=1,Imax ]
INDEX=L*(J-1)+I ]
INDEXK=AINT(FLOAT((INDEX-1)/(N-ITH))) 1
INDEXO=(N+INDEXK)* (ITH-1) !
INDEX=INDEX+INDEXO !
INDEXJ=ITH+INDEXK ]
INDEXI=INDEX-L#*(INDEXJ-1) 1
M(I,J)=M(INDEXI,INDEXJ) !
MD(I,J)=MD(INDEXI,INDEXJ) ]
K(I,J)=K(INDEXI,INDEXJ) [

90 CONTINUE s
DO 100 I=1,N-ITH !
£(I)=f(I+ITH-1) !

]

100  CONTINUE
C 3 ek o s e sk ke o s e e ke sk o e e e o o e e o e ek o e ke s e o e e e o e s o ok o ook e ok Kok sk ok sk ok sk ok ok
RETURN ‘

END
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SUBROUTINE IMPHASE(M,C,K,f,q,qd,qdd)

Ch

c INPUT -- M,C,K,f,q,qd,qdd

c QUTPUT -~ q,qd,qdd (d’s are updated)

c (Lamd’s are unchanged)
ch

Cotesieeakese ko ek sk s koo ke s ok ot koo sk ook sk ok sotokok ok ok o ok
To solve the following 2nd order differential
equations using Newmark method

.o

*

*

. *
M*xg+Cx*xqg+K=*xq-=¢ *
*

*

aaoaoaoaan

Initial conditions are provided.

Cook stk dok ko ko oo ok ok sk ook sk ook sk ok sk ko ok e Aok sk ko sk ok
Ch

INCLUDE °’/home/jiechi/newone/program/parameteri.f’
INCLUDE °’/home/jiechi/newone/program/parameter3.f’
INCLUDE °’/home/jiechi/newone/program/parameters.f’

ch
INTEGER I,J,IX(N-ITH),LS
Ch
PARAMETER(LS=N-ITH)
c% .
DOUBLE PRECISION M(LS,LS),c(Ls,Ls),K(Ls,LS),£(LS)
* ,q(N),qd(N),qdd(N) ,Mout(LS,LS),DUM(LS) ,BETA,GAMA
* ,DELT,X1,X2,X3
c’
COMMON/COMNM/BETA, GAMA,DELT 1<=-- input(from input)
C%

Coesk ok ek kot ok sk sk ke ok sl ok ok sk ook ok Aok ok skaok ok koo ok o
Note: The dimensions of g, qd, and qdd are *
really L instead of N. But they are *
defined as N for the reason of *
consequential use of the subroutines *
EXPHASE AND CORRECTOR. *
Cotekesote sk ook e stk ok ootk o kokoosk A okskoldsk ek sk skooko ok oRkok ok ok ok ok ok okok ok

c%

OO0

X1=0.0D0
X2=0.0D0
X3=0.0D0
DO 10 J=1,LS
DUM(J)=0.0D0
DO 10 I=1,LS
Mout (I,J)=0.0D0

10 CONTINUE

Cx** adding damping #ddskkdkskkk
DO 18 J=1,LS !
DO 15 I=1,LS !
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c(I,J)=C(1,J)+1.0D0 !
15 CONTINUE !
Gtk ok ek ok koo ok ko ook kok
Cx*x* renumbering q,qd,qdd *k***

DO 25 I=1,ITH-1 tbefor: {g} = { Lamd | d }
X1=q(1) tafter: {q} = { d | Lamd }
X2=qd (1) !

X3=qdd(1) 1It’s also true for qd and qdd.

DO 20 J=1,L-1 !
q(J3)=q(J+1) !
qd(J)=qd(J+1) !
qdd(J)=qdd(J+1) !
20 CONTINUE !
q(L)=X1 !
qd(L)=X2 !
qdd(L)=X3 !
25 CONTINUE !
Corskeskokokok ek ok ok ek ookl ok aok ok ok
DO 30 J=1,LS
q(J)=q(J) +DELT*qd (J) +DELT**2*(0.5-BETA) *qdd(J)
qd (J)=qd (J)+DELT*(1.0-GAMA) *qdd (J)
DO 30 I=1,LS
M(I,J)=M(I,J)+DELT+GAMA*C(I,J)+DELT**2*BETA*K(I,J)
30 CONTINUE
DO 40 J=1,LS
DO 40 I=1,LS
£(1)=£(1)-C(1,3)*qd(J)-K(I,I)*q(J)
40 CONTINUE
CALL GAUSS(M,LS,IX,Mout,DUM)
CALL SOLVE(Mout,LS,IX,f,qdd)
DO 50 I=1,LS
q(I)=q(I)+DELT**2%BETA*qdd(I)
qd (1)=qd(I)+DELT*GAMA*qdd(I)
50 CONTINUE
Cx**x rearranging q,qd,qdd *#kk*
X1=0.0D0O !
X2=0.0D0 !
X3=0.0D0 !
DO 70 I=1,ITH-1 !
X1=q(L) tbefor: {q}
X2=qd (L) tafter: {q}
X3=qdd(L) !
DO 60 J=1,L-1 'It’s also true for qd qnd qdd.
q(N-J)=q(L-J) !
qd(N-J)=qd(L-J) !
qdd(N-1)=qdd (L-J) J
60 CONTINUE !
q(1)=X1 !

{d | Lamd }
{Lamd | d }
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qd(1)=X2 '
qdd(1)=X3 '
70 CONTINUE !
(G s sk e e ok sk ode o o o o sk ok o e ok ok o o ok ok ok o ok ok ok ok ok K
RETURN

END
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SUBROUTINE EXPHASE(T,q,qd,qdd)

C%h

¢ INPUT -- T,q,qd,qdd

c OUTPUT -- q,qd,qdd (Lamd’s are updated)
c (d’s are unchanged)
ch

ke S 3 s e e e e e ol o A ol ok e e o 3 3 ok oo o 2 ok s e e 3 o o e ek sfe o o o o 3 o e o e e o e e ke ke o ok o e ok o ok ek ok skok Kok

This subroutine is used to execute explicit phase in
solving rigid body dynamic motion as shown below.
[Mrr] {Lamd} = {Fr} - [Mrel {d } (a)
All the values in the coefficient matrices and the
vectors are performed at the future time step level.
Terminology: new -- future time step
old -- current time step

1) Subvector "Lamd" will be replaced by the predictor
phase values as an approximation of the new values
based on Newmark algorithm. Subvector "d" is already
a new vector found in the implicit phase in solving
the elastic motion equations.

2) Calling subroutine MATRIX with the new vectors will
yield the new mass submatirces [Mrr] and [Mre] and
the new force subvector {Fr}. ..

3) Solving Eq.(a) will give the new values of {Lamd}.

Gk st ek s ke sk ok sk skl o ke ook sk s sk sk ook ook oo ok ook ok o sk ook

¢

a0
LR I JEE B R K KRR BEE K R R

INCLUDE ’/home/jiechi/newone/program/parameterl.f’
INCLUDE ’/home/jiechi/newone/program/parameter3.f’
INCLUDE ’/home/jiechi/newone/program/parameters.f’

ch

INTEGER I,7J
¢l

DOUBLE PRECISION M(N,N),MD(N,N),MP(N,N),K(N,N),£f(N)

* ,q(N),qd(N),qdd(N),DUM(3),T,BETA,GAMA,DELT

c%

COMMON/COMNM/BETA , GAMA ,DELT {<--- input(from input)
c’

DUM(1)=0.0D0
DUM(2)=0.0D0
DUM(3)=0.0D0
DO 10 J=1,N
£(J)=0.0D0
DO 10 I=1,N
M(I,J)=0.0DO
MD(I,J)=0.0DO
MP(I,J)=0.0D0
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K(1,3)=0.0D0
10 CONTINUE
CH*** Newmark predictor phase Hkkkskskkddkdokkkkkdkiiokkkkkk
DO 20 I=1,ITH-1 !
q(I)=q(I)+DELT*qd(I)+DELT*%2%(0.5-BETA)*qdd(I) !
qd(I)=qd(I)+DELT#*(1.0-GAMA)*qdd (1) !
20 CONTINUE !
Coeskeokkok o dokokokok sk ok & e ko ok skl ko ok ok ok ok skokok ok koK
CALL LAMD(T,DUM)
C***x* to renumber q,qd,qdd ****
DO 30 I=1,N-ITH !
q(N+1-I)=q(N-I) !
qd(N+1-I)=qd(N-I) !
[}
[}
!

qdd (N+1-I)=qdd (N-I)

30 CONTINUE
q(ITH)=DUM(1)
qd(ITH)=DUM(2) 1The ITHth components of q,
qdd(ITH)=DUM(3) !qd,and qdd are specified.

Coteskesiosk sk ke ok sk e ek o ok ok e ook ok ok
CALL MATRIX(M,MD,MP,K,f,q,qd)
CALL MAPPING(M,MD,MP,K,f,q,qd,qdd)
CALL CORRECTOR(M,MD,MP,K,f,q,qd,qdd) !%to perform
100 FORMAT(11(1X,D10.3))

200 FORMAT(8(1X,D10.3)) .
RETURN . 1%Newmark corrector

END 1%,phase



310

SUBROUTINE COMPAT()
c%

c INPUT -- INCLUDE statements
C OUTPUT -- COMMON statements
C%

Cotesk s ke ke e ook ok o o ok ok ko ook ok ok ok ks skl ookl s ok ol s sk ook ok ook
Boundary condition assumptions:
1) The first nodes for beams 1, 5, 3, 4, 7, and 8
are all clamped.
2)_The last nodes of beams 3, 4, 7, and 8 are also
clamped. Besides,
d3my=d4my; phi3my=phi4my; phi3mz=phi4nz=0
d7my=d8my; phi7my=phi8my; phi7mz=phi7mz=0
Codeoksiok ke ok sk ok sk kok ok ok ok deokok ik ok ok okt ok e sk ko ook ok ok ook ok skok
ch

aaogaoaagaa
LA I I R R R

INCLUDE ’/home/jiechi/newone/program/parameteri.f’
INCLUDE °’/home/jiechi/newone/program/parameter2.f’
c%
INTEGER I,J
A
DOUBLE PRECISION PHIO(3,N),PHI1(NG1,N),PHI3(NG3,N)
* ,PHI4(NG4,N),PHI2(7,N),PHI9(11,N),PHI5S(NG5,N)
* ,PHIT(NGT7,N),PHI8(NG8,N),PHI6(7,N),PHI10(11,N)
* ,DP(4,4),DPP(4,4)
ch
COMMON/COMPHI1/PHIO,PHI1,PHI2,PHI3,PHI4,PHI5  !<--- output
COMMON/COMPHI2/PHI6,PHI7,PHI8,PHI9,PHI10 !<-~- output
A
DO 50 J=1,N
DO 10 I=1,3
PHIO(I,J)=0
10 CONTINUE
DO 15 I=1,7
PHI2(I,J)=0
PHI6(I,J)=0
15 CONTINUE
DO 20 I=1,11
PHI9(I,J)=0
PHI10(I,J)=0
20 CONTINUE
DO 25 I=1,NG1
PHI1(I,J)=0
25 CONTINUE
DO 30 I=1,NG3
PHI3(I,J)=0
30 CONTINUE
DO 35 I=1,NG4
PHI4(I,J)=0
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35 CONTINUE
DO 40 I=1,NG5
PHIS(I,J)=0
40 CONTINUE
DO 45 I=1,NG7
PHI7(I,J)=0
45 CONTINUE
DO 50 I=1,NG8
PHI8(I,J)=0

50 CONTINUE

C*** defining BC’s for the last nodes of beams 3,4,7,8 *k*
DO 55 J=1,4
DO 55 I=1,4

|
!
DP(I,J)=0.0D0O !
DPP(I,J)=0.0D0 !
55 CONTINUE !
DP(1,1)=1.0D0 !
DP(3,2)=1.0D0 !
DP(4,3)=1.0D0 !
DPP(1,1)=1.0D0 !
DPP(3,4)=1.0D0 !
DPP(4,3)=1.0D0 !
C ek s e sk ook ok o e ke ok s ke ok ook ke s e ok e e ok ok oo ks e ok ok sk sk ok ok
C=== for Lamd vector of each beam ===
DO 60 I-=1,3 !
PHIO(I,I)=1.0DO !
PHI1(I,I)=1.0DO )
PHI2(I,I)=1.0D0 !
PHI3(I,I)=1.0D0 !
PHI4(I,I)=1.0D0 !
PHIS5(I,I)=1.0D0 !
]
1
i
]
]

PHI6(I,I)=1.0D0
PHI7(I,I)=1.0D0
PHI8(I,I)=1.0D0
PHI9(I,I)=1.0D0
PHI10(I,I)=1.0DO

60 CONTINUE !

C —— ——

C+++ for rigid bodies,two blocks and two tanks ++++++++itttdttttd
DO 65 I=1,4 !
PHI2(I+3,I+3+4%(Nil-1))=1.0D0 !
PHI9(I+3,I+3+4*(Ni1-1))=1.0D0 !
PHI6(I+3,I+3+4%(Nil+Ni3+Ni4-1+Ni5-1))=1.0DO !

PHI10(I+3,I+3+4*(Ni1+Ni3+Ni4-1+Ni5-1))=1.0DO !

1
|
[}

PHI9(I+3+4,I+3+4*(Ni1+Ni3+Ni4-2))=1.0D0
PHI10(I+3+4,I+3+4*(Ni1+Ni3+Ni4—-1+Ni5+Ni7+Ni8-2))=1.0D0

65 CONTINUE
o B L B X T R R
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C<>< for flexible beams 1,5,3,4,7,8 ><O<OLOLOOLIOLIOILOOLOLO0
DO 70 I=1,4*Ni1 !
PHI1(I+3+4,I+3)=1.0D0 §

70 CONTINUE !
DO 75 I=1,4*Ni5 !
PHIS(I+3+4,I+3+4%(Ni1+Ni3+Ni4-1))=1.0D0 !

75 CONTINUE !
IF(Ni3.GT.1)THEN !

DO 80 I=1,4%(Ni3-1) !
PHI3(I+3+4,I+3+4%Ni1)=1.0D0 !

80 CONTINUE !
END IF !
IF(Ni4.GT.1)THEN '

DO 85 I=1,4*(Ni4-1) !
PHI4(I+3+4,I+3+4%(Ni1+Ni3-1))=1.0D0 !

85 CONTINUE !
END IF !
IF(Ni7.GT.1)THEN I
DO 90 I=1,4*(Ni7-1) !

PHI7(I+3+4,I+3+4*(Ni1+Ni3+Ni4-14Ni5))=1.0D0 !

90 CONTINUE !
END IF !
IF(Ni8.GT.1)THEN !

DO 95 I=1,4*(Ni8-1) !
PHI8(I+3+4,I+3+4*(Ni1+Ni3+Ni4-1+Ni5+Ni7-1))=1.0DO !

95 CONTINUE !
END IF !

CLOLOLILOLILILICILDICILILILILDIEICOLIDILOLILILILIIOLILOLS OO

Citit# for the last nodes of beams 3,4,7,8 #tHNRHHRIRHREHBTG

DO 100 J=1,4
DO 100 I=1,4
PHI3(I+3+4+4*(Ni3-1),J+3+4*x(Ni1+Ni3+Ni4-2))=DP(I,J)
PHI4(I+3+4+4%(Ni4—1),J+3+4*(Ni1+Ni3+Ni4—-2))=DPP(I,J)
PHI7(I+3+4+4%*(Ni7-1),J+3+4*(Ni1+Ni3+Ni4-1+Ni5+Ni7+Nig8-2))
* =DP(I1,J)
PHIS(I+3+4+4%(Ni8—1),J+3+4*(Nil1+Ni3+Ni4-1+Ni5+Ni7+Nig-2))
* =DPP(I,J)
100 CONTINUE

CHIHHBHHRBBHHBRRHRRBHRARAHFR R BHRBRBRRERRBHRRER AR B BRBRRBAR R RURRRWRR Y

RETURN
END
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SUBROUTINE CORRECTOR(M,HMD,MP,K,Fr,q,qd,qdd)

c INPUT -- M,MD,MP,K,Fr,q,qd,qdd
c OUTPUT ~- q,qd,qdd (only Lamd’s are updated)

INCLUDE ’/home/jiechi/newone/program/parameteri.f’
INCLUDE ’/home/jiechi/newone/program/parameter3.f’
INCLUDE ’/home/jiechi/newone/program/parameter4.f’
Ccl
INTEGER I,J,IX(ITH-1)
Ch
DOUBLE PRECISION M(L,L),MD(L,L),MP(L,L),K(L,L),Fr(L)
* ,q(L),qd(L),qdd(L) ,Ms(ITH-1,ITH-1),Mout (ITH-1,ITH-1)
,DUM(ITH-1) ,BETA,GAMA,DELT
CA
COMMON/COMNM/BETA ,, GAMA ,DELT !<--- input (from input)
¢’
DO 5 J=1,ITH-1
DUM(J)=0.0D0
DO 5 I=1,ITH-1
Ms(I,3)=0.0D0
Mout (I,J)=0.0D0
5 CONTINUE
C+x** to get new Fr and Mrx *#i+* ok kokokok ok kokk ok ok
DO 20 I=1,ITH-1 !
DO 10 J=1,ITH~1 !
Fr(I)=Fr(I)-(MD(I,J)+MP(I,J))*qd(J) !
10 CONTINUE !
DO 15 J=ITH,L !
Fr(I)=Fr(I)-(MD(I,J)+MP(I,J))*qd(J) !
]
1
1
'
]
]
[}

* -K(I,3)#q(J)-M(I,JI)*qdd(J)
15 CONTINUE
20 CONTINUE
DO 30 J=1,ITH-1
DO 30 I=1,ITH-1
Ms(I,D)=M(I,3)
30 CONTINUE
3k sk e e e e 3 e e ok ek e o ke e ook ok o o ok ok ok o ol ok ok o e ok ok ok sk sk e e ke o
CALL GAUSS(Ms,ITH-1,IX,Mout,DUM)
CALL SOLVE(Mout,ITH-1,IX,Fr,qdd)
Cxx** Newmark corrector phase #ikkikkkkksk
DO 40 I=1,ITH-1 !
q(I)=q(I)+DELT*#2+BETA*qdd(I) !
qd(I)=qd (I)+DELT*GAMA*qdd(I) !
]

define:
Ms=Mrr

40 CONTINUE
Cokosk sk skskof sk sk ok sk ko sk ok sk ook kb ok kR ok ok ok
RETURN

END
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SUBROUTINE POSTPRO(Li,Lj,qj,qdj,qddj,Ti,Pj,Vj,Aj)
c%
c INPUT -- Li,Lj,qj,qdj,qddj,Ti
c OQUTPUT -- Pj,Vj,Aj
ch
Coskakode ok ok sk ki ko ok sk okdekok ook dokok sk ok ok ok sk okokokokskoR sk Fok ok ok
To calculate tank kinematic values of Pj, Vj,
and Aj relative to the inertial frame.

*
*
*
Pj=[Tel*Pjo *
Vj=[Tel*Vjo *
Aj=[Tel*Ajo *
*
*
*
%*
*

where Pjo, Vjo, and Ajo are the corresponding
values relative to the moving frame, and [Te]

is a transformation matrix between the inertial
frame and the moving frame.

C kb koo s sk ook okt ookt ok ek s s e ok s sk ke sk e ek st e sk s ook ok sk sk o ok o ok

ch

[+ s eNsNsNs Ne s NN e}

INTEGER I,J,I1,I2,J1
c’
DOUBLE PRECISION Te(3,3),Tei(3,3),Te2(3,3),Te3(3,3)
,TM1(3,3),TM2(3,3),TH3(3,3),TH4(3,3),TH5(3,3)
,TMd1(3,3),TMd2(3,3) ,TMd4(3,3) ,TMd5(3,3)
,TMdd1(3,3),TMdd2(3,3) ,THdd4(3,3) ,THAd5(3,3)
,Ti(3,3),Tab(3,3),Tj(3,3),Tdab(3,3),Tdj(3,3)
,Tddab(3,3),Tddj(3,3),qj(11),qdj(11),qddj(11)
,W(3),Wd(3),Ws(3,3),Wds(3,3),P1(3),P2(3),P3(3),P4(3)
,Pd2(3),Pd3(3),Pdd2(3),Pdd3(3) , TEMP1(3) ,TEMP2(3,3)
,THETA, THETAd, THETAdd, Li,Lj,Lus,La,Rt,NT(3,3),ND(3,3)
,P§(3),Vj(3),43(3)

L B BN R R B

c%
COMMON/COM4/Lus 1<--- input(input)
COMMON/COM7/La,Rt 1<--— input(input)
COMMON/COM8/NT,ND 1<~~~ input(matrix)
COMMON/COM10/P3,P4,TM1,TH2,TM3,TH4,TH5,TaB  !<--- output(gforout)
COMMON/COM12/Te 1<~~~ output(gforout)
ch
DO 10 J=1,3
W(J3)=0.0D0
Wwd(J)=0.0D0
TEMP1(J)=0.0DO
Pj(J3)=0.0D0
V3§(J3)=0.0D0
43(3)=0.0D0
DO 10 I=1,3
Te(I,J)=0.0D0
Te1(I,J)=0.0DO



10
ch

Te2(1,J)=0.0D0
Te3(I,J)=0.0D0
TM1(I,J)=0.0D0
TH2(I,J3)=0.0D0
TM3(I,J)=0.0D0
TM4(I,J)=0.0D0

THM5(I,J)=0.0DO
TMd1(I,J)=0.0DO
THd2(I,J)=0.0D0
TMd4(I,J)=0.0D0
TMd6(I,J)=0.0D0
TMdd1(I,J)=0.0D0
TMdd2(I,J)=0.0D0
TMdd4(I,J)=0.0D0
THdd5(I,J)=0.0DO0
Tab(I,J)=0.0D0
Tj(1,3)=0.0D0
Tdab(I,J)=0.0D0
Tdj(1,J)=0.0DO
Tddab(X,J)=0.0D0
Tddj(I,J)=0.0DO
TEMP2(I,J)=0.0D0
CONTINUE

THETA=(qj(9)-qj (11))/Lj
THETAd=(qdj(9)-qdj (11))/Lj
THETAdd=(qddj (9)-qddj(11))/Lj

Te1(1,1)= DCOS(qj(3))
Te1(1,2)=-DSIN(qj(3))
Te1(2,1)=-Tel1(1,2)
Te1(2,2)= Tel1(1,1)
Te1(3,3)= 1.0DO
Te2(1,1)= DCOS(qj(1))
Te2(1,3)= DSIN(qj(1))
Te2(2,2)= 1.0D0
Te2(3,1)=-Te2(1,3)
Te2(3,3)= Te2(1,1)
Te3(1,1)= 1.0D0
Te3(2,2)= DCOS(qj(2))
Te3(2,3)=-DSIN(qj(2))
Te3(3,2)=-Te3(2,3)
Te3(3,3)= Te3(2,2)
TM1(1,1)= DCOS(qj(7))
TM1(1,3)= DSIN(qj(7))
TM1(2,2)= 1.0DO
TH1(3,1)=-TM1(1,3)
TM1(3,3)= TM1(1,1)

TMd1(1,1)=-DSIN(qj (7)) *qdj(7)

315
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TMd1(1,3)= DC0OS(qj(7))*qdj(7)
TMd1(3,1)=-TMd1(1,3)

TMd1(3,3)= TMd1(1,1)
TMdd1(1,1)=-DC0S(qj (7)) *qdj (7)**2-DSIN(qj(7))*qddj(7)
TMdd1(1,3)=-DSIN(qj(7))*qdj (7)+*2+DCOS(qj(7))*qddj(7)
TMdd1(3,1)=-TMdd1(1,3)

THdd1(3,3)= THdd1(1,1)

TM2(1,1)= DCOS(qj(5))

TM2(1,2)=-DSIN(qj(5))

TM2(2,1)=-TN2(1,2)

T™™2(2,2)= TM2(1,1)

TM2(3,3)= 1.0D0

TMd2(1,1)=-DSIN(qj(5))*qdj (5)
TMd2(1,2)=-DC0S(qj(5))*qdj(5)

TMd2(2,1)=-TMd2(1,2)

TMd2(2,2)= TMd2(1,1)
TMdd2(1,1)=-DCOS(qj(5) )*qdj (5)**2-DSIN(qj(5))*qddj(5)
TMdd2(1,2)= DSIN(qj(5))*qdj (5)**2-DCAS(qj(5))*qddj(5)
TMdd2(2, 1)=-THdd2(1,2)

TMd42(2,2)= THMdd2(1,1)

TM3(1,3)= 1.0D0

TM3(2,2)= 1.0D0

TM3(3,1)=-1.0D0

TM4(1,1)= DCOS(qj(10))

TM4(1,3)= DSIN(qj(10))

TM4(2,2)= 1.0D0

TM4(3,1)=-TN4(1,3)

TM4(3,3)= TM4(1,1)

TMd4(1,1)=-DSIN(qj(10))*qdj(10)

TMd4(1,3)= DCOS(qj(10))*qdj(10)

TMd4(3,1)=-THd4(1,3)

TMd4(3,3)= TMd4(1,1)
TMdd4(1,1)=-DCOS(qj(10))*qdj(10)**2-DSIN(qj(10))*qddj(10)
TMdd4(1,3)=-DSIN(qj(10))*qdj(10)**2+DCOS(qj(10))*qddj(10)
TMdd4(3,1)=-THdd4(1, 3)

TMdd4(3,3)= TMdd4(1,1)

TM5(1,1)= 1.0D0

TM5(2,2)= DCOS(THETA)

TM5(2,3)=-DSIN(THETA)

TM5(3,2)=-TN5(2,3)

TM5(3,3)= TM5(2,2)

TMd5(2,2)=-DSIN(THETA)*THETAd
TMd5(2,3)=-DCOS(THETA)*THETAd

TMdS5(3,2)=-TMd5(2,3)

TMd5(3,3)= TMd5(2,2)
TMdd5(2,2)=-DCOS (THETA) *THETAd**2-DSIN(THETA)*THETAdd
TMdd5(2,3)= DSIN(THETA) *THETAd**2-DCOS(THETA ) *THETAdd
TMdd5(3,2)=-THdd5(2, 3)
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TMAd5(3,3)= THdd5(2,2)
P1(1)=0.0D0
P1(2)=0.0D0
P1(3)=Lus
P4(1)=Rt
P4(2)=0.0D0
P4(3)=Rt
P2(1)=Li
P2(2)=qj(4)
P2(3)=qj(6)
Pd2(1)=0.0D0
Pd2(2)=qdj(4)
Pd2(3)=qdj(6)
Pdd2(1)=0.0D0
Pdd2(2)=qddj (4)
Pdd2(3)=qddj(6)
P3(1)=La
P3(2)=qj(8)
P3(3)=0.5D0*(qj(9)+qj(11))
Pd3(1)=0.0D0
Pd3(2)=qdj(8)
Pd3(3)=0.5D0*(qdj(9)+qdj(11))
Pdd3(1)=0.0D0
Pdd3(2)=qddj(8)
Pdd3(3)=0.5D0*(qddj(9)+qddj(11))
c
DO 30 J
DO 30 I=1,
DO 30 Ji1=1,3
DO 30 Ii=1,3
Te(I,J)=Te(I,J)+Te1(I,J1)*Te2(J1,I1)*Te3(I1,J)
DO 30 I2=1,3
Tab(I,J)=Tab(I,J)+Ti(I,J1)
* *TM1(J1,T1)*TM2(T1,12)*TM3(I2,])
Tdab(I,J)=Tdab(I,J)+Ti(I,J1)*
* (TMd1(J1,I1)*TH2(11,12)
+TM1(J1,I1)*TMd2(I1,12))*TM3(I2,])
Tddab(I,J)=Tddab(I,J)+Ti(I,J1)*

=1,3
1,3

* (TMdd1(J1,I1)*TM2(I1,12)
+2.0DO*TMd1(J1,T1)*TMd2(I1,12)
* +TM1(J1,I1)*TMAd2(I1,12))*TH3(12,J)
30 CONTINUE

DO 35 J=1,3
DO 35 I=1,3
DO 35 J1=1,3
DO 35 I1=1,3
Tj(I,3)=Tj(I,3)+Tab(I,J1) *TM4(J1,I1)*TH5(I1,T)

Tdj(I,J)=Tdj(I,J)+Tdab(I,J1)  *TM4(J1,I1)*TM5(I1,J)
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+Tab(I,J1)*(TMA4(J1,I1)*TME(T1,T)
+TM4(J1,I1)*TMd5(I1,D))
Tddj(I,J)=Tddj(I,J)+Tddab(I,J1)*TM4(J1,I1)*TH5(I1,])

+2.0D0*Tdab(I,J1)*(TMd4(J1,I1)*THE(I1,T)

+TM4(J1,11)*TMA5(I1,7))

+Tab(I, J1)*(2.0D0*THd4(J1,I1)*THA5(I1,])

+TMdd4(J1,I1)*TM5(I1,J)
+TM4(J1,I1)*THdd5(11,T))
CONTINUE
DO 40 J=1,3
DO 40 I=1,3
W(3)=W(I)+NT(J,I)*qdj(I)
WA (J)=Wd(J)+ND(J,I)%qdj(I)+NT(J,I)*qddj(I)
TEMP1(J)=TEMP1(J)+Ti(J,I)*P2(I)+Tab(J,I)*P3(I)
+T3j(J,1)*P4(I)
CONTINUE
DO 45 I=1,3
DO 45 J=1,3
Pj(I)=Pj(I)+Te(I,J)*(P1(J)+TEMP1(J))
CONTINUE
CALL SKEW(Ws,W)
DO 50 I=1,3
DO 50 I1=1,3
DO 50 J1=1,3

Vj(I)=Vj(E)+Te(I,I1)*(Ws(I1,J1)*Pj(J1)+Ti(I1,J1)*Pd2(31)

+Tab(I1,J1)*Pd3(J1)+Tdab(I1,J1)*P3(J1)
#Tdj(I1, J1)*P4(J1))

TEMP2(I,I1)=TEMP2(I,I1)+Ws(I,J1)*Ws(J1,I1)

CONTINUE

CALL SKEW(Wds,Wd)

DO 55 I=1,3

DO 55 I1=1,3

DO 55 Ji=1,3 ‘

Aj(I)=4j(I)+Te(I,I1)*
(Ti(I1,J1)#Pdd2(J1)+Tab(I1,J1)*Pdd3(J1)
+2.0D0*Tdab(I1,J1)*Pd3(J1)+Tddab(I1,J1)*P3(J1)
+Tddj(I1,J1)*P4(J1)+Ws(I1,J1)*Vj(J1)*2.0D0
+(Wds(I1,J1)-TEMP2(I1,J1))*Pj(J1))

CONTINUE

RETURN

END
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INTEGER N
PARAMETER(N=19)
N=4*(Nii+Ni3+Nid+Ni5+Ni7+Ni8-2)+3

Ni’s —--- total number of elements for each
individual flexible beam. The number
of nodes are, therefore, (Ni’s+1).

NG’s —-— total number of generalized coordinates
for each individual flexible beam.

1) There are four degrees of freedom for each
node, two deflections and two rotatioms.

2) There are three rigid body rotating angles
in which one is spin velocity, which is
specified as input, and the rest two are
unknowns which are to be predicted.

Vector of generalized
coordinates for this spicific case:

T T T T T T
{q }={Lamd | d11 | d31 | d41 | d34m |

T T T T
| 51 | d71 | d81 | d78m }

Notes: 1) "T" denotes a transpose of a vector.

2) In "dij", "i", the first index, denotes
the number of a beam; "j', the second
index, denotes the number of a node.

3) The last nodes of beams 3,4,7, and 8
are treated specially. Geometrical
boundary conditions are applied to

these nodes. "d34m" includes the
combined DOF of the last nodes for
beams 3 and 4. "d78m" is for beams
7 and 8.

4) Each "dij" vector consists of four
components.

5) The total number of generalized
coordinates are 2% (4*(1+2%2))+3.
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INTEGER Nii,Ni3,Ni4,Ni5,Ni7,Ni8
INTEGER NG1,NG3,NG4,NG5,NG7,NG8
PARAMETER(Ni1=1,Ni3=1,Ni4=1,Ni5=1,Ni7=1,Ni8=1)



320

PARAMETER(NG1=4*(Ni1+1)+3,NG3=4*(Ni3+1)+3,NG4=4+(Ni4+1)+3)
PARAMETER(NGS=4+ (Ni5+1)+3,NG7=4*(Ni7+1)+3,NG8=4*(Ni8+1)+3)

INTEGER L
PARAMETER(L=N-1)

INTEGER ITH
PARAMETER(ITH=3)



