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Matrices are in boldface upper-case characters. 

Column or algebraic vectors are in boldface lower-case characters. 

Scalars are in lightface characters. 

a Column vector (array). 

aT Row vector (array). 

A Matrix. 

a,-,- Element of matrix A in ith row and jth column. 

OVERSCORES 

a Geometric vector. 

a  3X3 skew-symmet r i c  mat r ix  ob ta ined  f rom the  componen t s  o f  a  vec to r .  

& First derivative with respect to time. 

a Second derivative with respect to time. 

SUPERSCRIPTS 

Matrix inverse. 

1 /th time step. 

T Transpose of a vector or a matrix. 

(} Type of force or constraint. 

' Components of a vector in a body-fixed coordinate system. 

SUBSCRIPT 

, /th body in a system. 
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This study synthesizes spatial dynamics of rigid bodies and feedback control for 

the control of zero angular momentum turns, A general-purpose computer code (named 

DASC) capable of performing the dynamic analysis of large scale, nonlinear, constrained 

multibody systems is developed and is combined with a special-purpose (feedback con

trol) subroutine for the simulation of a cat's self-righting reflex and the pointing control 

of a satellite. 

The decentralized and hierarchical control concepts and the two-stage feedback 

control scheme are employed on a mechanical cat simulation. During the simulation, a 

multisegment, multijoint cat model can change its body orientation in midair without any 

external torque by moving its body segments in the appropriate manner. The above 

dynamic modelling and control system design can also be applied to zero angular 

momentum maneuvers of an orbiting spacecraft. The developed control scheme is simple 

and allows easy implementation of such multibody systems. 
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INTRODUCTION 

The Computer-Aided Analysis technique (CAA) is the necessary prelude to 

Computer-Aided Design (CAD), which is one of the important branches of modern fac

tory automation. The CAA technique allows an engineer to simulate and modify the 

behavior of a product design prior to actual production. This process is superior to 

laboratory or field tests because it saves time and reduces cost. The purpose of this study 

is to develop a general-purpose rigid body dynamic analysis program with specific appli

cation to the field of feedback control. The general-purpose program will allow the engi

neer to deal with different types of systems. Computer graphics will be used to examine 

the behavior of the dynamic system. Our study will start from simple problems and end 

with complex problems and focus on three topics, namely, kinematics, dynamics, and 

feedback control. Each of these topics will be discussed in separate chapters. 

In Chapter 2, the kinematic analysis of rigid bodies in space is discussed from 

the choice of coordinate system for a simple floating body to the motions of a complex 

constrained multibody system. The choice of different coordinate systems is based on the 

convenience of formulating the dynamic equations of motion and the merits of numerical 

considerations. The choice of coordinate system will emphasize the rotational coordi

nates of a body and the transformation between local body-fixed coordinates (£t|£) and 

global reference coordinates (xyz) as shown in Fig. 1.1. 

Different rotational coordinate systems are discussed, such as Huler angles, Bry

ant angles and Euler parameters. After defining the coordinates of a floating body, we 

will continue the analysis of relative motion of the constrained multibody. Different 



y  

Figure 1.1 A floating rigid body in space. 
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types of kinematic joints are then illustrated, such as translational, revolute, universal and 

ball (spherical) joints. Finally, the joint coordinate transformation formulas are derived 

for the relative motion of bodies associated with different types of joints. 

Dynamics of rigid bodies in space is discussed in Chapter 3. This chapter 

focuses on the developments of equations of motion for a constrained multibody system 

as shown in Fig. 1.2. This is only a schematic representation of a general multibody sys

tem. The mass and inertia properties of the bodies, the connectivity of the bodies, the 

type and the location of the joints, and the physical characteristics of the springs, dampers 

and other force elements in the system directly affect the dynamic analysis. In this chap

ter, the equations of motion are developed from one floating body system to a constrained 

multibody system. Two types of equations of motion are Newton-Euler form and the 

form based on the joint coordinate method. These equations of motion can deal with 

both open-loop and closed-loop kinematic systems. The formulations to express the 

interactive and external forces of mechanical force-elements are explicitly derived and 

substituted into the equations of motion. The numerical considerations, such as numer

ical accuracy and efficiency, in solving a set of differential-algebraic equations are dis

cussed and the procedures to formulate a dynamic analysis program are listed. 

The applications of feedback control to the dynamic simulation will be dis

cussed in Chapter 4. This is the main subject of this study. As we know, most of the 

rigid body dynamic analysis programs are available only for open-loop control systems. 

That is, the behavior of the dynamic simulation only depends on the time and initial 

parameter values. However in this section, we will develop a closed-loop feedback con

trol scheme for the multibody dynamic system. First, the error control and the constraint 

stabilization techniques are used to improve the accuracy of the dynamic simulation. 

Then, it is of special interest to investigate the decentralized and hierarchical control con-
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Figure 1.2 A schematic representation of the multibody system. 
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cepts. It is important that the application of these concepts yield many advantages in 

dealing with complex interconnected systems. Each degree of freedom of the multibody 

system is considered as a subsystem. The local controller of the subsystems are chosen 

on the first level; and an additional compensation algorithm Oocal optimal factor) will be 

computed on the second level if these subsystems are nonlinear and coupled. In order to 

avoid the difficulties associated with a full state feedback design, a two-stage control 

scheme based on position feedback is developed. All of the control schemes are evalu

ated by applying them to the model of a mechanical cat. This is a simulation of a cat's 

self-righting reflex for demonstrating the phenomena of zero angular momentum turns. 

This dynamic modelling and control system design can also be used for the pointing con

trol of an orbiting spacecraft. 

Finally, all of the important results of kinematics, dynamics and feedback con

trol are described in Chapter 5, where the advantages and recommended improvements 

are discussed. Future work and the merits of the developed control scheme in the 

application of satellite design will be considered in detail. 
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KINEMATICS OF RIGID BODIES IN SPACE 

Kinematics is the geometry of motion and, in particular, is the study of position, 

velocity and acceleration of a system regardless of the forces that cause the motion. A 

rigid body is made up of a continuum of particles such that any two particles of the body 

remain at a fixed position relative to each other for all time. The study of kinematics of 

rigid bodies in space ranges from the analysis of coordinates of a body to the kinematic 

joints of multibody systems which provide the necessary background for the study of 

dynamics of spatial systems. 

2.1 Coordinates of a Body 

The configuration of a system with several rigid bodies in space is described by 

a set of coordinates. Different sets of coordinate systems may be applied to a multibody 

system. No matter which set of coordinates is chosen for a system, the number of inde

pendent coordinates in the set is equal to the number of degrees of freedom in the system. 

The criteria to evaluate the number of degrees of freedom is given by 

Nf = Nc - Nh, (2.1) 

where 

Nf = number of degrees of freedom 

Nc - number of coordinates 

Nh = number of holonomic constraints. 

The holonomic constraints are independent relationships that can be written to describe 

the dependency of the coordinates. A set with a minimal number of coordinates is called 

a set of generalized coordinates without any constraints in the set. 
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For a rigid body in space there are six degrees of freedom, three being transla-

tiona] and three rotational. Two preliminary questions which arise in rotational motion 

analysis are pointed out by Greenwood [1]. First, for two Cartesian coordinate systems, 

the relative orientation of the two coordinate systems can be described by a set of nine 

direction cosines. Because there are nine direction cosines and six equations of constraint 

relating them, the use of direction cosines as coordinates is quite complicated for deriving 

the equations of motion. Second, the orientation of a body in space can be specified by a 

transformation matrix or by a series of three matrix multiplications as will be shown in 

Sec. 2.1.1, Since the order of terms in the product of two matrices is not commutative, 

this implies that the order of rotations is not commutative; i.e., orders of rotation cannot 

be inverted. Hence, a general finite rotation is not a vector quantity. If we write the rota

tional kinetic energy in terms of the Cartesian angular velocities cox, <Dy and coz, one can

not find a set of three parameters which specify the orientation of the body and also have 

co,, ooy and (i)z as time derivatives. Therefore in most classical dynamics books, three 

independent angles such as the Euler angles or the Bryant angles have been used as the 

rotational coordinates. The topic of Euler angles and Bryant angles [1,2] will be dis

cussed in brief in the next section. 

2.1.1 Euler Angles and Bryant Angles 

Euler angles are described by a series of three rotations about axes of a coordi

nate system which is fixed in the body and denoted as body axes n» and C* Following a 

certain order of rotation corresponding to the particular axes, the Euler angles provide a 

set of three coordinates without any constraint equations. There are several different 

types of Euler angle systems corresponding to different orders of rotation and respective 

axes. One system which is in common use is given below: 
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First, let us consider a body fixed coordinate system (£t|Q, which is initially 

coincident with the fixed reference coordinate system (xyz) in space. At the beginning, 

the axes £, T|, and £ are along the axes x, y, and z, respectively. A series of three rota

tions about the body axes in a proper sequence will allow the ^T]£system to reach any 

orientation of fixed reference frame (x, y, z). The sequence of rotations starts by a 

positive rotation \|/ about the £ axis. The next step is a positive rotation 6 about the ^ 

axis. Finally, a positive rotation a about the £ axes results in the final orientation of a 

body. The Euler angles are defined by the three angles \jf, 0, and a which act as a set of 

three independent coordinates and completely specify the orientation of the system 

relative to the xyz system. The time derivatives of Euler angles can be found in [2]. 

From the order of rotation about the corresponding axes, the transformation 

matrices for the individual rotations are 

"cy 0' "1 0 0 ' "co — SO 0* 
D = c\y 0 c =  0 c0 -50 B = so CO 0 , 

. 0 0 1_ 0 50 c0 _ . 0 0 1_ 

where c = cos and s = sin. Hence, the matrix of the complete transformation A can be 

obtained as the triple product of the individual matrices; i.e., A = D • C • B. It also can 

be verified that matrix A is orthonormal; i.e., Ar s= A"1. Even though we have found that 

three independent Euler angles are superior to nine dependent direction cosines, there still 

exists some disadvantage in numerical aspects. Forexample if 0 = nrc,n —0,±1,±2,..., 

the axes of the first and third rotations coincide, so that \|f and a cannot be distinguished. 

This will cause a singularity in the numerical solution. We will deal with this problem in 

the next section by using Euler parameters. 

It is convenient for us to have another option to specify a system configuration 

by using another coordinate system. The Bryant angles are defined by a different set of 

rotations and axes. The first angle comes from a positive rotation <}>, about the £ axis. 
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The second angle is a positive rotation ^ about the T| axis. Finally, a positive rotation ^ 

about the £ axis gives the final orientation of a body. The three angles 4>lf $2, and $3 are 

called Bryant angles. The transformation matrices for each rotation are 

"1 0 0 • • c<j>2 0 

-e
-

I 0* 
D = 0 c<j>l J>i c= 0 1 0 B = sty3 C<t>3 0 

0 J<t>, 1 

0
 -J4>2 0 _ 0 0 1. 

Hence, the complete transformation matrix is A = D • C • B. Again, if <f>2 = |+ nil, 

n = 0, ± 1, ± 2,..the first and third rotations coincide, so that the rotation angles and 

<J>3 are undefined. The relationship between the time derivative of Bryant angles and the 

angular velocity of a body can be found in [2], 

2.1.2 Euler Parameters 

The Euler angles and Bryant angles are vulnerable to singularity problems, and 

moreover the transformation matrix in terms of these angles is highly nonlinear. For 

eliminating the singularities, a set of four Euler parameters are used to describe the orien

tation of a body and make the transformation simpler. 

The Euler parameters are defined by the result of Euler's theorem which can be 

stated as follows [3]: 

Euler's Theorem: If the origins of two right-hand Cartesian reference frames 

coincide, then they may be brought into coincidence by a single rotation about 

some axis. 

Euler's theorem states that any orientation of a body can be accomplished by a 

single rotation from a reference orientation about a suitable axis. It is natural, therefore, 

to seek a representation of the coordinate transformation in terms of the parameters of the 
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rotation, viz., the angle of rotation and the direction cosines of the orientation axis of 

rotation [2], A physical illustration shown in Fig. 2.1 (from [2]) will lead us to obtain 

Euler parameters and the coordinate transformation in terms of the parameters. 

In Fig. 2.1 the initial position of the vector 7 is denoted by OP and the final posi

tion 7' by OP', while the unit vector along the orientational axis of rotation is denoted by 

u. In order to obtain the desired relation between vectors 7 and?', we express vector7 as 

the sum of three vectors: 

7 = ON + NQ + QP, (2.2a) 

where vector ON can be written as u(ju • Vector NQ can also be described as 

NP- cos<|) = (s'-ON)cos<}> 

= (s'-u(u * 5')]COS({». 

Finally vector QP may be expressed as "u x?'sin<}>. Substituting above expressions into 

Eq. (2.2a) and rearranging some terms leads to the final result: 

7 = s'cos<S> + «(u • 7')(\ -cos<J>)+u xs'sin<{>. (2.2b) 

Equation (2.2b) will be referred to as the rotation formula. By means of the trigonomet

ric identities: 

(b <b 
sin 6 = 2 sin-cos-

Y 2 2 

cos<J> = 2cos ~~ 1 

1 - cos <> = 2 sin21 

and introducing a scalar eo and a vector 7 with components e^ ej and ea defined as 



u 

/ 
7 \  

Nt \ 
• V/ * t • u X s  

\ 
\ 

N. 

Figure 2.1 Vector diagram for derivation of the rotation formula 
(from [2]) .  
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$ 
Cn — COS" 

<t> 
e - u  sin-, (2.3) 

the rotation formula of Eq. (2.2b) can be put in a more useful form: 

j = (2fio-l)?'+2?(e • -f 2eJ> *s' 

or 

s = [(2el -1)1+2eer+2e0e]s', (2.4) 

where I is the 3 X 3 identity matrix, e is a skew-symmetric matrix associated with the 

vector e defined as 

" 0 e3 *2 
e = e3 0 -e 

-*1 0 

and the algebraic vector operation e x s'=es' is used in Eq. (2.4). 

The term in brackets in Eq. (2.4) is thus the transformation matrix since s = As'. 

Therefore 

A = (2e0
2 -1 )I+2(eer+e0e). (2.5) 

More explicitly, the transformation matrix in terms of Euler parameters is 

A = 2 

eQ+el ~2 ^0^3 6563 4" 

6?it?2 "f* £q<?3 e0 4* 62 ^ ^3 eQex (2.6) 

The four parameters e0> e,f ej, and ea are called Euler parameters denoted as 
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P = [e0,eY 

[eQ, Cji <?2» ^3] • 

Since cos2 (|) + uTu sin2 (5) = 1, Eq. (2.3) indicates that the Euler parameters arc 

obviously related by the condition 

1 . _2 „2 . 2 , 2 , 2 _ 1 e0 + © — €q + Cj + e2 + — 1 

or 

prp —1=0. (2.7) 

By using Eqs. (2.5) and (2.7), and identity ee = 0, we can verify that the global 

components of e and the local components of e' are the same. This property is shown as 

follows 

This result shows that the projection of vector e lying along the orientation axis of rota

tion must have the same components on both the and xyz coordinate systems. 

Now, from the transformation matrix of Eq. (2.6), we will derive explicit formu

las for the Euler parameters in terms of the elements of the nine direction cosines of a 

transformation matrix with the form: 

_/ a r e = A e 

= (2e2 -1 )e + 2(eer - e0e)e 

= (2e2-l)e + 2e(l-fi2) 

= (2e„ -1 + 2 - 2e0
2)e 

an an ai3 
A = ^21 d-32 ^23 

<33, a32 ^33 

(2.8) 
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where the elements of matrix A may be in terms of Euler angles or Bryant angles as 

defined in Sec. 2.1.1. We denote the trace of matrix A by trX~axx-r 0^ + From the 

transformation matrix of Eq. (2.6) it is found that 

fr A = 2(3cq + c,2+e'+^3)—3. 

By employing Eq. (2.7), we obtain tr A = 4e$— 1. This gives us the following equation: 

(2.9) 

Substituting this into the diagonal elements of A in Eq. (2.6) and equating the diagonal 

elements of A in Eqs. (2.6) and (2.8), we find that 

an = 2(el+et)-l 

(trA +1 2I 
1 

or 

? l+2au-trA 
e,2= 7 (2.10a) 

and similarly, 

and 

4 

1 + 2^22" trA 

4 

1 +2a33- tr A 

= 7 (2.106) 

el = ^ . (2.10c) 

In contrast to Euler and Bryant angles, singularity problems are nonexistent in these 

inverse formulae. Once the matrix A of Eq. (2.8) is known, the Euler parameters are 

completely defined through Eq. (2.10). The algebraic signs of the Euler parameters can 

be verified by using off-diagonal terms of matrix A. 
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When the angular orientation of a body with respect to the global coordinate 

system is described in terms of Euler angles or Bryant angles, it is necessary to derive 

some formulas to find the corresponding Euler parameters. If the trace of matrix A is in 

terms of Euler angles as shown in Sec. 2.1.1; i.e., 

Equation (2.9) yields 

/rA = 4cos2^cos2^-^-1. (2.U) 
J* jL 

0 v1/+ct 
e0 = cos-cos-*-^— (2.12a) 

and from Eq. (2.10) gives 

el = sin-^cosX*/ ° (2.126) 

0 \|f—G 
e^sin-sin^j- (2.12c) 

6 * V+or 
e3 = cos-sin^— (2.12d) 

by using an, a^, and a33 from the matrix A. 

Using the similar procedures as shown in Eqs. (2.11) and (2.12), if matrix A is 

in terms of Bryant angles as shown in Sec. 2.1.1, we can obtain 

$1 $2 $3 4>l 4>2 4>3 
e0 ~ cos—cos —cos - sin y sin y sin y (2.13a) 

. 4*1 *1*2 $3 4*1 . 4*2 . $3 e, = sin—cos—cos—+cos—sin—sin— (2.136) 
At ** A* A* £ Z* 

4 > l  . 4 *2 4*3 . 4*1 4*2 . 4*3 1-5 \ e, = cos—sin—cos—-sin—cos—sin— (2.13c) 2 2 2 2 2 2 2 

4>i 4*2 . 4>3 . 0i . 4*2 4>3 ,» ,x e, = cos—cos—sin—+sin—sin—cos—. (2.13 d) 3 2 2 2 2 2 2 
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In the dynamic simulation, which will be discussed in the next chapters, if the initial con

figuration of a system is described in terms of Euler or Bryant angles, Equations (2.12) 

and (2.13) can convert them into Euler parameters. After that, the Euler parameters will 

be used throughout the simulation process. 

2.1.3 Absolute Coordinates for a Floating Body 

Figure 2.2 shows a floating body i with a set of axes with origin c( attached 

to the body center of mass. These axes are referred to as the body-fixed or local coordi

nate axes, and the axes of reference frame xyz are referred to as global coordinate axes. 

The vector of Cartesian coordinates for the body has six components, three being 

translational and three rotational. The translational coordinates are the components of 

vector r(- denoted as r, = [x,y,z]f. As stated in previous sections, Euler and Bryant angles 

may be used as three independent rotational coordinates describing the orientation of the 

body-fixed axes with respect to the global xyz axes; however, Euler parameters are 

superior in dealing with numerical singularity. A vector of Cartesian coordinates for the 

body thus can be expressed as [4] 

%~[r > P ]j 

[x,y,z, &2> * (2.14) 

where an algebraic constraint of Eq. (2.7) are required for the seven coordinates instead 

of six coordinates. 

If a vector s( is attached to the body i, then its local coordinates S,' are related to 

its global coordinates Si by s, = A.s';. By defining a pair of 3 X 4 matrices G and L as 

shown below 
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Body I 

Figure 2.2 Body-fixed and global coordinate systems. 
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G = [-e, e+^ol] 

e0 fij &2 
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the transformation matrix A of Eq. (2.6) can be expressed as 

A, = Gj • Lf. (2.16) 

The angular velocity of the body i may be denoted as the global angular velocity 

co, and the local angular velocity oa,' which are with respect to the xyz axes and the i^ri,fl

axes, respectively. The superscript of a prime O will be used to denote the local compo

nents of vectors in the following text. As quoted firom [2], the time derivative of transfor

mation matrix A can be expressed in terms of global and local angular velocities; i.e., 

A — ©A 

= Aco'. (2.17) 

The matrices G and L are transformation matrices dealing with global and local compo

nents of vectors, and the angular velocity vector can be expressed as the time derivatives 

of Euler parameters as 

o^G.fc (2.18a) 

coj' = 2Lift, (2.18ft) 
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where the overscore (') represents the first time derivative. From Equations (2.16) and 

(2.18), the components of the angular velocity vector in the two coordinate systems are 

related as 

to, = AjCo/ (2.19) 

The velocities of body i can be defined as 

<b = [tT,t>T]? 

or 

h; = [tT,(0'% (2.20) 

where vector has seven components while the vector h, has only six components. The 

inverse transformation of Eq. (2.18b) yields 

(2.21) 

Differentiating Eq. (2.18b) with respect to time and using the fact Lf> = 0, we obtain 

0)' = 2Lp. (2.22) 

Furthermore, pre-multiplying both sides of Eq. (2.22) by LT and using the facts LTL = 

-ppT +1*, prp + pTp = 0 and LLr = I, it can be shown that 

0 = iLV-i«o'V)p, (2.23) 

where F is the 4 X 4 identity matrix, and I is the 3 X 3 identity matrix. Finally, the accel

eration of a body can be defined as 

a = [rr,Prf 

or 

^ = [fT,co,T)l (2.24) 
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2.2 Kinematic Joints and Joint Coordinates 

There axe several different spatial joints that can connect pairs of bodies in the 

construction of mechanisms. Some typical kinematic joints, such as translational, revo-

lute, spherical, and universal joints are shown in Figs. 2.3 and 2.4. Other types of joints 

may be obtained from combinations of different joint constraints. A complete description 

of these joints are in [2, 3]. In the following we will discuss the constraint equations for 

different types of joints and the relative motions for inultibody systems by using the joint 

coordinate method. 

2.2.1 Relative constraints between Two Bodies 

Since a kinematic joint constrains the relative motion of two bodies, the depen

dency of the coordinates may be described by a set of independent holonomic constraint 

equations; i.e., 

<D(q) = 0 (2.25) 

By taking the first and second time derivatives of the constraint equations, the kinematic 

velocity and acceleration equations yield 

= d>qq = 0 (2.26) 

<J£> = <f>qq-y=0 

or 

<X»qq = Y, (2.27) 

where 

Y=-(<I>q4)qq. 

In the above equations, the subscripts represent the partial differentiation. The term <X>q is 

referred to as the Jacobian matrix of the constraint equations, and the vector y is denoted 

as the right hand side acceleration vector. Since the constraint equations 4> in terms of 



* 

(b) 

Figure 2.3 (a) A translational joint, and (b) a revolute joint 

with vector representations for formulating the 

constraint equations (from [2]). 



(a) 

x 

(b) 

Figure 2.4 (a) A spherical joint, and (b) a universal joint 

with vector representations for formulating the 

constraint equations (from [2]). 
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coordinates q are highly nonlinear, Equation (2.27) can be written in terms of the vector 

li instead of q; i.e., 

«-,q=t<i>„ <y[J] 

where Eq. (2.23) has been used. The acceleration equation in the new form is therefore 

<!>;* = /, (2.28) 

where for a system with n bodies 

«;=[<!>„, .... <•>„. .... <»„„ 

h = [r„ co,' tit to/, fn, conf 

and 

/ = y+1 (<Opl p, +... + co'f^-p, +... + <bOp nbpnb). 

For each body i the Jacobian matrix has been modified by transforming the four columns 

of <J>pl into the three columns of j'DpiLf. This simplifies the entries and reduces the size 

of the Jacobian matrix. 

Different kinematic joints represent the relative constraints in a mechanical sys

tem. These relative constraints may be formulated as suitable combinations of basic rela

tive constraints. In order to distinguish among the different constraints, a constraint 

equation may be assigned a superscript with two indices. The first index denotes the type 

of constraint, and the second one stands for the number of independent equations asso

ciated with that type. Some basic relative constraints are illustrated below. More con
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straint relationships can be found in [2, 5]. 

One of the basic relative constraints is a normal constraint, which specifies that 

two vectors must remain perpendicular at all times. If the direction of one vector is spe

cified, the second vector can translate and rotate only in planes perpendicular to the first 

vector. Using s, and Sj as the global coordinates of two vectors attached to bodies i and j, 

respectively, we can express the constraint relation as: 

^>(Bl,1) = sfsy = 0. (2.29) 

For two vectors st and Sj attached to bodies i and j, respectively, to remain parallel, one 

constraint equation can be defined as : 

<I>(pI,2) = SjSy = 0. (2.30) 

If one vector $ attached to body i remains parallel to a vector d with varying magnitude 

connecting a point B, on body i to a point Bj on body j, then 

0(p2,2)=sid = 0. (2.31) 

Note in Eqs. (2.30) and (2.31), that only two of the three constraint equations in each set 

of basic constraints are independent 

Referring to Fig. 2.4(a), if two bodies i and j share a common point p, then 

<E>(,3) = r,.+ $- r,- s? = 0. (2.32) 

For the basic relative constraint equations, the modified Jacobian matrix <l>|| and the 

modified right hand side of the acceleration vector / are quoted in Table 2.1 from [2]. 
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Table 2.1 Jacobian matrices and r.h.s. acc. vectors of basic relative constraints. 

| 4> i<i> i/ 2 Pi 1 % V 

If -sJs,A. -S[S,A; -2&J&j + Sf©(sy + Sjaj/S,-

^(PW) 0 S,SA 0 -sfijAj -25,$, + - S.CDjS; 

4><pw> -Si (Sjsf+dst)A, Si —5,-SyAj - 2 i , d + -  © , s j )  +  d c o . S ,  

<£>(*•3) I -sfA -I 

In addition, some absolute constraints can be used to describe the relations 

between body i and the reference frame (ground). For example, 

4>(«43) = r.-r? = 0 (2.33) 

and 

0K3)se—e° = 0 (2.34) 

are translational and angular displacement constraints that retain body i at the initial 

global coordinates r° and e°, respectively. If a body is fixed with ground, then both Eqs. 

(2.33) and (2.34) are used as constraint equations. 

The number of relative degrees of freedom between two bodies connected by a 

kinematic joint equals the number of relative coordinates minus the number of indepen

dent constraint equations as shown in Eq. (2.1). Some typical kinematic joints formu

lated by the types and numbers of basic relative constraints are given in Table 2.2. In 

each case, a pictorial representation of the joint along with the constraint equations are 

shown in Figs. 2.3 and 2.4. Other joints may be formulated in a similar fashion either by 

suitable selections of the basic constraints or by other geometric relationships. 
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Table 2.2 Constraints of kinematic joints 

Kinematic Joints Constraint Equations 

Translational 

<J>(P«.2) = SjSy = 0 

4><*2) = s,d = 0 

4>(n,,1, = hfhy-0 

Revolute -r,-sf =0 

0(pl,2) = s,s^ = 0 

Spherical <t>(*-3} = Tj + d- - r; - sf = 0 

Universal <x>(,'3) s i*;+s5" - r,- -sf = 0 

O(0l,1) s sjsj = 0 

2.2.2 Joint Coordinate Transformation Formula for Translational Joints 

The joint coordinate method was developed to increase computational accuracy 

and efficiency [2]. Here, the explicit formulae for coordinate, velocity, and acceleration 

computations are derived for a translational joint. Consider two bodies i and j connected 

by a translational joint as shown in Fig. 2.5. If the relative translational displacement 

between the two bodies along the joint axis is denoted by d, then, for known coordinates 

of body i and known d, the coordinates of body j can be found through these formulae. 

In a general case where the joint axis is not parallel to any of the local coordinate axes, 

we can assume a second local coordinate system attached to body j and initially 
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Body j 

Body i 

Figure 2.5 Two bodies connected by a translational joint 
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parallel to Using the facts of relative axis of rotation shown in [2], we obtain two 

identities; i.e., 

A, = AfA; (2.35) 

and 

P> = L*p,, (2.36) 

where Lj* is a 4 X 4 matrix defined as 

L*= r (2.37) 

and Pj[ defines the transformation matrix Ajt from £jT|j£j coordinates to coordinates. 

Hence, the second local coordinates give the result as following: 

p...=p^L;°p;=:pc, (2.38) 

where the superscript (°) indicates the initial condition, and pc is a constant vector. Then, 

from Eq. (2.35) we have 

A*/-= = AfA° = Ac, (2.39) 

where A,, is a constant transformation matrix between the ^TljCj and coordinate 

systems. 

Since for a translational joint the relative orientation between two connected 

bodies is a constant pc, we can find the orientation of body j from Eq. (2.38) and the 

inverse transformation of Eq. (2.36); i.e., 

P> = L;rpe- (2.40) 

The relative translation vector d in Fig. 2.5 can be expressed as 
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d = d 

= r>+sf-ri-sf 

= dUi, (2.41) 
I 

where d is a scalar with magnitude (drd)? and u, is a global unit vector attached at body i 

along the relative translational axis. Therefore, the translational displacement of body j 

can be calculated as shown below: 

ry = r,-+sf +<iu,-s? 

= r,- + A,s'f+dA,u', - AjS'j 

= r,. + A,[(sT-A,rA/;)+du'] 

= r, + A,(s,+du'), (2.42) 

where se = s'f - Acs'j is a constant vector. 

If the velocities of body i and the relative velocity el between bodies i and j are 

known, the velocities of body j can be obtained. Since bodies i and j have the same angu

lar velocities; i.e., (D, = g),, we can calculate the angular velocities of body j as follows, 

® >= aja^co'-

= Ay„ (2.43) 

The time derivative of Eq. (2.42) gives us the velocities of body j as 

tj -1( + A,(se + du'i) + dkiu'i 

= t; + A.[w',(s£ + du'()+du\], (2.44) 

where we have usedEq. (2.17). 
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Finally, if it is assumed that the absolute accelerations of bodies i and j are 

known, then the relative acceleration can be found from the time derivative of Eq. (2.44) 

as 

dA.u', = (f, - ?,) - A,(s,+da\) - ZdA.u',. 

Pre-multiplying both sides by (A,<u'j)r and using Eq. (2.17), we obtain 

d  = (A,u'.)T( f j -f ()-u 'f6),'aj/(sc +  - u ' J a / s e - r f u ' f a / u / - ( 2 . 4 5 )  

where the local angular acceleration a's ©'•. By using some algebraic vector operations, 

such as 

(ab)r = bV 

arb = bra 

ab = -ba 

aTar - 0r 

and 

ar = -a, (2.46) 

where a = [aua2,a$ and b = [bltb2)b3]T,v/e can show that 

du'Ta'u' = 0 

and 

du/Vu^O. 

Furthermore, Eq. (2.45) can be reformulated as: 

d = (Alu;')r (r-j - f,-) + co/ru/o)/(sc + rfu/) - (2.47) 

Note that the assumptions of accelerations f„f; and d)/ are available. Actually these 

accelerations are the solutions of the governing dynamic equations of motion. We will 

discuss this topic in Chapter 3. 



2.2.3 Joint Coordinate Transformation Formulas for Revolute Joints 

In a similar manner as shown in the last section, Figure 2.6 shows two bodies i 

and j connected by a revolute joint Using the same technique as in the last section, we 

assume a second local coordinate system attached to body j and initially parallel 

to coordinate frame The relative angle between the two bodies about the joint axis 

is denoted by G. The joint axis along the unit vector Uj becomes a relative orientational 

and instantaneous axis of rotation between coordinate frames and \yX\j^y. Know

ing r|( p„ and 0, we shall find rj and Pj. The relative Euler parameters between and 

£,j'T\j£,j' coordinate systems are 

Pj'i= £cos(~), u/sin(|)J , (2.48) 

where u/ is a unit local vector with respect to body i and represents the relative orienta

tional axis of rotation. Using the inverse transformation of Eq. (2.36), we can obtain 

(2.49) 

and 

P; = L;rpc, (2.50) 

where pc is defined in Eq. (2.38). Therefore the components of the Euler parameters of 

body j are calculated from Eqs. (2.48), (2.49) and (2.50), and the position of body j is 

computed as 

r, = r, + A,s,"-A,s/'. (2.51) 



Figure 2.6 Two bodies connected by a revolute joint. 
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If the velocities of body i and the relative angular velocity 6 about the relative 

orientational axis of rotation arc known, the angular velocities of body j can be found as 

Gil; =00; "CO, (2.52) 

or 

co/ = wl+6u1. (2.53) 

Reformulating Eq. (2.53), we obtain the local angular velocities as 

fl>/=AjA,«+611,0, (2.54) 

and then find the time derivatives of Euler parameters for body j from Eq. (2.21). The 

time derivative of Eq. (2.51) gives us the velocities of body j as 

tj = f, + A^V - Aj^/s/". (2.55) 

In a similar manner as in the last section, if it is assumed that the absolute angu

lar accelerations of bodies i and j are known, then the relative angular acceleration about 

the relative orientational axis of rotation can be found from the time derivative of Eq. 

(2.52) as 

Su, = 0), - 6), 

or 

8 = uf(<bj-<bi) 

= u,"'(A,rA>/-m,'). (2.56) 

Finally, since the number of joint coordinates on the kinematic joint is equal to 

the number of relative degrees of freedom between the two bodies connected at that joint, 

the joint coordinate formulas associated with different types of kinematic joints with 

more than one degree of freedom can be derived by repeating the translational or revolute 

transformations. For example, a universal joint has two revolute degrees of freedom, 
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which can be overcome by assuming a fictitious third body k attached to the universal 

joint cross. At the beginning, let the axes be parallel to those of the other coordinate sys

tems. The transformation process will start from body i to body k, and then from body k 

to body j. This is just repeating the revolute joint transformation twice. 
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DYNAMICS OF RIGID BODIES IN SPACE 

Dynamic analysis involves the study of the motion of interacting bodies, as well 

as the description of the relationships of the forces causing the motion. The motion of 

rigid bodies is governed by a set of equations called the equations of motion. These 

equations may be derived either by the vector dynamics approach directly based on New

ton's laws of motion, or by the analytical dynamics approach based on the principle of 

virtual work. However, the Newtonian approach is more convenient than the variational 

approach to formulate a general-purpose program for the purpose of computer-aided 

analysis. This general-purpose program can then be employed to analyze a variety of 

mechanical bodies and control systems. 

In the following, a Newton-Euler form of the constrained equations of motion is 

presented for open-loop and closed-loop constrained systems. Some force elements and 

numerical considerations related to the Newton-Euler form of the equations of motion 

will completely describe the procedures to formulate our spatial dynamic simulation 

package. An advanced method based on the joint coordinate method to formulate equa

tions of motion will be described in the last section of this chapter. 

3.1 Newton-Euler Form of Constrained Equations of Motion 

Before investigating the equations of motion for a constrained multibody sys

tem, the equations of motion for a single unconstrained body are presented. If the number 

of equations of motion of a system is more than its number of degrees of freedom, then 

the equations of motion must be considered in their constrained form. In the constrained 
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differential equations, constraint forces are expressed in terms of the Jacobian matrix and 

a set of Lagrange multipliers. This technique is described in [6] for the planar dynamics, 

and it will be shown below for the case of spatial dynamics. 

Consider a floating body in space, which has no contact with any other body. 

That means no kinematic joint attached to this body to eliminate any of its degrees of 

freedom. The body i will have six second-order differential equations of motion asso

ciated with its six degrees of freedom. They consist of three translational equations of 

motion describing the motion of the body mass center with respect to the global frame 

xyz, and three Euler rotational equations of motion in terms of the time rate of change of 

the local angular velocity vector. This yields the Newton-Euler equations of motion for 

an unconstrained body i as follows: 

NA = f, (3.1) 

and 

J/wZ + w/J/fO/^n/, (3.2) 

where the vector f( contains the three components of the sum of all external forces on the 

body. The vector n,' contains the sum of the pure external moments applied to the body, 

and also the moments of the external forces fj about the body mass center. The matrix N, 

is a diagonal matrix with the mass of the body on its diagonal elements defined as 

N( = diag[m,m,m],. (3.3) 

The matrix J/ is called the inertia tensor (inertia matrix) of the body expressed in the 

body-fixed coordinate system (£nQ; i.e., 

J.' = 
At kn Ac 
Jv& Jim Ji\ c 

M An As. 

(3.4) 
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It is assumed that the body i has volume v, and an infinitesimal element of the body with 

mass dm associated with a volume dv. Then, the elements of the inertia matrix can be 

evaluated in terms of local coordinates as shown below, 

Aft" f <J\2+C)dn 
J(v) 

Jrm= [ <? + ?>*» 
J(v) 

h= f J
(")  

(3.5) 
J(v) 

Jnt=4n = 

kt=At= "X,®4"-

The diagonal elements in the matrix J' are called the moments of inertia and the off-

diagonal terms are called the products of inertia. If a body-fixed reference frame (£riO is 

selected with its origin at the center of mass of the body, it is called a centroidal body 

reference frame. If the orientation of the centroidal body-fixed axes is changed, the 

moments and products of inertia will change in value. If we make the centroidal body-

fixed axes coincident with the principal axes of the homogeneous body, then the products 

of inertia will vanish. For this unique orientation of the £r|£ axes, the inertia matrix takes 

the diagonal form as 

Ji' = diag[jlA,jJmJK] (3.6) 

then, the axes are called the principal axes of inertia. The moments of inertia of this 

form become convenient for us to use in a dynamic simulation package. Note that the 
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translational equations are in terms of the second time derivative of the global transla-

tional coordinates, while the rotational equation are not in terms of the second time 

derivative of the vector of rotational coordinates ft. 

Figure 3.1 shows a system of unconstrained bodies. There is no kinematic joint 

in the system except force elements, such as springs and dampers. Some external forces 

and moments act on the bodies. The equations of motion for a multibody system of nb 

unconstrained bodies can be expressed in matrix form as 

Mh + b = g, (3.7) 

where the system mass matrix M would be a hyper-diagonal matrix as 

M = dwg[M1 (3.8) 

and the body mass matrix M, is given as 

M'=[o J0],- (3'9) 

The vector of accelerations for the system is 

fr = [hl (3.10) 

and the velocity vector h( is the form of Eq. (2.20). The vector g contains all the forces 

applied to the system, 

g  =  [ 6 p — ( 3 . 1 1 )  

and the vector of forces gj contains both the forces and the moments, 

* = (3.12) 

The gyroscopic forces for all the bodies are combined in the form of vector b as 

b = [b[ bj bIf (3.13) 

and the vector b, contains the gyroscopic forces applied to the body while in motion, 



49 

External force External moment 

Spring 

Damper 

(nb) 

Figure 3.1 A system of nb unconstrained bodies. 
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b,= (3.14) 

If some bodies are connected by kinematic joints in the system, then the effects 

of the kinematic joints on the motion of the system will be taken into account by includ

ing the constraint forces in the system's vector of forces. The constraint force is applied 

to each pair of bodies connected by a joint. By recasting Eq. (3.7) the equations of 

motion are written as 

where vector g is the vector of forces and moments composed of gravitational, externally 

applied, and interactive forces. Vector g(c) denotes the constraint reaction forces applied 

to the joints. From the principle of virtual work, the joint constraint forces due to the 

constraints 0 can be expressed as a linear combination of the constraints themselves 

[2,3,6]. This is called the Lagrange multiplier method, and vector is derived as 

where X is a vector of Lagrange multipliers associated with the constraint reaction forces. 

The equations of motion of Eq. (3.15) will become 

Since the second order differential equations of motion contain two unknown vectors, 

h and X, Equation (3.17) cannot be solved directly. One simple numerical technique is to 

append the kinematic acceleration equations, Eq. (2.28), to the equations of motion, Eq. 

(3.17), as a set of linear equations; i.e., 

Mh + b = g+g{e), (3.15) 

g(c) = <*, (3.16) 

Mh-0>fx = g-b. (3.17) 

(3.18) 
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To obtain a numerical solution, the L-U factorization method is applied to Eq. 

(3.18) to solve unknowns, A and X. Then, a numerical integration algorithm is used to 

obtain the coordinates and velocities. These numerical solutions will be discussed later. 

3.2 Open-Loop and Closed-Loop Constrained Systems 

Consider the open-loop constrained system shown in Fig. 3.2, containing nb 

bodies connected by kinematic joints in two branches. The relative joint coordinates 

between bodies are denoted as 6iJt where i and j are indices of body number. A vector of 

relative coordinates 6 is defined as 

® — [®I2>®23» Jiil • (3.19) 

The base body is chosen on the following criteria. First, the mass of the base body is 

substantially large in the system. From Eq. (3.17), we learn that 

h^ivr^g-b+ofx) (3.20) 

As the value of the mass becomes smaller, the solution of Eq. (3.20) becomes more sensi

tive. Second, the "distances" from base body to the ends of branches are almost of the 

same order. Where, "distance" is a technical term associated with the number of relative 

degrees of freedom of kinematic joints. From Sec. 2.2, we learn that the coordinates of 

body j is computed from body i and the associated joint coordinates. If the kinematic 

joint has two degrees of freedom, the coordinate transformation formulas will be repeated 

twice. Hence the "distance" from body i to body j is two. The above ideas related to 

choosing the base body are to reduce the numerical error accumulated from one body to 

the other bodies. The order of connectivity between the bodies of a system is called the 

system topology. The topology shows the direction to move when one computes the 

coordinates of bodies by using coordinate transformation formulas as shown in Sec. 2.2. 



(Branch 1) 

(Branch 2) 

(nb) 

(i+2) 
(i+1) 

2(i+1) 

(i+1)(i+2) 

Base 

Figure 3.2 A multi-branch open-loop constrained system. 
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For example, the topology of branch 1 is from bodies 1,2, 3 to body i, and that of branch 

2 is from bodies 2, i+1, i+2 to body nb. The equations of motion of this system can be 

expressed in the form of Eq. (3.18). 

For a closed-loop constrained system, as shown in Fig. 3.3(a), one of the joints 

can be fictitiously cut off, so that an equivalent open-loop representation, Fig 3.3(b), 

becomes a double-branch open-loop constrained system. The equations of motion for 

this system will have the form of Eq. (3.18). However, we can choose a set of indepen

dent constraint equations, <&c, associated with the cut joint, so that an equivalent open-

loop constrained system has the same kinematic joint function as the closed-loop 

constrained system. For this equivalent system, the topology to find the coordinates of 

other bodies will be the same as that used in an open-loop constrained system. The equa

tion of motion for the equivalent open-loop constrained system will be of the form 

"M < <" " h " g-b 
<&; o o = / (3.21) 

<&; o o -x. -2a<bc -ft <t>\ 

where the superscript (°) denotes the cut joint. Since for the equivalent open-loop con

strained system, the coordinates of q6 are not computed from q4 and 6^, the independent 

constraint and velocity equations, C>c and are no longer equal to zero. The 

constraint violation at the cut joint, however, can be eliminated by the technique of the 

constraint violation stabilization method with feedback terms added onto the right-hand-

side acceleration vector. This technique will be introduced in Sec. 4.2. Note that all of 

the number of independent constraint equations in this system must satisfy the criteria of 

Eq. (2.1). If they are not satisfied, then some numerical techniques, such as the QR 

decomposition and the singular-value decomposition, may be applied to Eq. (3.21) to 

eliminate the redundant constraint equations. 
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34 

23 

'46 

'67 
25 

Base 

(a) 

cut joint 

46 

67 

Base 

(b) 

Figure 3.3 A closed-loop constrained system: (a) a closed-loop 
representation, and (b) its equivalent open-loop representation. 
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3.3 Interactive and External Forces 

Interactive forces is also referred to as internal forces to differentiate from exter

nal forces. Some force elements, such as spring-damper-actuators are attached between 

two bodies to create a pair of interactive forces with the same magnitude but in opposite 

directions. Two types of force elements will be described in the following [3]; i.e., trans-

lational and rotational spring-damper-actuators. 

As shown in Fig. 3.4, a translational spring-damper-actuator (TSDA) is con

nected at points P( and Pj on bodies i and j, respectively. The vector d from points Pi to Pj 

indicates the direction of interactive forces as 

d = r; + A JS 'J - r, - A^s'f. (3.22) 

The length I of the spring-damper-actuator is defined by 

I2 = dTd, (3.23) 

The time derivative of Eq. (3.23) gives 

2ll = 2drd. (3.24) 

Thus, the time rate of change of length can be obtained as 

= j (tj - C, + A.s'fra/), (3.25) 

where Eqs. (2.17), (2.46), and (3.22) have been used. Note that if length I approaches 

zero, the first term of Eq. (3.25) should be replaced by the following equation based on 

L'hospital's rule; i.e., 

d d 
l i m 7 = y  
i - » o f  I  

(3.26) 
/ o Q 
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Figure 3.4 Translational spring-damper-actuator. 



57 

The sign convention for the spring-damper-actuator is positive in tension (pull) 

and negative in compression (push). The magnitude of the forces,/, is computed as 

f=k( l -U + c l  +  F(U) ,  (3.27) 

where k is the spring coefficient, c is the damping coefficient, I is the deformed length, 

and /° is the undefonned length of the spring. An actuator provides a constant or a time-

dependent pair of forces acting on two bodies without imposing any kinematic con

straints, Thus, the actuator force is denoted as a function of F(/,J). Note that the spring 

and the damper can have nonlinear properties. In this case, the variables k and c, and the 

function F can be expressed as mathematical expressions or curves in terms of indepen

dent variables (/ — IQ) or 1. If curve data are available in discretized form, the piecewise 

linear or cubic spline interpolations can be employed to determine coefficients k and c, 

and the function F for different values of (/ — I) and I. 

By using the principle of virtual work, we will find the interactive forces asso

ciated with springs, dampers, and actuators; i.e., 

5W = -/-5/. (3.28) 

By taking the differential of Eq. (3.23), we obtain 

21-81 = 2dr • 8d 

or 

dT 
5/ = y-5d 

=j (5r, - A,s/&/- Sr, + A.sfSe,-), (3.29) 

where we use the procedures as in the derivation of Eq. (3.25). Using the facts that an 

infinitesimal rotation is a vector quantity, whereas a general finite rotation is not [1], we 

have used and e{ as the virtual rotations. 
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Substituting Eq. (3.29) into Eq. (3.28), we will obtain the generalized forces, 

gj(> and gj\ associated with the virtual displacements 5r, and Sr,, and the virtual rotations, 

Se, and 5e/, i.e., 

5W = -ydr(6r^ - AjS^ 8e'j -Sr, + 6e',) 

=f[dr,drA,(s1')r][ J] +f[-<ir. 

= C&'")r • Aj + Cĝ -Aj, (3.30) 

where 

'"•fwdL 

na- na-
The generalized forces g!° and g^} are the interactive forces applied to bodies i and j, 

respectively. The effect of the interactive forces on the equations of motion is accounted 

for by substituting forces g,-0 and gj° into vector g in the right hand side of Eq. (3.18). 

Note that g,-° and gf are column vectors. Each vector has six elements. The First three 

elements represent the global components of force, while the other three elements repre

sent the local components of moment. This can be inspected from the relations of the 

terms s'f and Afd in the above expression of gf}. 

Now, consider a rotational spring-damper-actuator (RSDA) shown in Fig. 3.5, 

which can act about the common axis of a revolute or universal joint between bodies i 

and j. The local unit vector IT'- is with respect to the coordinate frame along the 

common axis of rotation. It is possible to specify two local coordinates P, and Pj located 

at bodies i and j, respectively, such that local unit vectors OP, and OP) are perpendicular 
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Figure 3.5 Rotational spring-damper-actuator. 
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to the vector ]?'. at all times. Using the transformation matrices A, and Aj, we can find 

three global unit vectors v.-.vy, and IT, defined as 

v-A-OP, 

V j  = Aj • OP, 

and 

j7, =  A , - ( 3 . 3 1 )  

Thus the relative angle of rotation 0 can be defined by the inner and cross products of two 

vectors from Eq. (3.31); i.e., 

vfy,=cos0 = c 

and 

uf(v;vy) = sin0 = .r, (3.32) 

where c and s are scalars computed from vectors vJt v;, and u,. Since c and s are known 

from Eq. (3.32), the angles 0,0 £ 0 £ 2it, may be uniquely determined as follows: 

0 = 

Arcsin s, if £ ^ 0 a n d c ^ 0  
7 C - A r c s i n j ,  if s £ 0 a n d c < 0  
r c - A r c s i n  j,  if * < 0 a n d c < 0  (  J  

2K + Arcsin s, if s < 0 and c £ 0 

with -f <, Arcsin s £ j. 

Another way to uniquely define relative angle 0 is by using a Fortran library 

function defined as 

0 = Atan2(-). (3.34) 
c 

The two-argument arc tangent function, Atan2(j), denotes the angle whose tangent is s 

divided by c. Moreover, both the magnitudes and signs of s and c are used in the defini
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tion, so that the angle 6 is uniquely defined in all four quadrants. Furthermore, the prob

lems associated with division by zero (when c = 0) are also avoided; e.g., 

Atan2(^) = 90°. 

Define the undeformed angle of the spring as 0O. When 0 is larger than 0O, the 

moment of the spring acts on body i in the positive rotational direction and on body j in 

the negative rotational direction as shown in Fig. 3.5. Thus the magnitude of the torque 

exerted by the rotational spring-damper-actuator is 

n - £,,(0 + 2nmn - 0O) + ce6+N(Q + 2nmn - 00,6), (3.35) 

where k$ is the spring coefficient, c0 is the damping coefficient, 0 is the deformed relative 

angle, 0O is the undeformed angle of spring, and N(B + 2nmn- 00,6) is a function of the 

general actuator torque. A logic must be supplied to determine nrtv when the number of 

revolutions is accounted for by the relative angle 0. Coefficients k$ and c* and the func

tion N can have nonlinear properties. The nonlinear properties can be expressed as math

ematical expressions or curves in terms of independent values of (0 + 2nr„it - 0O) or 6. 

Based on the principle of virtual work, the virtual work of this torque is 

SW = -n- 60, (3.36) 

with positive counterclockwise n and 80 along the rotational axis uh The relative angular 

velocity 6 can be computed from 

(3.37) 

where, the local components of the angular velocities of body j are transferred into global 

components through the transformation AJt and then transferred into the local components 

with respect to the body-fixed frame of body i through Ai. The difference of two angular 

velocities based on the same local frame of body i projected onto the local rotational axis 

u ' i  w i l l  b e c o m e  t h e  r e l a t i v e  a n g u l a r  v e l o c i t y  6  a l o n g  t h e  g l o b a l  r o t a t i o n a l  a x i s  W j .  
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Since an infinitesimal rotation is a vector quantity, the differential of 6 can be 

obtained from Eq. (3.37) as 

50 = uf(A1
rA.5e'>-8e'/). (3.38) 

Substituting Eq. (3.38) intoEq. (3.36), we have 

W = -Wf(A[A,5e',. - fie',) 

=[°. -wa,][^] 

= (g',1)r-A + (8!,>)r-A,, (3.39) 

where 

i'[£l 
Again, the generalized forces gjr) and gjr> are the interactive forces applied to bodies i and 

j, respectively. These forces will be inserted into the vector g in the right hand side of 

Eq. (3.18). 

Note that without using the principle of virtual work, we can obtain gjr) by fol

lowing the transformation from the local frame of body i to the global frame, and then to 

the local frame of body j; i.e., 

A- XT-
rtu'j — -——— > izAjU'- — J > rtAjA.u', (3.40) 

' (step 1) ' ' (step 2) J ' ' 

where, the transformation matrix A is orthonormal; i.e., Ar = A"1. The transformation 

from the local frame to the global frame is through matrix A, while the transformation 

from the global frame to the local frame is through matrix AT. 
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By using the above idea of transformation, if a single external force with magni

tude/acts with the known global unit vector Uj at point Pj on body i, as shown in Fig. 3.1, 

the external force and the moment of force about the origin of the body can be expressed 

as 

& 
i f )  
~f [sfAfu, 

(3.41) 

Again, if the external force acts with the known local unit vector u't at point Pj on body i, 

it can be obtained as 

eT' f  
A,u', 

§'V, 
(3.42) 

When an external pure moment with magnitude n acts on body i along a global 

unit vector vlt as shown in Fig. 3.1, its contribution to the force vector of body i is 

£ 
,(») 

•• [*,} (3.43) 

Again, if the external pure moment acts with known local unit vector v',, the vector of 

force gf0 can be expressed as 

(3.44) 

Note that the above magnitudes of external force and pure moment, f and n, in 

Eqs. (3.41)-(3.44) are either constants or time-dependent These values can be expressed 

by mathematical functions or curves in terms of independent variables. 

If a body i is in a gravitational field in the direction along the global unit vector 

v, and its magnitude is r • G0 with r being a real number and G0 being the gravitational 
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constant of earth, then the weight of body i (wf) is the mass of body i (nij) times the gravi

tational vector; i.e., 

wf = rGfpi-v. (3.45) 

Since this force is always acting on the mass center of body i, the contribution of this 

force to the vector of force gjfr*ylly) is 

g?-I«=[^]. (3.46) 

Note that the above vectors of external forces, gj ys, in Eqs. (3.41)-(3.46) will also be 

inserted into the vector g in the right hand side of the equations of motion. 

3.4 Numerical Considerations in Solving Differential-Algebraic 

Equations of Motion 

Consider the numerical solution of Eq. (3.18). The form of this mixed 

differential-algebraic equation of motion can be expressed as 

d <3-47> 

where D is the Jacobian matrix and M is the system diagonal mass matrix. To solve Eq. 

(3.47), we will employ the L-U factorization method [2,3] to the square matrix on the left 

hand side of this equation. For convenience, we call this matrix the hybrid system 

matrix. The L-U factorization is a compact form of the Gaussian elimination method of 

operating on a matrix. Generally, the larger the dimension of the matrix, the higher the 

complexity of the L-U factorization with pivoting. Therefore, before employing L-U fac

torization on the hybrid system matrix, we can make a two-step pre-process to reduce the 

dimension of this matrix as follows. 
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Equation (3.47) can first be separated as 

Mh - DrX = g - b (3.48) 

and 

Dh = y. 

Pre-multiplying Eq. (3.48) by M-1 and isolating 6, we obtain 

h  =  M ~1(g- b + D rA.). 

Substituting Eq. (3.50) into Eq. (3.49) and isolating X, we have 

(DIVT'D7^ = y- DM~'(g - b). (3.51) 

(3.49) 

(3.50) 

Thus, the square matrix DM-1Dr becomes substantially smaller than the hybrid system 

matrix. The two-step pre-process is only to apply L-U factorization to Eq. (3.51) in order 

to solve for the Lagrange multipliers (A,). Then, the vector \ is substituted into Eq. (3.50) 

to find the acceleration vector ii. Since the system mass matrix is a diagonal matrix, the 

components of matrix M"1 can be easily found by taking the diagonal components of M 

as the denominators. Therefore, vector h can very easily be computed without special 

numerical techniques. By using the two-step pre-process to solve Eq. (3.47), we find that 

the computational efficiency and accuracy are greatly improved. 

After we solve the accelerations h from Eq. (3.47), two sets of integration vari

ables, y and are defined as 

A 
line 
e 

and 
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A * = 
4tM*e 
6 

^1»«« 
8 

(3.52) 

which are based on a system with a floating base body as shown in Fig. 3.2 and 3.3. In 

Eq. (3.52) coordinates q and h are defined in Eqs. (2.14) and (2.20), respectively. The 

subscript G^) is referred to as the base body. 0 is a vector of joint coordinates as defined 

inEq. (3.19). 

Since the accelerations of all bodies are now available, the joint accelerations, 0, 

can be found from Eqs. (2.47) or (2.56) by using the transformation formulas. Other 

body coordinates and velocities will be calculated from the joint coordinate transforma

tion formulas in Sec. 2.2. The numerical integration of vector $ at time t1 yields the vec

tor y at an updated time t,'+i; i.e., 

m =  

4bise 
6 

8 

Numerical 
Integration 

> }•(('*')= 

Qbase 
e 

''but 
6 

(3.53) 

,(+i 

For a large step size and greater accuracy, the fourth-order Runge-Kutta algorithm is 

most widely used to perform the integration. If a system is stiff, the Gear algorithm can 

be used for the integration [2]. A stiff system is referred to as any initial-value problem 

in which the complete solution consists of fast and slow components; i.e., the eigenvalues 

of the system are widely spread. Usually this algorithm is treated as "black boxes" with 

the user knowing little or nothing about the detailed operation of the algorithm. 

The mixed absolute/joint coordinate method in the simulation of dynamic sys

tems can be described by the following algorithm: 
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Step 1. Specify initial conditions for q and 4, and then find h if needed. 

Step 2. Specify the topology of the system. 

Step 3. Specify the information of kinematic joints and force elements. 

Step 4. Compute initial conditions for 0 and 6. 

Step 5. Transfer the initial values to y. 

Step 6. Evaluate M, $*, g, b, and /. 

Step 7. Compute h by solving the equation of motion (Eq. (3.18)). 

Step 8. Compute 0 (Eqs. (2.47) or (2.56)). . 

Step 9. Transfer <1^, 6, and 0 to if. 

Step 10. Integrate and then obtain y for the next time step. 

Step 11. Transfer the contents of y to q^, 0, and 0. 

Step 12. Compute q and 4 for all of the bodies (by joint coordinate transforma

tion formulas in Sec. 2.2). 

Step 13. Go to step 6 if the current time is less than the specified final time. 

Step 14. Stop. 

Based on the mixed absolute/joint coordinate formulation, a general-purpose 

computer program of rigid body dynamic analysis has been coded and some system con

trol schemes will be added to improve the dynamic simulation. The Dynamic Analysis 

with System Control computer codes, named DASC, and input data of simulation will be 

appended in this thesis. The topic of system control schemes will be discussed in the 

next chapter. In the next section an advanced method with a minimal set of generalized 

differential equations will be introduced for further research. 



3.5 Equations of Motion Based on the Joint Coordinate Method 

In the joint coordinate method, all of the variables in the equations are in terms 

of global coordinates. Consider the Newton-Huler equations of motion in Eqs. (3.1) and 

(3.2). The rotational equation of motion, Eq. (3.2), will be replaced by the following 

equation in terms of global components 

J.cb, + (o.j.co, = n,, (3.54) 

where Jj is the global inertia tensor for the body i defined as 

J, - A.J'.Af. 

In contrast to J]', which is a constant matrix, J, is a function of the angular orientation of 

the body i. By applying the Newton-Euler equations of motion, Eqs. (3.1) and (3.54), to 

a constrained system, we will obtain the equations of motion with the form similar to Eq. 

(3.17) but in terms of global coordinates; i.e., 

= (3.55) 

where, * is denoted as h* and superscript (*) is used to differentiate those terms in Eq. 

(3.17). 

In the open-loop constrained system, the absolute coordinates can be expressed 

as functions of the joint coordinates from the geometry of the system configuration. By 

differentiating the absolute coordinates with respect to time, we can direcdy obtain a rela

tively simple forward velocity kinematic relation, viz., 

v = B • 6, (3.56) 

where the vector v is the velocity of the absolute coordinates, and the matrix B is called 

the velocity transformation matrix. Substituting Eq. (3.56) into Eq. (2.26), we will find 
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that 4>qBd = 0- Since 6 is a vector of independent joint coordinate velocities, this implies 

that 

4 » q - B  =  0 .  ( 3 . 5 7 )  

The time derivative of Eq. (3.56) gives the acceleration transformation formula as 

V = 66 + B0. (3.58) 

By substituting Eq. (3.58) into Eq. (3.55), prc-multiplying by BT, and using Eq. (3.57), 

we obtain 

M ' 6  =  ? ,  ( 3 . 5 9 )  

where 

M - BrM*B 

and 

f=Br[(g*-b*)-M*66]. 

Equation (3.59) represents the equations of motion for an open-loop constrained 

system based on the joint coordinate method. Since this is not in terms of Lagrange mul

tipliers, Equation (3.59) is a minimal set of equations of motion in terms of a set of inde

pendent joint coordinates. The number of selected coordinates is equal to the number of 

degrees of freedom of the system. 

For a closed-loop constrained system, the Lagrange multiplier method is neces

sary in the same way as described in Sec. 32. If we close the equivalent open loops at 

the cut joint, the joint coordinates will no longer be independent. The independent 

constraint equations associated with the cut joints are required to formulate a mixed 

differential-algebraic set of equations of motion for the closed-loop constrained system. 

The kinematics and velocity transformation matrix are derived in terms of global coordi

nates. These formulations based on the joint coordinate method can be found in [7]. 
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CHAPTER 4 

APPLICATIONS OF FEEDBACK CONTROL 
TO THE DYNAMIC SIMULATION 

A feedback control is desirable if the requirements of the simulation system can

not be satisfied. Some of the simulation outputs are measured and used by the controller. 

The controller may then compare a desired plant output with the actual output and act to 

reduce the difference between the two. The feedback control drives the error between the 
-* 

desired and the measured response to zero and increases the speed of response. In the 

following, we will show that the feedback control scheme reduces the numerical error in 

the Euler parameters and the constraint violation during the dynamic simulation. An 

angular position and velocity feedback also will be applied to the control of zero angular 

momentum turns, which implement the simulations of a cat's self-righting reflex and the 

pointing control of a satellite. 

4.1 Error Control of Euler Parameters 

Since numerical solutions for differential equations provide only an approxima

tion to the exact solution, the deviation between the numerical solution and the actual 

response is the numerical error inherent in the solution. A numerical integration routine 

creates most of the numerical error. If the accumulation of the error is not corrected after 

several integration time steps, the computed values for the Euler parameters may contain 

some numerical error. Therefore, the Euler parameter normalization constraint of Eq. 

(2.7) may no longer be satisfied. The numerical error in the Euler parameters of body i 

can be controlled by the following method [2]. 
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If the numerically computed values of the Euler parameters for body i at any 

time step arc denoted by p*. then Eq. (2.7) will contain some constraint violation 5 as 

P* V -1 = 8. (4.1) 

A coirected set of Euler parameters p can be found by adding an infinitesimal number of 

e vectors into vector p* as 

p = p*+e (4.2) 

so that p will satisfy Eq. (2.7). 

The best set of vectors e can be evaluated by the following optimization tech

nique; i.e., 

Minimize : fx = e7 • e 

Subject to : equation (2.7) 

or 

Minimize : f2 = £ • E+X(prp- 1), (4.3) 

where \ represents a Lagrange multiplier. Using Eq. (4.2) and setting the derivative of 

Eq. (4.3) with respect to p equal to zero, we obtain 

2(p-p*) + 2pA. = 0 

or 

p*-(l+X)p. (4.4) 

Substitution of Eq. (4.4) into Eq. (4.1) yields 

(1 + X)2= 1 + 8. (4.5) 

Finally, Equations (4.4) and (4.5) will result in 

(46) 

where 8 is defined in Eq. (4.1). This is the correction formula for the Euler parameters. 
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These parameters must be corrected once per time step during the dynamic simulation. 

The time derivatives of the Euler parameters 0 are computed from the local 

angular velocities o>' as shown in Eq. (2.21). Since there is no mathematical constraint on 

to', there is no constraint violation for 0 after the Euler parameters have been corrected by 

Eq. (4.6). 

4.2 Constraint Stabilization 

The constraint stabilization method [2,3] is used to design a feedback controller 

to suppress the growth of the error and to achieve a stable response. From the control 

literature, it is known that the numerical solution of circuits described by second-order 

differential equations, such as = 0, can be unstable. Since these equations are used to 

describe open-loop control systems, the values of O and may be far from zero. This is 

similar to the kinematic constraint equations whose numerical error are created during a 

numerical integration process. However, a closed-loop control system, such as 

& + 2a<t> +132<& = 0, (4.7) 

where a > 0 and p * 0 is asymptotically stable. This implies that <t>« O » 0. The terms 

2a<t> and p2<X> are the feedback control terms that achieve stability for the differential 

equations. The constraint violation caused by the numerical integration error will be 

damped out by feeding back these violations into Eq. (2.27). 

If the feedback control teims of Eq. (4.7) are applied to Eq. (2.27), then the latter 

equation can be rewritten explicitly in the form 

<X>qq = y- 2a<t> + {3<I>, (4.8) 

where 4> s <I>qq. This equation will be appended with the equations of motion of Eq. 

(3.17) and used where the kinematic constraint violation may be created, such as in Eq. 
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(3.21). There is no general and uniformly valid method for selecting a and {3. However, 

for nonzero values of a and 0, the solution oscillates about the exact solution. Experi

ence has shown that for most practical problems, a range of values between 1 and 10 for 

a and p is adequate [2]. It has been shown that, for the stability requirement, a critically 

damped system can be obtained when a = (3 [8]. 

4.3 Control of Zero Angular Momentum Turns 

The main control contribution within this thesis as applied to the dynamic simu

lation will be introduced in this section. This idea comes from an interesting investiga

tion on a freely falling cat; i.e., the cat's ability to right itself while falling from an 

inverted position without the benefit of net external torques. The literature shows various 

studies on the subject, such as high speed Him recording the sequence of motion [9,10], 

the explanation of the maneuver using simple two-cylinder models [11], and more 

sophisticated biomechanical models [12]. These studies have introduced the idea of zero 

angular momentum turns [13,14] with the use of only internal actuators in the biome

chanical models. In the following, we will build a more complicated multibody dynamic 

model by using decentralized and hierarchical control concepts and a two-stage control 

scheme based on position and velocity feedback. The application of this control scheme 

will be demonstrated by dynamic simulation and animation of a biomechanical robot as 

that of a cat's self-righting reflex. Furthermore, this biomechanical model will be applied 

to the pointing control of a satellite which is the topic of a future study. 

4 J.l Decentralized and Hierarchical Control Concepts 

The primary motivations for this new development of decentralized control is 

that straight application of conventional methods of centralized techniques, such as pole 
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placement, state feedback, optimal control, etc., are inappropriate due to the physical and 

natural characteristics of large-scale dynamic systems [IS]. Contrary to centralized con

trol theory, which requires complete information from all system sensors for the sake of 

feedback control, decentralized control theory does not exchange information between 

neighboring subsystems. Herein, partial decentralization, which allows some information 

exchange between neighboring subsystems, will be investigated. Due to the physical 

configuration, nonlinearities, coupling, and large dimensions of multibody dynamic sys

tems, a centralized control is impractical, unreliable, and costly to centralize all inputs 

and measurements. 

The decentralized control is based on a decomposition process to break a system 

or its model into several different parts for the purpose of reducing the single problem of 

high dimension into several problems of smaller dimensions. As shown in Fig. 4.1 a sys

tem is separated into two parts with interconnection hi(t) and h2(t). Each subsystem is 

associated with an individual controller. If the states xt(t) and x2(t) of the overall system 

can be separately measured from the subsystems, then we can implement the decentral

ized controllers u^t) and u2(t) for the individual subsystems. 

The basic characteristic of decentralized control is that there are restrictions on 

information transfer between certain subsystems. If only the state variables xt are used to 

form the controller u,, and similarly only the state variables x2 are used to form the con

troller u2, then this is a case of complete decentralization. In this study, partial restric

tions on information transfer between the independent and dependent controllers are 

allowed. This case is termed partial decentralization since in this scheme the frequency 

of information transfer is constrained to be below that necessary for implementation of 

the centralized solution [15]. However, if there are numerous local controllers participat

ing in controlling the same system, it is necessary to establish a coordination mechanism 
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Figure 4.1 Decentralized control structure. 
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which ensures that all controllers are acting in such a manner as to realize the common 

goal. This necessity naturally results in a hierarchical arrangement in physical systems. 

Hence, we apply a hierarchical structure to decision making and control. 

Figure 4.2 shows a symbolic representation of a two-level structure. There is no 

unique or universally accepted set of properties associated with hierarchical systems [16]. 

A hierarchical system consists of decision making components structured in a pyramidal 

shape. The performance results and coordination are used to communicate between coor

dinator and local controllers. The output measurements and control actions arc the paths 

to control and investigate the subsystems. The individual low-level local controllers are 

integrated and coordinated by the high-level control structure. The objective of the high 

level control is to coordinate the low level controllers, and define the commands for each 

low level controller and the corresponding safe zone for each mode of operation. If a 

system has very complex interconnections and high dimensions, then a decentralized and 

hierarchical, multilevel, control strategy will be enough to decompose the global system 

into several local subsystems, and the control tasks are distributed in a vertical division 

by different levels of local decision-making units. Examples of this multilevel control 

structure will be illustrated in Sec. 4.3.4. By application of this control structure the sub

systems are coordinated such that the couplings (interconnections) are greatly reduced. 

A local controller's choice is based on its own simplified system model and sim

plified cost criterion. It is very natural to apply the decentralized and hierarchical, multi

level, control to a multibody dynamic system. We consider the system as a set of 

subsystems, each of them being associated with one rigid body degree of freedom. Each 

subsystem is modelled by second-order differential equations associated with two rigid 
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Figure 4.2 Decentralized and hierarchical (two-level) control structure. 
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bodies. For each subsystem we synthesize a local controller to guide it. Then, we 

directly examine the practical output of the coupled global system for a given set of 

allowable parametric values. 

Since the influence of interconnections among subsystems may be too strong, 

one of the techniques is to separate all subsystems into three categories as follows. The 

first category is one containing independent subsystems. The second category is one con

taining dependent subsystems. The last category is one containing redundant subsystems 

which do not affect the behavior of the whole system. The independent subsystems are 

treated as completely decoupled (free) subsystems, which are associated with local inde

pendent controllers. However, the dependent subsystems are associated with local 

dependent controllers. Each dependent controller may be associated with some 

independent controller. Within this hierarchical control structure, a set of allowable para

metric values are obtained by the decision-making unit (coordinator) via dynamical sensi

tivity analysis. These parametric values are used to modify the dependent controllers. 

Application of the above control techniques to the muldbody dynamic system, 

such as biomechanical systems, robotics/multi-link problems and large space structures, 

will lead to a simple and robust control structure. Whether real biological systems 

exhibit a totally decentralized control structure or only allow partial decentralization is 

still unknown [17]. A decentralized information structure may already exist in a given 

system, which naturally lead to decentralized controllers. 

If a system is partially decentralized, the technique of separating independent 

and dependent subcontrollers and creating local decision-making units will be easily used 

to deal with a highly coupled dynamic system. Distinguishing between independent or 

dependent subsystems within the overall system is dependent on practical applications. 

Once these subsystems are determined, the local decision-making unit formulates an 
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objective function in terms of controllers subjected to certain constraints. This objective 

function defines the goal to be achieved. Then a dynamical sensitivity analysis of the 

objective function with respect to the controllers can be performed. According to the 

sensitivity analysis we will find a set of allowable parametric values, which are used to 

modify the commands from independent controllers into the commands of dependent 

controllers, such that the whole system can be driven to the target by the bounded and 

coordinated local controllers. In Sec. 4.3.4, we will find the local optimization factors, 

located at a higher level than that of the local controllers, as a set of allowable parametric 

values used to compensate the dependent controllers to improve the overall system's 

behavior. 

The redundant subsystems denoted as disabled subsystems also will be shown in 

Sec. 4.3.4. The disabled subsystems associated with local controllers are set to zero. 

This shows that all local controllers need not be used for controlling the overall system, 

especially for a biomechanical model. 

As will be seen in the forthcoming sections, in dynamical control methods of 

articulated multibody systems, at each joint rigid bodies are individually powered by 

actuators to perform different tasks along particular degrees of freedom. Corresponding 

to the servoing of each joint, the local controllers based on different control methods, 

such as the decentralized model reference adaptive control approach using variable struc

ture controllers (DMRA-VSC) [18] or a two-stage control scheme based on position and 

velocity feedback, may be applied to a decentralized and hierarchical framework. The 

latter method is developed in this study and will be introduced in the following sections. 

4.3.2 Two-Stage Control Scheme Based on Angular Position and Velocity Feedback 

The orientation control of linkages of rigid bodies connected in series floating in 

space will be introduced in the next few sections. The rotation of this floating multibody 
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system is divided into two phases: the large motion (approaching) phase and the fine tun

ing (reaching) phase. Both phases are implemented by controllers using angular position 

and velocity feedback control. As stated earlier each controller is associated with a 

subsystem with one relative degree of freedom at the joint The controller is treated as 

the moment of the motor which is a rotational actuator installed at the joint between two 

rigid bodies. 

In the biomechanical literature, there have been numerous modelling studies 

concerning the control of posture and movement. Some of the studies have been con

cerned with the mechanical properties of the musculoskeletal system to incorporate the 

effect of afferent feedback [19]. This feedback acts to maintain the visco-elastic 

properties of a biomechanical model, such as the presence of muscle, ligaments and other 

tissue at and near the joints, and account for the anatomical limits of motion at each joint. 

A joint torque, T, exerted by muscles can be modelled by a simple relation as 

being proportional to changes in angular position and velocity, AO and Ad, along a partic

ular degree-of-freedom of motion; i.e., 

T = -k • A0 - c • Ad, (4.9) 

where k and c may be nonlinear functions to represent the visco-elastic properties, such 

as stiffness and viscous coefficients, respectively. Thus the overall behavior of the 

musculoskeletal system will be dominated by muscles and other tissue at the joints. 

In feedback control of movement, the local controller, u„ of subsystem i, as 

stated in the last section, represents a torque exerted by an actuator which can be chosen 

to be similar to the visco-elastic torque in the form of Eq. (4.9). This control law can be 

expressed as 

«,=-*,(e, - e„) - c,.<6, - <U, (4.io) 
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where subscripts, i and ref, are referred to as subsystem index i and reference values of 

angular position, respectively. The stiffness and viscous coefficients, k( and c„ can be 

regulated independently. 

In practical applications the control law, 14, can be assigned as a function of the 

actuator torque, N, from a rotational spring-damper-actuator of Eq. (3.3S). Therefore, a 

rotational spring-damper-actuator will be available to model the behavior of muscles and 

anatomical limits of the rotation of a joint. Note that the application of Eq. (3.35) in Sec. 

4.3.4 will be veiy special. In that section the actuator term, function N, represents the 

torque exerted by muscles according to the control law of Eq. (4.10) in terms of the abso

lute angular coordinates of the bodies. However, the spring-damper terms of Eq. (3.35) 

can be used to model the behavior of anatomical limits of rotation with the relative 

angular coordinates between the two bodies. As the relative angle between the two 

bodies reaches the critical (maximum or minimum) angles, the spring and damping coef

ficients of Eq. (3.35) will be greatly increased to stop the relative motion of the bodies. 

These experimental data of spring and damper are available in some of the biomechanical 

literature depending on the modelling of different segments in a biological system. As 

the data become more precise, the physiological behavior of the simulation model 

becomes more realistic. 

As stated in the last section, each local controller is considered to be a part of the 

total control design. Here, the approach to control the orientation of sequentially con

nected floating bodies is non-traditional since it is not a full state variable feedback 

design such as a linear-quadratic (LQ) method or an eigenvalue placement method. The 

approach taken here is to design a control law based on Eq. (4.10), and then use a two-

stage feedback control scheme (position and pointing controls). The control law is a sat

uration control of the form 
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if ut < -EF; 

Ui if lw,| £ uh (4.11) 
U; if M, > Ui 

where u, is defined in Eq. (4.10) ,and w, is a real positive value referred to as the upper 

bound of controller i. The constraint on the actuator force is present in any real situation. 

The two-stage control scheme is based on the angular position and velocity feed

back. During the position control stage (large motion phase), the bounded control repre

sents a type of bang-bang control since the time to position is minimized. Once the 

whole system has been positioned, which is evaluated by a performance index, the 

controllers switch to the pointing control stage (fine tuning phase). In this stage, the satu

rated control law is the same as that of the first control stage, but the original controllers 

are replaced by others; i.e., the locations of the original controllers are changed. 

The result of the second control stage will follow the behavior of Eq. (4.10) 

instead of a bang-bang type of control. Since the whole control procedure is a closed-

loop control with partial negative angular position and velocity feedbacks, all of the diffi

culties associated with a full state feedback design are avoided. Note that in some 

particular applications, the negative angular velocity feedback can be eliminated. In this 

case the negative angular position feedback guarantees that the system can be driven to 

the specified final orientation irrespective of the direction of rotation. 

4.3.3 Zero Angular Momentum Turns 

The possibility of changing the rotational orientation while the angular momen

tum remains zero is shown in most of the literature concerned with rotations of an animal 

body. Some clear and simple examples of zero angular momentum turns can be found by 

falling cats, astronauts, divers, trampolinists, gymnasts, and dancers. Some animals can 

change their orientation in mid air even when they have no initial angular momentum and 
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no external torques. A cat can execute the complicated movements when righting itself 

in the air after being dropped upside down [9-14]. This phenomenon is well known and 

has been analyzed and described in the above literature. 

Humans and cats can use only internal forces, without external torques, to adjust 

parts of their bodies to create angular momentums of the parts. These angular momen-

tums can be presented in the form of a nonzero vector. Then, according to the conserva

tion of angular momentum, we require an angular momentum vector of the whole body, 

so that the sum of all vectors in the system equals zero. Hence, the angular momentum of 

the whole body represents its rotation or partial rotation without any external torque or 

initial angular momentum [13], 

Consider a simple system consisting of three rigid bodies and two revolute joints 

along two axes with intersection angle 0, as shown in Fig. 4.3(a), where rotational actua

tors (motors) are installed between bodies at the joints. Each actuator produces two 

angular momentums, I, and 13„ or 12 and I32, which are equal and opposite to each other. 

The vector representation of these angular momentums is shown in Fig. 4.3(b) with = 

-I31, and l2 = -I32. It appears that die summation of the vectors is zero, +12 +131 +132 = 0, 

but the angular momentum of the main body (l3 = l3, +132) is not equal to zero. The 

motion of the main body represents the similar rotation of the whole system. Note that 

since the two rotational axes are not collinear, the angular momentum of the main body 

(13) is always nonzero as long as the two actuators are kept rotating. This is the case for 

any direction of rotation for the actuators. 

The angular momentum of body 3 is expressed as 

l3 = I3%, (4.12) 
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(b) 

Figure 4.3 (a) A 3-rigid-body system and (b) its vector representation 

of angular momenta for the zero angular momentum turn. 
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where I3 and CO3 are the moment of inertia and angular velocity, respectively. From this 

relation, given the value of l3t we can obtain a desired value of to, by adjusting the value 

of I3. In the biomechanical model of the next section, we will find that the dependent 

controller is used to reduce the moment of inertia of the combined bodies when they 

rotate along a desired direction, such that the angular velocity of the main body will 

increase fast to approach the target position. 

The concept of zero angular momentum turns is only related to the rotation of a 

system. It is unconcerned with a translational motion. Hence the effect of gravity is not 

related to our study. 

43.4 Application to the Simulations of a Cat's Self-Righting Reflex and 

the Pointing Control of a Satellite 

As stated earlier, a cat, released from complete rest while upside-down, can 

quickly turn over and land on its feet. Here, we will construct a computer model of the 

mechanical cat by using rigid body dynamics, and employ the decentralized and hierar

chical control concepts and two-stage control feedback to simulate a cat's self-righting 

reflex. This simulation will demonstrate the phenomenon of zero angular momentum 

turns and an efficient control scheme for the pointing control of the multibody dynamic 

system. 

The model of the mechanical cat consists of nine rigid bodies, Bt-B9, and eight 

kinematic joints, J,-Jg. as shown in Fig. 4.4. The fore and hind limbs of the cat are mod

eled as single rigid bodies, B6 and B7, hinged by revolute joints, J6 and J7, to the front and 

rear segments of the torso, B! and B5. The cat's head, B3, is connected to its neck, B2, 

through a revolute joint J2. The cat's tail is attached to the posterior end of the near seg

ment of the torso by means of two noncollinear revolute joints, J5 and J8. There are two 

universal joints, J, and J4, to connect both segments of the torso and the neck to the front 
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Figure 4.4 Multisegment model of the cat. 
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segment of the torso, respectively. The purpose of the universal joint is to allow two 

degrees of freedom, the twisting and bending, between the two connected bodies while 

transmitting a torque. Besides joints J4 and Jlt the other joints arc revolute joints which 

permit relative rotation between the two bodies in one direction only (one degree of free

dom). There is no unique configuration for the model. For example the joints J, and J2 or 

the joints J3 and J4 can be individually replaced by a spherical (ball) joint with three 

degrees of freedom. Similarly, the joints J3 and Jg can be replaced by a universal joint. 

Meanwhile, the bodies B^ B4l and Bg may be eliminated to simplify the model. 

The mass and moment of inertia of each of the bodies in the model are evaluated 

by anatomical data found in [20]. To account for the anatomical limits of motion at each 

joint and the active force of the muscle and other tissue at the joint, a rotational spring-

damper-actuator is installed at each joint to offer the interactive (internal) torques as 

functions of the relative positions and velocities of the two bodies associated with the 

corresponding degrees of freedom. 

The dynamics of the model is described by a set of mixed differential-algebraic 

equations of motion in the form of Eq. (3.18). The system has 16 rigid-body degrees of 

freedom. The front segment of the torso (B,) is considered to be the floating base body 

(with 6 degrees of freedom) whose orientation relative to the inertial frame determines 

the orientation of the cat. The entire system is driven by a set of rotational actuators 

which control the other 10 relative degrees of freedom. The actuators are motors which 

can convert control signals into appropriate torques. Each control signal comes from the 

local controller of an individual subsystem (St) which is associated with one of the rela

tive degrees of freedom. 

The multibody, multijoint system can execute a turn around a single axis fixed 

in the inertial frame in a variety of ways, some of which may be optimal with respect to a 
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specified objective. However, the problem is complicated by the fact that any internal 

torque or force applied to one body in the system will produce a motion in another con

nected body. This is due to the limited range of relative rotation between two bodies 

based on the anatomical limits of motion. 

To control the whole system pointing to a particular orientation, a two-stage 

control scheme is implemented as shown in Fig. 4.5. The motion of this system is 

divided into two phases. The first stage of the control scheme is designed to change the 

orientation of the floating base body (B^ from some starting position to a desired posi

tion in the 3-dimensional space. This stage is called the position control used in the large 

motion phase. The purpose of the second stage is to maintain the attitude of the floating 

base body in the specified orientation. Hence, the second stage is called the pointing con

trol used in the fine tuning phase. The changeover from one stage to the other is deter

mined by a coordinator in accordance with the value of a performance index, P, which 

will be defined below. 

Each control stage has the decentralized and hierarchical structure, in which the 

local controller is defined by the angular position and velocity feedback. As shown in 

Fig. 4.6, the first stage of the control designates subsystems S3, S4, and S7 as independent 

subsystems, which are controlled by control commands from independent control mod

ules u3, u4, and u, to produce appropriate torques for the associated bodies. For example, 

the torque defined by U| affects the motions of bodies B, and B4 of the subsystem S4. The 

control commands are governed by feedback from the position errors of bodies B,, Bz, 

and Bseach of which is one of the main bodies affected by the actuator of subsystems S3, 

S4, and S7. The main bodies are the inertially most dominant bodies in the subsystems. 

The weighting functions W„ W2, and W5 modify the measured errors in the orientation of 

bodies B„ B2, and B5 in accordance with the inertial importance of these bodies in the 
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particular maneuver. These weighting functions are adjustable through software which 

accounts for the relative weights of the bodies and which can be reprogrammed for learn

ing purposes in further studies. The control laws for this stage arc given by: 

m, = -UiSgn (Qj - 0*) if E; = E^ 

«|.=-fc1.(0^-e*)-ci(6>-d') if E.^E^ (4.13) 

E-|W;(ey-e')i 

EtalJt = max(E>) 

P=IE, 
j 

for/e {3,4,7};ye {1,2,5}, 

where 

u( is the torque following the local control law in the form of Eq. (4.10); 

Ui is the upper bound of saturation control as defined in Eq. (4.11); 

0j is the actual (absolute) orientation of the reference (main) body associated 

with S,; 

0* is the desired (target) value of 0/, 

Wj is the weighting function associated with the inertial importance of body Bj; 

P is the performance index; and 

k{ and c, are constants proportional to the stiffness and damping associated with 

the degree of freedom controlled by the actuator of subsystem St. 

Note that, when Ej = E^, the controller, ui( can drive the main body of subsystem, Bjt to 

the desired orientation by the maximum torque no matter what the sign change in veloc

ity. 

Concurrently, the dependent open-loop controllers u5, uB, u,, and ul0 apply 

torques to their associated subsystem bodies in accordance with an algorithm which 
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attempts to minimize or maximize a local function. For example, for this particular 

maneuver, subsystem S9 acts in a way that minimizes the combined moment of inertia of 

bodies Bs and B, (hind legs) about the current axis of rotation in minimum time. The 

control commands sent by the dependent controllers are functions of modifying factors F, 

which are, in general, programmable, and their programs depend on which independent 

actuator is acting at a given time. The modifying factors Ft can also be reprogrammed 

through a local feedback loop and may be considered as local optimization modules. 

However, this pait is not completely developed. It may come from the sensitivity analy

sis of an objective function in terms of the moment of inertia about a particular axis of 

rotation or the state of local variables, in which case a nonlinear programming technique 

can be used to find the local optimal values. 

Some subsystems are disabled. This is done to reduce computation and control 

feedback time and are so selected because the bodies with which they are associated are 

not inertially important for this particular maneuver. It is obvious that this disabling can 

be accomplished by the use of the weighting functions W, which can be set to zero to 

reflect the low inertial importance of their associated bodies. This would set the 

enhanced error, Et, for their associated bodies to zero and thus no error for those bodies 

would be fed back. 

As shown in Fig. 4.7, the second stage of control is a feedback control system 

which tries to maintain the attitude of the entire system stable around a desired orienta

tion. As in the first stage, a number of control subsystems are disabled to reduce compu

tation times, and only two subsystems are active. The error from the desired orientation 

is measured on the basis of the orientations of bodies B„ B2, and B5. The control laws in 

this stage are given by: 

> ! , = - * , ( 6 , - e " ) 6 ' )  i s  { 1 , 7 } ;  j e  { 1 , 2 , 5 } ,  ( 4 . 1 4 )  
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where fc, and c; are constants proportional to the stiffness and damping present in subsys

tem S,. 

Note that in Eqs; (4.13) and (4.14), the angle positions are absolute coordinates 

measured from the starting point with positive sign along the body-fixed axis. For 

numerical consideration, orientation Oj is defined as below: 

Qj - 2ir if 0; £ 0 and 6* < 0 

Qj if Qj and 0* have the same sign, 

0y + 2n if 0^ < 0 and 0*^0 

where orientation 0y is the value of time integration from local angular velocity along a 

particular direction. 

In both stages of control, all actuator torques are bounded so that no actuator can 

exert a torque larger than its capacity. For minimum-time large motion control this 

requires that any active actuator exerts the maximum possible torque. This is equivalent 

to a "bang-bang" type of control. Only the actuator that is associated with the body with 

the largest error from the desired position is activated with the maximum torque available 

for that actuator. The other independent actuators exert torques proportional to the spring 

and damper in the control laws. In the fine tuning control, since deviations from the 

desired orientation are small, the local controllers are always below their upper bounds if 

corresponding subsystems are controllable. 

By using the general-purpose rigid body dynamic analysis program and applying 

the above control scheme to it, the simulation of a cat's self-righting reflex are obtained. 

The outputs of the simulation are used for a graphical analysis [21]. The animation of the 

mechanical cat is viewed on a graphics terminal (IRIS workstation). A sequence of 

graphs, as shown in Fig. 4.8, will be observed to examine the behavior of the model 

under various forcing conditions. Note that the leg bending or stretching produces 
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changes in the rotational inertias of the two combined bodies of torso during the turn. As 

the legs align with torso, the rotation of the cat will become faster since its moment of 

inertia becomes smaller. The cat's spine appears bowed at the start and bowed again 

when the turn is completed. Note also that tail movement, in a propellerlike rotation, can 

cause a slow rotation of the cat's body. This simulation demonstrates the phenomenon of 

zero angular momentum turns in the weighdess skylab environment. The result of simu

lation shows that the developed control scheme is able to execute the position control of 

such multibody dynamic systems. 

The quantitative results of a simulation of the model under the control scheme 

described above are shown in Figs. 4.9-4.12. Figure 4.9 shows the time history of the 

torques in the actuators that control the independent bodies in the system during the first 

stage of control. These actuators are active only until most of the desired large motion is 

accomplished; i.e., when the performance index, P, drops below a specified value. 

Actuators of subsystems S3 and S4 exert constant torques for most of the large motion 

while the actuator of subsystem S7 alternately applies the maximum torque to the positive 

and negative directions. This is because the maximum enhanced error (E^J, = Es, is 

the one which determines the independent subsystem, S,, applying the maximum torque 

during most of the maneuver. This occurs because the weighting function W3 is large (to 

account for the large mass of B5 which is controlled by S7) compared to Wt and W2. Dur

ing the same interval, the actuators of dependent subsystems Ss, Sg, S9, and Si0 apply rela

tively flat torques, as shown in Fig. 4.10, to minimize the moment of inertia of the 

combined bodies about the desired axis of rotation. 

The time history of torques exerted by actuators of the active subsystems during 

the second stage of control is shown in Fig. 4.11. These subsystems control bodies Bt, 

B2, and B5 and their torques are governed by the largest enhanced error computed for 
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these bodies, in which the errors of body B2 are measured in both (x and y axes) direc

tions. The error from body Bs dominates the whole system's control of rotation in the 

x-axis direction, while the angular error (along y axis) from body B2 dominates the whole 

system's control of rotation in the y-axis direction. The dotted line of subsystem 1 in Fig. 

4.11 shows that the torque of the actuator along the y direction is not enough (torque is 

always in the upper bound) to control the rotation in the y-axis direction. This is because 

the moment of inertia of the combined bodies B2 and B3 is much smaller than that of the 

other bodies. 

Lastly, Figure 4.12 shows the reduction in the position errors for the three refer

ence bodies B,, B2 and Bs relative to the target orientation along the x axis. This figure 

indicates that initially body B5 rotates about the desired orientation by large variations, 

but in fact it is changing its orientation by a small amount from its initial orientation (n 

radians from the target orientation) in the positive and negative directions which is math

ematically equivalent to roughly it radians from the target orientation. As seen in Figs. 

4.9 and 4.12, the curve for system 7 (or body 5) shows that initially body B5 is trying to 

rotate in any of the directions as soon as possible, so that some perturbations near the sta

tionary starting point are created at the first few time steps. 

Based on the whole knowledge for the model of the mechanical cat, a prototype 

of a satellite is shown in Fig. 4.13, and its graphic display is shown in Fig. 4.14. This 

model is similar to the model of the cat. However, it has larger values of mass and inertia 

properties. The satellite model consists of solar panels (B6 and B?), dish antennae (B2, B3> 

and B9), and chambers or sky labs (B„ B4) Bs and Bs). Corresponding to the control 

scheme described above, the decentralized and hierarchical structure and two-stage feed

back control scheme can be employed as the pointing control of a satellite. Hence the 

presented model and control scheme will be an interesting application for future work. 
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Figure 4.13 A prototype of satellite model. 



Figure 4.14 A configuration of satellite model in space. 
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CONCLUSIONS 

The objective of this study is to seek a proper control scheme for spatially con

strained multibody systems. A general purpose rigid body dynamic analysis program 

(named DASC) has been developed. This program is then applied to a decentralized and 

hierarchical structure and two-stage feedback control scheme to deal with the control of 

zero angular momentum turns. Based on this particular application, a model of a 

mechanical cat is created to test the performance of the dynamic modelling and control 

scheme formulations described above. Satisfactory results were obtained. The model of 

the cat is then recast as a prototype of a spacecraft for a more practical application. 

For spatial kinematic analysis, the use of Euler parameters supply a powerful 

mathematical technique for describing the angular orientation of a body in a global coor

dinate system. The main advantages in using Euler parameters as orientational coordi

nates are the drastic simplification of the mathematical formulations and the elimination 

of numerical singularities. For a large-scale computer program, the use of joint 

coordinate transformation formulae provide high computational efficiency and accuracy 

for spatial kinematic analysis. These formulae are explicitly expressed for dealing with 

translational and revolute joints. 

The Newton-Euler form of the constrained equations of motion is used for spa

tial dynamic analysis due to its advantage of easy formulation; the interactive and exter

nal forces are directly given on its right hand side. By using the two-step pre-process to 

solve the equations of motion, the computational efficiency and accuracy are greatly 

improved. Another form of the equations of motion, based on the joint coordinate 
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method, provides a great advantage for computational efficiency because of the number 

of the equations being identical to the system's degrees of freedom. These equations are 

a minimal set of equations for the kinematics and dynamics of multibody systems. 

In dynamic simulation, the most significant errors are those encountered during 

the numerical integration. In the absence of an effective error control, the numerical 

errors can increase rapidly. By using a numerical integration algorithm with automatic 

error control of the Euler parameters, it is possible to directly control the errors by opti

mization correction formulas using the feedback of the constraint violations. 

The constraint stabilization method is only used in the closed-loop constrained 

system. The principle of the method is to damp out any constraint violation in its equiva

lent open-loop constrained system. These constraint violations are also caused by the 

numerical integration errors and can be eliminated by feeding back the damping terms to 

make acceleration equations, <5£> = 0, asymptotically stable. 

The decentralized and hierarchical control concepts for a multibody dynamic 

system are presented. Based on the structural decomposition, the overall system is 

divided into several subsystems modelled by second-order differential equations. Each 

subsystem is associated with one rigid body degree of freedom and consists of two rigid 

bodies and one kinematic joint. To model physiological behavior, these subsystems can 

be divided into independent, dependent, and disabled ones, where the local controller is 

synthesized by the feedback coordination from the upper coordinator corresponding to 

the individual subsystem. 
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The local controllers can be defined in a reasonable way by a good combination 

of engineering judgment and analysis for a special dynamic system; one should look for 

fast and slow dynamics, weak coupling and similar phenomena. The main advantage of 

the proposed control concept is its simplicity and ease of implementation. This type of 

control structure is conducive to a parallel processing implementation. 

The application of the decentralized and hierarchical control concepts is demon

strated by the simulation of a cat's self-righting reflex. Based on this concept, a two-

stage feedback control scheme is capable of executing the required 

zero-angular-momentum turn using internal actuators. The scheme also incorporates 

programmable weighting functions and local optimization factors which can facilitate 

learning by repetition. However, this subject, at present, is based on a trial-and-error 

approach. The complete idea, to formulate the objective function for the local optimiza

tion factors and learning the globally optimal maneuvers, will be the subject of our future 

work. 

The components in a biosystem, which correspond to the control subsystems in 

the model of the mechanical cat, can be employed to construct a prototype of an orbiting 

spacecraft. First, the dynamic and control concepts described above enable a satellite to 

reorient itself without external torques and using only internal actuators. Since no exter

nal forces act on the system, the center of mass of the system remains fixed in space and 

its net angular momentum remains zero throughout the maneuver. Second, since the 

maneuver is accomplished by the use of internal rotational actuators using solar energy, 

the fuel can be saved for on-board rockets used for maneuvers involving positional 

changes or the stabilization of externally induced angular momentum changes. Finally, 

the output torques of the internal actuators can be shaped arbitrarily to avoid the excita

tion of undesirable vibration modes. On the other hand, if an orbiting spacecraft is con
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trolled by external forces, such as rockets, then the orbit of the satellite is unstable, the 

supply of fuel is limited, and the jets produced by the rockets are always switched on or 

off (a bang-bang type of control), which can cause undesirable vibrations in the system. 
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DESCRIPTION: 
This segment is used to describe any information about this ftle. To understand the input data, one 

should do the fallowings: 
(1) Look the multisegment model of the cat in Fig. 4.4, 
(2) Read subroutine DINPUT and output information file after running the program. 
(3) The input file are in a free format. Program will read the data after some keywords are read. 
SYSTEM: 
9 8 0.0 2 0 0.000000001 
0. 0.9003 0.001 5 
BODY: 
0.2 0. 0.6 0. 0.401425728 0. 
0. 0. 0. 0. 0. 0. 
0.588 0.001058 0.001357 0.001357 
0.12431 0. 0.64538 0. 0.8203047484 0. 
0. 0. 0. 0. 0. 0. 
0.162 0.000051 0.0000662 0.0000662 
0.06975 0. 0.70389 0. 0.8203047484 0. 
0. 0. 0. 0. 0. 0. 
0.233 0.00032 0.00032 0.00039 
0.28285 0. 0.56483 0. 0.401425728 0. 
0. 0. 0. 0. 0. 0. 
0.25 0.00045 0.00026 0.00026 
0.35716 0. 0.59915 0. -0.6457718232 0. 
0. 0. 0. 0. 0. 0. 
0.588 0.001058 0.001357 0.001357 
0.21172 0. 0.74762 0. 0. 0. 
0. 0. 0. 0. 0. 0. 
0.206 0.000778 0.000761 0.000407 
0.33911 0. 0.78311 0. 0. 0. 
0. 0. 0. 0. 0. 0. 
0.244 0.00174 0.00172 0.000483 
0.42105 0. 0.64729 0. -0.6457718232 0. 
0. 0. 0. O. 0. 0. 
0.25 0.00045 0.00026 0.00026 
0.50490 0. 0.78177 0. -1.064650844 0. 
0. 0. 0. 0. 0. 0. 
0.1 0.000032 0.000657 0.000657 
JOINT: 
1 2 5 
-0.06 0. 0. 0.03 0. 0. 
-0.06 0. 1. 0.03 1. 0. 
2 3 2 
-0.03 0. 0. 0.05 0. 0. 
-1.03 0. 0. -0.95 0. 0. 
1 4 2 
0.07 0. 0. -0.02 0. 0. 
1.07 0. 0. 0.98 0. 0. 
4 5 5 
0.02 0. 0. -0.07 0. 0. 
0.02 0. 1. -0.07 1. 0. 
5 8 2 
0.06 0. 0. -0.02 0. 0. 
1.06 0. 0. 0.98 0. 0. 
1 6 2 
0. 0. 0.03 0. 0. -0.12 
0. 1. 0.03 0. 1. -0.12 
5 7 2 
0. 0. 0.03 0. 0. -0.16 
0. 1. 0.03 0. 1. -0.16 
8 9 2 



0.02 0. 0. -0.14 0. 0. 
0.02 1. 0. -0.14 1. 0. 
SDA: 
10 
1 2 1 2 1 2 0 5. 0.1 0.000 0. 
-0.06 0. 1. 0.03 0. 1. 
0. 1. 0. 0. -1. 0. 
1 2 1 2 4 5 0 5. 0.1 0.000 0. 
-0.061. 0. 0.03 1. 0. 
0. 0. 1. 0. 0. -1. 
2 3 2 2 7 8 0 5. 0.1 0.000 0. 
-0.03 0. 1. 0.05 0. 1. 
1. 0. 0. -1. 0. 0. 
1 4 3 2 10 11 0 5. 0.1 0.000 0. 
0.07 0. 1. -0.02 0. 1. 
1. 0. 0. -1. 0. 0. 
4 5 4 2 13 14 0 5. 0.8 0.000 -1.571 
0.02 0. 1. -0.07 0. 1. 
0. 1. 0. 0. -1. 0. 
4 5 4 2 16 17 0 5. 0.1 0.000 0. 
0.02 1. 0. -0.07 1. 0. 
0. 0. 1. 0. 0.-1. 
5 8 5 2 19 20 0 0. 0. 0.000 0. 
0.06 0. 1. -0.02 0. 1. 
1. 0. 0. -1. 0. 0. 
1 6 6 2 22 23 0 5. 0.1 0.000 -0.262 
1. 0. 0.03 1. 0.-0.12 
0. 1. 0. 0. -1. 0. 
5 7 7 2 25 26 0 5. 0.1 0.000 0.262 
1. 0. 0.03 1. 0.-0.16 
0. 1. 0. 0. -1. 0. 
8 9 8 2 28 29 0 10. 0.1 0.000 1.047 
0.02 0. 1 
0. 1. 0. 
CURVE: 
30 
4 

-3.2 
34.70 

4 
-3.2 
1.80 

2 
0. 
0.726 

4 
-3.2 
34.70 

4 
-3.2 
1.80 

2 
0. 
0.726 

4 
-3.2 
34.70 

4 
-3.2 
1.80 

. -0.14 0. 1. 
0. -1. 0. 

-0.785 
0.5 

0.000 
0.5 

3.2 
34.70 

-0.785 
0.05 

0.000 
0.05 

3.2 
1.80 

1. 
0.726 

-0.646 
0.1 

0.646 
0.1 

3.2 
34.70 

-0.646 
0.01 

0.646 
0.01 

3.2 
1.80 

1. 
0.726 

-1.047 
0.1 

1.047 
0.1 

3.2 
34.70 

-1.047 1.047 3.2 
0.01 0.01 1.80 



I l l  

0. 
0.726 

-3.2 
34.70 

-3.2 
1.80 

0. 
0.726 

1. 
0.726 

-1.571 
0.1 

-1.571 
0.01 

1. 
0.726 

1.571 3.2 
0.1 34.70 

1.571 
0.01 

3.2 
1.80 

-1.629 0.786 2.007 4.771 
34.70 0.1 0.1 34.70 

-1.629 0.786 2.007 4.771 
1.80 0.01 0.01 1.80 

0. 
0.726 

-3.2 
34.70 

-3.2 
1.80 

0. 
0.726 

-3.2 
34.70 

-3.2 
1.80 

0. 
0.726 

1. 
0.726 

-0.523 
0.1 

-0.523 
0.01 

1. 
0.726 

0.523 3.2 
0.1 34.70 

0.523 
0.01 

3.2 
1.80 

-1.134 
0.1 

-1.134 
0.01 

1.134 3.2 
0.1 34.70 

1.134 3.2 
0.01 1.80 

1. 
0.726 

-2.938 -1.134 0.262 3.462 
34.70 0.1 0.1 34.70 

-2.938 
1.80 

0. 
0.726 

-1.134 
0.01 

1. 
0.726 

0.262 3.462 
0.01 1.80 

-3.462 -0.262 1.134 2.938 
34.70 0.1 0.1 34.70 

-3.462 -0.262 1.134 2.938 
1.80 0.01 0.01 1.80 

0. 
0.726 

1. 
0.726 

-4.247 -2.443 0.349 2.153 
34.70 0.1 0.1 34.70 



4 
-4.247 -2.443 0.349 2.153 
1.80 0.01 0.01 1.80 

2 
0. 1. 
0.726 0.726 

CONTROL: 
3 4 
4.3 0.000 
3 4 7 2 1 5 
1. 2, 2. 
3J416 *3.1416 3.1416 
20. 0.1 0.926 0.8 
20. 0.1 0.926 0.8 
20. 0.1 0.926 0.926 
5  8  9  1 0  4 4 4 4  

I S 7 l' 3.1416 0. 9.26 
END 
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A GENERAL-PURPOSE RIGID BODY DYNAMIC ANALYSIS 
PROGRAM WITH A SPECIFIC APPLICATION OF 

SYSTEM CONTROL SUBROUTINE 
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C 
C 

c 
C 3-D Dynamic Analysis & System Control simulation program (DASC) 
C 
C ****************************************************************** 

C Designer: Der-Liang Tsai 
C Description: 
C This program can handle an open-loop constrained system with 
C maximum 12 rigid bodies, 10 kinematic joints, and 30 piecewise linear 
C interpolation curves or mathematical functions. However these maximum 
C limitations can be enlarged by user through COMMON and DIMENSION 
C statements. For a closed-loop constrained system or other system 
C control scheme, one should modify this program by the idea of Sec. 3.2. 
C TTie dynamic analysis algorithm is described in Sec. 3.4. 

C Dictionary of Variables: 
C — 
C NAME USAGE 
C 
C A(ij,k),„.transformation matrix, i = body #,j - 1-3, k = 1-3 
C AC(ij,k)...constant matrix. i=joint#,j=l-3,k=l-3 
C AFOR(i) magnitude of external forcc or moment i = force # 
C Al(iJ) transformation matrix of body I. i = 1-3, j = 1-3 
C BFOR(i) desire rotational acceleration between two bevel 
C bodies. i= joint# 
C CENGY constant mechanical energy of the system at the beginning 
C DRI V(i) components in the expansion of driving constraint 
C i = 1 to b^nb+l 
C DT. time step of integration 
C ERRO(i) constraint violation of the Euler parameters (numerical 
C error), i = body # 
C ENGY mechanical energy of the system 
C EPS test value for zero affected by round off error 
C F(i) woiking array of integration 
C FOR(ij)....applied forces or moments, i = body #, 
C j = 1-3 (for forces), j = 4-6 (for moments) 
C FSDA(i j)...forces or moments come from Spring-Damper-Actuators. 
C i = body #, j = 1-3 (for forces), j = 4-6 (for moments) 
C GC.. gravitational constant. GC = 9.8066 m/s**2 
C GEAR(i jjc),components in the expansion of gear constraint 
C i » joint #,j = constraint #, k = 1 to 6*nb+l 
C GRC .ration of specified gravity, i.e., gravity = GRC * GC 
C IB ...body # of the 1st body of joint, i.e., body i 
C ICVB(i) curve # of desired rotational acceleration. IFICVB=0, 
C data are constant, otherwise data come from curve ICVB 
C If curve #<0, data come from mathematic function 
C IFOR(i j)...index of external forces and moments, i = force #, 
C (i,l): body #; (i,2): eq.l (force), eq.2 (moment), 
C (i,3): eq.l (pass center), eq.2 (not pass center), 
C (i,4): eq.l (global vector), eq.2 (local vector), 
C (i,5): curve #. If curve # = 0, magnitude is constant. 
C If curve # < 0, data come from mathematic function. 
C If curve # > 0, data come from linear inleipolalion. 
C IGRND(i)....body #, which is specified as a ground. i = ground# 
C IROT index of input rotational coordinates. IROT = 1: Euler 
C angles, IROT=2: Bryant angles, IROT=3: Euler parameters 
C ISDA(i j)„.index of Spring-Damper-Actuator. i= SDA #, j= 1 (spring 
C curve #), j=2 (damping curve #), j=3 (actuator curve #), 



C j=4 (joint #), j=5 (type of SDA): l=transIalion,2= rotation 
C j=6 (body I), j=7 (body J). Note: For translalional SDA, 
C joint # may be undefined (enter joint # = 0). 
C If curve # < 0, data come from ma thematic function 
C JB body# of the 2nd body of joint, i.e. .body J 
C JOIN(i j)...index of connected joint, i = joint #, 
C j=l (1st body #), j=2 (2nd body #), j=3 (type of joint) 
C JS .....pointer of integration armies Y & F 
C JTYPE type # of joint, i.e., 1 (translational), 2 (revolute), 
C 3 (spherical), 4 (gear), 5 (universal) 
C KFLAG .flag (£Q. 0) to stop or (.NE. 0) to star some operations 
C NB # of bodies in the system 
C NCV.... # of curves used 
C NDT. .# of DT for a report to print out 
C NE # of equations of motion plus 1 (NE = NOE + 1) 
C NFOR. # of external forces and moments 
C NGRND # of ground body in a system 
C NJO # of joints in a system 
C NOC # of system constraint equations 
C NOE # of equations of motion 
C NPCV(i) # of points in a piecewise linear curve. i = curve# 
C NSDA # of Spring-Damper-Actuators in a system 
C NY. # of variables in integration arraies Y & F 
C OR 1 (i) components in the expansion of orthogonal constraint 
C i=lto6*nb+l 
C PI(i) JEuler parameters of body I. i = 1-4 
C PC(i j,k)—differences of Euler parameters between bodies I & J 
C at the beginning, i = joint #,j = joint coordinate#, 
C k=l-4 constant differences of Euler parameters 
C PARA(i) components in the expansion of parallel constraint 
C i = lto6*nb+l 
C Q(ij) global coordinates. i = body #, j=l-3 global coordinates 
C j=4-6 rotational angles (Euler or Bryant angles) 
C j=7-10 Euler parameters 
C QD(i j).....time derivative of Q(i j). j=A-6 global angular velocity 
C QDD(i j)..,.time derivative of QD(i j) 
C QFOR(ij)...local coordinates of applied point (for force only) 
C i = force #,j= 1-3 
C QIJ(i j)....local attached coords, of translational S-D-Actuator, 
C or local coords, of two points (above connected point P) 
C to measure a deformed angle of spring. 
C i = SDA#, j = 1-3 (for body I), j = 4-6 (for body J) 
C QJ(ij).....joint coordinates. i = joint#, j=l-3 
C QJD(i j)....time derivatives of QJ(iJ) 
C QJDD(i j),..time derivatives of QJD(i j) 
C QP(i j j<)...local fixed coordinates. i= joint #, j= body #, k= 1-3 
C QPD(i j)„..local angular velocities, i = body #, j = 1-3 
C QPDD(i j)...local angular accelerations, i = body #, j = 1-3 
C RVLT(i J ̂ .components in the expansion of revolute constraint 
C i=joinl#,j = constraint#, k= 1 to6*nb+l 
C SC(i j) constant vector, i = joint #, j =1-3 
C SDA(ij)...,spring & damping coefficients, magnitude of actuator, 
C and undeformed length of spring. i=curve #, j=l (spring), 
C j=2 (damping), j=3 (actuator), j=4 (undeformed length) 
C SENGY spring energy of the system 
C SJJ(ij).,..local moment of inertia, i = body #, j = 1-3 
C SM(i). mass of body, i = body # 
C SPHR(ijJc),components in the expansion of spherical constraint. 
C i = joint #, j = constraint #, k = 1 to6*nb+l 
C TO starting lime for dynamic analysis 



C TE final time for dynamic analysis 
C TEMP(i) temporary array to store a lower point # in the curve 
C of linear interpolation, i = curve # 
C TL(ij,k)...transformation matrix dealing with local components of 
C vectors. i = body#,j = 1-3,k = 1-4 
C TLT(i,kj)..transposc matrix of matrix TL(ijJc) 
C TRAN(i jJc).component5 in the expansion of translational constraint 
C i = joint #, j = constraint #, k = 1 to 6*nlM*l 
C UlP(ij)....local vectors of translational or revolute joints 
C i= joint#,j= I-3{lstset),j = 4-6(2nd set),... 
C For translational joint: the 1st & 2nd sets contain two 
C parallel vectors wj.t. bodies I & J, the 3rd & 4th sets 
C contain two peijKndicular vectors w.r.t. bodies I & J and 
C the 5th set contains unit vector of translational axis 
C with direction from body I to body J. 
C For revolute joint: the 1st set contains local unit vector 
C of orientational axis of rotation WJ.L body I. and the 
C 2nd set contains it's parallel vector w.r.t. body J. 
C For universal joint: the 1st & 2nd sets contain two 
C perpendicular vectors w.r.L bodies 1 & J. 
C UNIV(i j ̂.components in the expansion of universal constraint 
C i = joint #,ji = constraint #, k= 1 to 6*nb+l 
C VENGY .variation of mechanical energy of the system {%) 
C VFOR(i j)...local or global unit vector of external force and moment 
C i = force#, j = 1-3 
C VLT(iJ)....local orientational unit vectors (in opposite direction) 
C of moments as rotational S-D-Actuator in extensive 
C condition. i=SDA #, j=l-3(for body I), j=4-6(for body J) 
C WI(i) .angular velocity of body I. i = 1-3 
C XCV(i j)....coordinates of independent variable of a piecewise linear 
C curve, i = curve= point# 
C Y(i) working array of integration routine 
C YCV(i j)...,coordinates of dependent variable of a piecewise linear 
C curve, i = curve #, j = point # 
C 
c ...I.,,*****,,,**********.,***,***********..**,,*** 
C Main Program 
C External subroutines: 

C ABSORT(ntx,ixrax) 
C : sort the absolute values of array X from big to small values 
C CONTROL(kflag,t) 
C : nonlinear control of dynamic system 
C CONV23(maxcol,ib,m,n,al,a2) 
C : convert 2-D array into 3-D array 
C CONV32(maxcol,ibtm,n,al,a2) 
C : convert 3-D array into 2-D array 
C CORRECT(nb,q,erro) 
C : correct the numerical error of Euler parameters 
C CURVE(t^cpt.y) 
C : compute data from linear interpolation or mathematic function 
C DIFEQN(lJcflag,noc^h4iy,y,0 
C : evaluate the first order differential equation ( array F ) 
C DINPUT(irot) 
C : acquire input data 
C DRlVE(t,neji,ipjp,sl,s2,aiIaj,driv) 
C : compute components in the expansion of driving constraint 
C DYNAMIC(kflag,t,noe,noctaa,dtdd1dt) 
C : solve system equations of motion 
C ENERGY(t) 



C : compute system mechanical energy 
C EULERD(ib,q,qd,qpd,pd) 
C : calculate the time derivatives of Euler parameters 
C EULERPA(nb4rot,q) 
C : transfer Huler or Bryant angles into Euler parameters 
C EXFORCE(t) 
C : compute external force and moment applied on body 
C JNITL(irot,noc,nh,ny,y) 
C : initialize array Y at the beginning of integration 
C JACOBY(t,noeI jtype,ibjb,ai,aj) 
C : calculate the system Jacobian and r.h.s. of constrain equations 
C KINEMAT(t,noe) 
C : compute the positions & velocities of all bodies 
C LINEAR(aa,c,w4col^ioe,ilu,epsfninf) 
C : calculate the solution of equation A * X = C 
C Lu(a4coltn,cpstnin0 
C : use L-U factorization method 
C MATRIX(kflag1ttnoe,noc1d,pm,f,r) 
C : form the mass & jacobian matrices,and the r.h.s. of eqs. of motion 
C MMULM(m,nm,n,al.a2,a) 
C : matrix A1 multiplies matrix A2 
C MMULV(mjiAcl.c) 
C : matrix A multiplies vector CI equals vector C 
C MTRAN(mtn,a,at) 
C : get the transpose matrix of matrix A 
C ORTH(ne,ipjp,sl ts2,wi,wj,ai,aj1orl ,eps,ninf) 
C : compute components in the expansion of orthogonal constraint 
C OUTPUTl(t) 
C : report the output data 
C OUTPUT2(t,noc) 
C : report the process information 
C PARALL(ne,ipjp,sl,s2,wi,wjrai1aj,para1eps,ninf) 
C : compute components in the expansion of parallel constraint 
C PARALL2(ne,ipjp,si,sib,sirsjb,d,dd,wi,wj,ai,aj,para21eps,ninf) 
C : compute components in the expansion of the 2nd parallel constraint 
C POSVEL(Ujojtype4bjbIai^j!spl^p2twi,wj) 
C : compute positions and velocities of all bodies 
C REVA(kjoinjoin,aiIaj,uip,wpp1veIacc) 
C : compute the joint velocities or accelerations of revolute joints 
C TRAREV(tjjojtype,pi,pj,wip,wjpTai,aj)tll,tl2,lll2) 
C : compute new Euler parameters and local angular velocity of body j 
C : for a revolute joint 
C RUNGK4(noc,nh,ny,y,f) 
C : the fourth-order Runge-Kutta integration algorithm 
C SDATOR(kflag,t) 
C : compute forces & moments from function of Spring-Damper-Actuator 
C SDACO(t,isda1sdaj,c,xx) 
C : compute spring & damping coefficients, and magnitude of actuator 
C SPHER(noel,ipJp,slls2twi,wj,ai,aj,sph) 
C : compute components in the expansion of spherical constraint 
C STARL(pi,U,sl) 
C : compute the matrix L* 
C STOREA(ib,a2,tl2,tll2) 
C : store transformation matrices into 3-D arraies 
C TILDE(a,atd) 
C : compute the tilde of a vector 
C TRACC(ji,ibjbtai) 
C : compute the joint acceleration of translational joint 
C TRANS(p,a) 
C : compute the transformation matrix A 



C TRANSDD(noe,dd) 
C : transfer accelerations into arraies QDD & QPDD 
C TRANSL(p,tl) 
C : calculate the transformation matrix L 
C TRANS YQ(ny.yJcflag) 
C : transfer the contain of array Y into array Q, QD,QJ,QJD AND QPD 
C VDOTV(m,cU2,c) 
C : vector CI dots vector C2 
C VMULM(cl,m,n,a,c) 
C : row vector CI multiplies matrix A 
C VMV(m,cl,c2,c) 
C : vector CI minus vector C2 leaves vector C 
C VPV(m,cl,c2,c) 
C : vector CI plus vector C2 equals vector C 
C 

IMPUCIT DOUBLE PRECISI0N(A-H,0-Z) 
INCLUDE 'dasc.com' 
DIMENSION Y(160),F(160) 
CHARACTER* 15 INP,OUTl,OUT2,OUT3,INF 

C ...I/O PORTS 
DATA NINP,NOUTl,NOUT2tNOUT3,NINF/16,17,18,19,20/ 
WRITER, 10) 

10 FORMAT(J/5X:*** ANALYSIS OF 3-D DYNAMIC & CONTROL SYSTEM *** 
WRITER,•)•• ENTER INPUT FILE NAME *' 
READ(*,21) INP 
WRITE(V) '• ENTER 1ST OUTPUT FILE NAME *' 
READ(*,21) OUT1 
WRITCCV)'* ENTER 2ND OUTPUT FILE NAME ** 
READ(*,21) OUT2 
WRITE(V) '• ENTER 3RD OUTPUT FILE NAME ** 
RE AD (*,21) OUT3 
WRITER,*) '• ENTER INFORMATION FILE NAME »' 
READ(*,21) INF 

21 FORMAT(A) 
C ...OPEN I/O FILES 

OPEN(NlNP>FILE=INP,STATUS-'OLD,) 
OPEN(NOUTl rFILE=OUTI ,STATUS='NEW') 
OPENCNOirnjTLE^Oim.STATUS^'NEW') 
OPEN(NOUT3JTLE=OUT3,STATUS=,NEW*) 
OPEN(NINF,FILE=INF.STATUS=,NEW) 

C ...REPORT I/O FILE NAMES ON INFORMATION FILE 
WRITE (NINF.23) 

23 FORMAT(///.8CK,=,)/,=,
IT80,,=,/,=,.T25.,INFORMATION', 

+ • F i L E'.tso.^V^'.TSO.^W^)) 
WRITE (NINF.25) INP.OUT1 ,OUT2,OUT3,INF 

25 FORMATC//*••• INPUT DATA FILENAME: 1ST OUTPUT', 
+ ' FILE NAME: W*** 2ND OUTPUT FILE NAME: 'tf*** 3RD', 
+ • OUTPUT FILE NAME: VV*** INFORMATION FILE NAME: '.Aif) 

C ...READ DATA FROM INPUT DATA FILE 
CALL DINPUT(IROT) 
WRITE (NTNF.30) 

30 P0RMAT(//I6{'<'),' SIMULATION INFORMATION' 
+ »16('>')//) 

C ...INITIAL CONDITION 
CALL INITL(IROT .NOC^NH.N Y,Y) 

C ...INTEGRATION 
CALL RUNGK4(NOC,NHINY.Y,F) 
CLOSE (NINP) 
CLOSE (NOUT1) 



CLOSE (NOUT2) 
CLOSE (NOUT3) 
CLOSE (NINF) 
STOP 
END 

C 
c *••»+*•••***••••••*••••**•••*•***»••***•••••*•******•*•*+***••••* 

SUBROUTINE DINPUT(IROT) 
C 

IMPLICIT DOUBLE PRECIS ION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION Q1 (3),Q2(3),Q3 (3) 
CHARACTERS NAME 

C ...FOR CONTROL SYSTEM (INITIALIZATION) 
NCS = 0 

2 READ(NINP,5) NAME 
5 FORMAT(A) 

IF((NAME .EQ. 'SYS') .OR. (NAME £Q. *sys')) THEN 
READfNINP ,*) NB JMJO,GRC,IROT,NGRND,EPS 
WRITEfNINF, 10) NBkNJO,GRC,IROT,NGRND,EPS 

10 FORMAT(29('<')/ INPUT D ATA *.29C>*)///36C=*).1X, 
+ 'SYSTEM ',36('=')//*# OF BODIES (NB) = '42/'# OF JOINTS 
+ '(NJO) = '42/'RATIO OF GRAVITY G/GC (GRC) = ',F5.2/'INDEX \ 
+ "OF ROTATIONAL COORDINATES (n 1EULER ANGLES, "2": BRYANT ' 
+ 'ANGLEST3": EULER PARAMETERS) (IROT) =\I2/'# OF GROUNDS', 
+ ' IN A SYSTEM (NGRND) = MUTEST VALUE FOR ZERO (EPS) =', 
+ 1PE1I.3//*IF NGRND = 0, GROUND IS AUTOMATICALLY SPECIFIED \ 
+ 'AS THE LAST ADDITIONALTBODY LOCATED AT THE ORIGINV/) 

IF(NGRND .NE. 0) THEN 
WRITE(NINF,*)'*1** THE SPECIFIED GROUND BODY:' 
DO 151=1, NGRND 
READ(NINP ,*) IGRND(I) 

15 WRITE (NINF.20) IGRND(I), I 
20 FORMAT</'BODY # *02,' IS SPECIPTED AS GROUND # '42/) 

END IF 
READ(NINP,*) T0.TE45T.NDT 
WRITE (NINF.25) TO.TE,DT,NDT 

25 FORMATCTTME START (TO) = '4=8.5,19X/TIME END (TE) = '.F8.5/ 
+ 'TIME STEP OF INTEGRATION (DT) = *f8.5^X'# OF DT PER', 
+ ' REPORT (NDT) ='43If) 
END IF 

C 
IF((NAME .EQ. 'BOD') .OR. (NAME .EQ. 'bod')) THEN 

WRITE (NINF,*)' — BODY == 
+ , , I'i'iLaa" • ,:s; 

DO 45 1=1 ,NB 
IF(IROT .NE. 3) THEN 
READ{NINP,») (Q(IJ)4=1,6) 
WRITE (NINF30) 1,(004)4=1,6) 

30 FORMAT(/'*** BODY 'J2,' (GLOBAL COORDINATES X-Y-Z & ROTAT', 
+ 'IONAL ANGLES):7,X=',1PE11.3,' Y=*,1PE11.3/ Z=\1PE11.3 
+ ,' PHI1=',1PE11.3,* PHI2=\1PE11.3/ PHI3=MPE11.3) 

ELSE 
READ(NINP,*) (QaJ)J=l,3),(QOJ)J=7.10) 
WRITE (NINF.32) I,(Q(U)4=1.3).(Q(U)4=7.10) 

32 FORMAT(/'*** BODY '42,' (GLOBAL COORDINATES X-Y-Z & EULER', 
+ 'PARAMETERS):V'X =',1PEI 1.3,' Y=',1PE11.3,'Z=',1PE11.3, 
+ ' E0=',1PE11.3,' E1=MPE11.3/ E2=\1PE11.3/ E3=',1PE11.3) 

END IF 
READ(NINP,*) (QD(IJ),J=1,3),(QPD(I,K),K=1 ,3) 
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WRITE(NINF,35) (QD(I,J),J=U),(QPD(I,K),K=U) 
35 FORMAT(/5X,' (GLOBAL VELOCITIES DX-DY-DZ & LOCAL \ 

+ 'ANGULAR VELOCITIES Wxi-Weta-Wzeta): ,/,XD=,̂ .3>2X, 
+ *YD=,,F7.3,2X,'ZD=,

1F7.33X, 
+ *Wxi=',F7.3,2X,,Weta=,,F7.3,2X,,WzeU»=*,F7.3) 

C ...NOTE: MASS OF GROUND BODY IS ARBITRARY BUT BIGER THAN ZERO. 
READfNINP ,*) SM(I).(SJJa^)vK=l,3) 
WRITE(NINF.40) SM(I),(SJJ(I,K),K=13) 

40 FORMAT(/5X,' (MASS & LOCAL MOMENT OF INERTIA^MASS^ 
+ ,F9.53X,*Jxi=*,F9.5,3x,,Jeta=,,F9.5,3X,,Jzeta=,

1F9.5/) 
45 CONTINUE 

ENDIF 
C 

IF((NAME .EQ. 'JOI') .OR. (NAME .EQ. *joi*)) THEN 
WRITE(NINF,*)' JOINT ==*, 

+ ' =' 
WRITE (NINF.50) 

50 FORMAT^** DEFINE TYPE OF JOINT: V/'T = TRANSLATIONAL;*, 
+ * n2" = REVOLUTE; "3" = SPHERICAL; "4" = GEAR;', 
+ /'"5" = UNIVERSAL') 

WRTTE(NINF,60) 
60 FORMAT^ I)TRANSLATIONAL JOINT: 7 a. VECTOR PQ IS THE AXIS ', 

+ 'OFTRANSLATION.T' b. VECTORS PQi AND PQj ARE PARALLEL. * 
+ /VECTORS PRi AND QRj ARE PERPENDICULAR.'/' c. SIX POINTS * 
+ ,'Pi, Qi, Pj, Qj, Ri AND Ri ARE REQUIRED. NOTE: Pi .NE. Pj' 
+ /,2)REVOLUTE JOINT:'/' a. Pi & Pj ARE COMMON POINTS. 7 
+ ' b. VECTORS PQi & PQj ARE PARALLEL EACH OTHER. 7 
+ '3)SPHERICAL JOINTrV' Pi & Pj ARE COMMON POINTS.7 
+ '4)GEAR JOINT:*/* POINTS Pi & Pj ARE COMMON POINTS.*/ 
+ *5)UNIVERSAL JOINT:'/* a. Pi & Pj ARE COMMON POINTS.*/ 
+ * b. VECTORS PQi & PQj ARE PERPENDICULAR EACH OTHER.'/) 

DO 260 L = l.NJO 
READ(NINP *) (JOIN(L,K),K=13) 
WRITE (NINF.80) L,(JOIN(LJC),K=U) 

80 FORMATS'*** FOR JOINT# *J2/*BODY I=*,12,2X,*BODY J=72, 
+ 2X,*JOINT TYPE = ' J2/) 

IB = JOIN(L,l) 
JB=JOIN(L,2) 
JTYPE = JOIN(L,3) 
READ(NINP,*)(QP(LlIB4CI)ja=13).(QP(LrJB.KJ)JCJ=13) 
WRITE(NINF,*)'LOCAL COORDS. OF JOINT P RELATE TO BODIES IJ:' 
WRITE (NTNF.200) (QP(L.IBfKI),KI=13).(QP(LJB,KJ),KJ=l 3) 
IF((JTYPE £Q. 3) .OR. (JTYPE .EQ. 4» GO TO 260 

C ...TRANSLATIONAL OR REVOLUTE OR UNIVERSAL JOINTS: 
READ(NINP»)(QI(KI),KI=13)»(Q2(KJ),KJ=13) 
WRITE (NINF,*)'LOCAL COORDS. OF POINT Q RELATE TO BODIES I J:' 
WRITE(NINF,200)(Q 1 (KI),KI= 1,3),{Q2(KJ) JCJ= 13) 

C ...CALCULATE THE LOCAL VECTORS OF TRANSLATIONAL OR REVOLUTE JOINTS 
DO 1801=1,3 
UIP(L,I) = Q1(I)-QP(LJB4) 

180 UIP(LJ+3) = Q2(I) - QP(LJB J) 
IF(JTYPE £Q. 2) THEN 

C ...COMPUTE LOCAL UNIT VECTOR OF ORIENTATIONAL AXIS OF ROTATION (BODY I) 
DEN = UIP(L,l)*UIP(Lil)+UIP(L^)*UIP(L,2)+UIP(L3)*UIP(L3) 
DEN = SQRT(DEN) 
DO 1851 = 1,3 

185 mP(L,I) = UIP(L4)/DEN 
ENDIF 
IF(JTYPE .EQ. 1) THEN 
READ(NINP,»)(Ql(KI),KI=:l,3),(Q3(KJ),KJ=lt3) 
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WRITE(NINF,*)*LOCAL COORDS. OF POINT R RELATE TO BODIES IJ:' 
C ...UIP(K,L)4^=7-9 (W.R.T. BODY I), L=10-12 (WJl.T. BODY J) 

WRITE(NTNFt200)(Ql(KD,KI=13).(Q3(KJ)tKJ=13) 
DO 1901=1,3 
WP(L, 1+6) = Q1(I)-QP(LJBJ) 

190 UIP(L, 1+9) = Q3(I) - Q2(I) 
ENDIF 

200 FORMATCXHs'J^.S^X.'ETis'J^.S^X.'̂ is'̂ T.S^X.'XIjs' 
+ ,F7.3,2X1*ETj=,,F7.3l2X,,ZEj=,J;7.3/) 

260 CONTINUE 
ENDIF 

C 
EF((NAME .EQ. 'FOR') .OR. (NAME .EQ. 'for')) THEN 
WRITE (NINF,»)' FORCE ==*, 

+ ' 
WRITE(NINF,365) 

365 FORMAT(/'*** DEFINE EXTERNAL FORCES AND MOMENTS: 7/'IFOR(M): ' 
+ ,'BODY#7'DFOR(*,2): EQ.l (FORFORCE),*,5X,'EQ.2 (FOR MOME', 
+ 'NT)7IFOR(*3): EQ.l (PASS CENTER), EQ.2 (NOT PASS CENT", 
+ ,ER)7,IFORr.4): EQ.l (GLOBAL VECTOR), EQ.2 (LOCAL VECTOR)'/ 
+ *IFOR(*,5): CURVE # (SEE DEFINITION OF CURVE INPUT)'//) 

READ(NINP,*) NFOR 
WRITE(NINF,*)'# OF EXTERNAL FORCES AND MOMENTS (NFOR) = ',NFOR 
DO 375 M-l, NFOR 
READ(NINP,*) (IFOR (M,N),N= 1,5), AFOR(M) 
WRITE(NINF,370) (IFOR(M.N),N=l,5), AFOR(M) 

370 FORMAT(//'••* ON BODY # '42,', (l:FORCE,2:MOMENT)=',12,', (', 
+ ' l:PASS,2:NOT PASS CENTER)=V2TALONG (l:GLOBAL,2:LOCAL\ 
+ ' VECTOR)=*42,\ CURVE # =*42;, MAGNITUDE =',1PE11.4) 

READ(NINP,*) (QFOR(M,N),N=l,3),(VFOR(M,N),N=13) 
WRrre(NINF,372)(QFOR(M,N),N=lt3).(VFOR(M,N),N=l,3) 

372 FORMAT(fLOCAL COORDS. OF APPLIED POINT :',3(1PE12.3)/ 
+ 'FORCE (MOMENT) ALONG UNIT VECTOR:' ,3(1PE12.3)) 

375 CONTINUE 
C ...INPUT BENDING FORCE FOR GEAR JOINT 

DO 3901= 1.NJO 
IF(JOIN(U) £Q. 4) THEN 

WRITE (NINF.380) 
380 FORMAT(//'*** BEVEL ACCELERATION IS SPECIFIED BY USER. THT 

+ ,'S ACCELERATION ISVCREATED BY A ROTATIONAL ACTUATOR 
+ 'INSTALLED ON THE JOINT OF TWO BODffiS.,//'IF ICVB=0, \ 
+ 'BEVEL ACCELERATION IS CONSTANT, OTHERWISE DATA ARE READ* 
+ /FROM PIECE WISE LINEAR CURVE OR MATH. FUNCTION (ICVB)'/) 

WRITE(NINF,»)'THE SPECIFIED BEVEL (BENDING) ACCELERATION 
+ 'ON GEAR JOINT:' 

READ(NINP,*) ICVB(I),BFOR(I) 
WRITE(NINF385) IJCVB(I)3F0R(I) 

385 FORMAT(/*JOINT #'42,3X,,ICVB=*423X,*BEVEL ACCEL.=',F9.3) 
ENDIF 

390 CONTINUE 
ENDIF 

C 
IF((NAME .EQ. *SDA*) .OR. (NAME £Q. 'sda')) THEN 
WRITE(NINF,*)' = SDA ====', 

+ V •••-,. , •••-. ' 
WRITE (NINF,400) 

400 FORMAT^'*** DEFINE SPRING-DAMPER-ACTUATOR:'//' 1)TYPE OF ', 
+ 'S-D-ACTUATOR: EQ. 1 (TRANSLATION), EQ. 2 (ROTATION)'/ 
+ '2)FOR TRANSLATIONAL SDA, JOINT # MAY BE UNDEFINED (ENTER' 
+ ,' JOINT ti = 0)7*3)SEE DEFINITION OF CURVE INPUT*//) 



READ(NINP*)NSDA 
WRITE (NINF,*) '# OF SPRING-DAMPER-ACTUATOR (NSDA) = '.NSDA 
DO 4501=1, NSDA 
READ(NINP,*)(ISDAaJ)J=6,7).aSDAa,K)4C=4^), 

+ (ISDA(I,L),L=1 ,3)t(SDA(I,M),M= 1,4) 
WRITE(NINF,410) I,(ISDA(I,K)JC=617),(ISDA(ItK),K=4,5)I 

+ (IS D A(I,K) ,K= 13) ,(SDA(I,K) ,K=1,4) 
410 FORMAT(/**** SPRING-DAMPER-ACTUATOR # ',12,' IS LOCATED \ 

+ ,'BETWEEN BODY I = 'J^AND BODY J = * J2,* ON THE JOINT', 
+ ' # =' J2,' WITH TYPE OF S.DA. = '^'SPRING COEFF.' 
+ ,'COME FROM CURVE # 72,'. DAMPING COEFF. COME FROM CURVE' 
+ \I2/'MAGNTTUDE OF ACTUATOR COME FROM CURVE # ' J2/ 
+ 'SPRING CONSTANT =\1PE11.3,\ DAMPING CONSTANT =\ 
+ 1PE11.3/,MAGNTTUDE OF ACTUATOR =\1PE11.3,', UNDEFORMED 
+ 'LENGTH OF SPRING =\1PE11.3) 

READ(NENP,*)(QU(I,L),L=1,6) 
WRITE(NINF,430)(QU(I,L)fL=I,6) 

430 FORMAT(/*LOCAL ATTACHED COORDS. OR POINTS TO MEASURE DEFORMED* 
+ ,'ANGLE W.R.T. BODIES I & J:'/3(1PE12.3),' &\3(1PE12.3)/) 

IF(1SDA(I,5) .NE. 1) THEN 
READ(NINP *) (VU(I,L),L=1,6) 
WRITE (NINF,440) (VU(I,L),L=1.6) 

440 FOR MAT (' LOCAL UNIT VECTORS OF MOMENTS IN OPPOSITE DIRECTIO' 
+ ,*NS W.R.T. BODIES I & J:'/3(1PE12.3),' &'3(1PE12.3)/) 

END IF 
450 CONTINUE 

ENDIF 
C 

IF((NAME .EQ. 'CUR') .OR. (NAME £Q. 'cur')) THEN 
WRITE(NINF.*)' - „ CURVE ===', 

+ * - _ _ * 
WRITE(NINF,455) 

455 FORMAT^'*** DEFINE PIECEWISE LINEAR CURVE & MATHEMATIC FUNCTI', 
+ 'ON:'//' 1)IF CURVE # < 0, DATA COME FROM MATHEMATIC FUNCTION 
+ ' DEFINED BY USER72)IF CURVE # = 0, DATA ARE CONSTANT'/^)', 
+ 'IF CURVE # > 0, DATA COME FROM LINEAR INTERPOLATION •/,4)DEF', 
+ *AULT INDEPENDENT VARIABLES OF FORCE & ACTUATOR ARE TIME'//) 

READ{NINP*) NCV 
WRITE (NINF,*) '# OF CURVE (NCV) = ',NCV 
DO 4801=1, NCV 
READ(NINP*) NPCV(I) 
WRITE(NINF,460) IJ^PCV(I) 

460 FORMAT^*** CURVE # ',12,' CONTAINS # OF POINTS = '43/) 
READ(NINP,») (XCV(I,N),N=l,NPCVa)) 
WRITE(NINF,470) (XCV(I,N),N=1,NPCV(I)) 

470 FORMAT('DATA OF INDEPENDENT VARIABLES (X):'//10(7(1PE11.3)/)) 
READ(NINP,*) (YCV(I,N),N=llNPCV(I)) 

480 WRITE(NINF,490) (YC V(I,N),N= 1 ,NPC V(I)) 
490 FORMAT(/'DATA OF DEPENDENT VARIABLES (Y):'//10(7(1PE11.3)/)) 

ENDIF 
C 
C ...FOR CONTROL SYSTEM 

IF((NAME .EQ. 'CON') .OR. (NAME .EQ. 'con')) THEN 
WRITE(NINFI») 
WRITE (NINF,*)' —— CONTROL =\ + 'aar— . =" 
READ(NINP,*) NCS, NDCS 
READ(NINP,*) (PDEX(I)4=1,2) 
WRITE(NINF,510) NCS .NDCS ,(PDEX(I) 1,2) 

510 FORMATS'# OF INDEPENDENT CONTROL SYSTEM (NCS) = ',12/'# OF \ 



+ 'DEPENDENT CONTROL SYSTEM (NDCS) = ' .^PERFORMANCE INDEX', 
+ ' (SWITCH) =\1PE11.3/ DESIRED PERFORMANCE INDEX =',1PE11.3/) 

READ(NINP,+) (ISB(I,1)J=1,NCS),(ISB(I,2),I=1,NCS) 
WRJTE(NINF,*)'INDEPENDENT CONTROL SYSTEMS #: \(ISB(I,1)J=1,NCS) 
WRITE(NINF,*)'INDEPENDENT CONTROL BODIES #: 'f(ISB(I,2),I=l,NCS) 
READ(NINP,*) (WEI(ISB(I,1)).I=1,NCS) 
WRITE(NINF,520) (ISB(I,1),WEI(ISB(I,1)),I=1,NCS) 

520 FORMATCSYSTEM # & WEIGHT OF ERROR:,/2(6(I2,2X,F6.3I2X)/)) 
READ(NINP ,*) (ANG(ISB(I,1 ),2),I= 1,NCS) 
WRITE(NINF,530)aSB(I,l),ANG(ISB(I,l)(2),I=I,NCS) 

530 FORMATCSYSTEM # & DESIRED ANGULAR ORIENTATION (TARGET):'/ 
+ 2(6(12,2X.F6.3.2X)/)) 

DO 5501= l.NCS 
IS = ISBa.l) 
READ(NINP,») (CON(IS,J)J=l,4) 

550 WRITE(NINFt560)IS1(CON(IS,J),J=l,4) 
560 FORMAT(/'SYSTEM # - *,12/ ELASTIC COEF. =\1PE11.3/ VISCOUS* 

+ / COEF. =',1PE11.3/*AMPLITUDE =\1PE11.3/ U (max) =*,1PE 11.3) 
READ(NINP,*) (IDS(I,1),I=1 ,NDCS),(IDS(I,2),I=1 .NDCS) 
WRITE(NINF,*) 
WRITE(NINF/) 'DEPENDENTCONTROL SYSTEM#:* 
WRITE(NINF ,*) (IDS0.1) J=1,NDCS) 
WRTTE(NINF,*) 'RELATED INDEPENDENT CONTROL SYSTEM 
WRTTE(NINF,*) (IDS(I,2),I=1,NDCS) 
READ(NINP,*) (RDM(IDS(I,1)),I=1,NDCS) 
WRITE(NINF,570) (IDS(I,1),RDM(IDS(I,1)),I=1 .NDCS) 

570 FORMAT('DEPENDENT SYSTEM # & RATIO OF ITS MOMENT TO THAT OF ', 
+ 'RELATED INDEPENDENT SYSTEM:72(6(I212X,F6.3t2X)/)) 

READ(NINP,*) (LSB(I),I=1,4),(ANGL(I) J=3,4),UL 
WRITE(NINF,580) (LSB(I),I=1,4),(ANGL(DJ=3.4),UL 

580 FORMAT(/'FOR 2ND STAGE CONTROL:'/'ADJUSTED SYSTEM # = ' J2.5X, 
+ 'ITS BODY # = '^STEERING SYSTEM # (FOR X AXIS)= '42.3X, 
+ 'STEERING SYSTEM # (FOR Y AXIS)= *,12/*ADJUSTED ANGLES: TAR', 
+ 'GET ALONG X AXIS = '^6.4,5X,'TARGET ALONG Y AXIS = '^6.4/ 
+ 'MAXIMUM FINE TUNING CONTROLLER (BOUNDED) = 'F8.4) 
ENDIF 

C 
IF((NAME .EQ. 'END') .OR. (NAME £Q. 'end')) GO TO 900 
GO TO 2 

900 RETURN 
END 

C 

SUBROUTINE INITLflROT.NOC.NH.NY.Y) 
C 
C ...GIVEN THE INITIAL CONDITION OF ARRAY Y 

IMPLICIT DOUBLE PRECISION{A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION AI(3,3),AJ(33),D{3),PI(4)1pJ(4),Sl(3)tS2<3), 
+ SP1(3),SP2(3),TA(3,3),Y(160) 

C ...ARRAY Y CONTAINS 13 COMPONENTS OF BODY I OF THE 1ST JOINT 
DO 5 I =13 

5 Y(I) = Q(JOIN(U)J) 
C ...CALCULATE EULER PARAMETERS FROM INPUT ANGLES 

IF(IROT -NE. 3) CALL EULERPA(NB,IROT,Q) 
DO 10 M = 4,7 

10 Y(M) = Q(JOIN(l,l),M+3) 
JS = 7 



C ...INPUT INITIAL JOINT COORDINATES AND CALCULATE NOC 
C ...NOC:# OF SYSTEM CONSTRAINT EQUATIONS 

NOC = 0 
DO 110 I=l,NJO 
IB=JOIN(I,l) 
JB = JOIN(1,2) 
JTYPE = JOIN(13) 
GO TO (30.50,60,60,60). JTYPE 

C ...TRANSLATIONAL JOINT: 
30 NOC = NOC +• 5 

JS = JS + 1 
C ...COMPUTE INITIAL DISTANCE AND UNIT VECTOR OF ORIENTATIONAL AXIS 

DO 32 M= 1,3 
SP1(M) = QP(I,IB,M) 

32 SP2(M) = QPCIJB Jvl) 
C ...COMPUTE TRANSFORMATION MATRICES OF BODIES I & J 

DO 34 M = 1,4 
PI(M) = Q(IB, M+6) 

34 PJ(M) = Q(JB, M+6) 
CALL TRANS(PI AO 
CALL TRANS(PJ,AJ) 
CALL MMULV(33,AI,SP1,S1) 
CALL MMULV(33,AJ,SP2,S2) 
SUM - 0. 
D0 36M= 1,3 
D(M) = Q(JB,M) + S2(M) - Q(IB,M) - S1(M) 

36 SUM = SUM + D(M) * D(M) 
DIST = SQRT(SUM) 
IF(DIST .LT. EPS) THEN 
WRITER .*) '!!! ERROR FROM SUB. INITL ? (SEPARATE Pi & Pj)' 
WRITE(NINF,*) '!!! ERROR FROM SUB. INITL ? (SEPARATE Pi & Pi)* 
STOP 

END IF 
DO 40 M = 1,3 

40 D(M) = D(M) / DIST 
C ...TRANSFER D(M) INTO LOCAL UNIT VECTOR W.R.T. BODY I. (STORE IN "UP") 

CALL MTRAN(33AI.TA) 
CALL MMULV(33,TA,D,S1) 
D0 45M= 1,3 

45 UIP(I, M+12)= S1(M) 
Y(JS) = DIST 

GO TO HO 
C ...REVOLUTE JOINT 
C ...ARRAY QJ CONTAINS ZERO AT THE BEGINNING 
50 NOC s= NOC + 5 

JS = JS + 1 
. Y(JS) = 0.0 

GOTO 110 
C ...SPHERICAL, GEAR OR UNIVERSAL JOINTS: 
C ...USE EULER PARAMETERS OF BODY J AS JOINT COORDINATES AND 
C ...INTEGRATE THEM DIRECTLY 
60 DO 70 K= 1,4 
70 Y(JS+K) = Q(JB, K+6) 

JS = JS +4 
GO TO (110,110,75,80,85), JTYPE 

C ...SPHERICAL JOINT: 
75 NOC = NOC +3 

GOTO 110 
C ...GEAR JOINT: 
80 NOC s= NOC + 6 



GOTO 110 
C ...UNIVERSAL JOINT: 
85 NOC = NOC +4 
110 CONTINUE 

NOC = NOC + 6 * NGRND 
C ...NH = # OF THE ZERO ORDER VARIABLES IN ARRAY Y 

NH = JS 
C ...TRANSFER VELOCITIES OF BODY I OF THE 1ST JOINT INTO ARRAY Y 

DO 120 NN = J.,3 
120 Y(JS + NN) = QD(JOIN(l,l),NN) 
C ...TRANSFER LOCAL ANGULAR VELOCITIES OF BODY I OF THE 1ST JOINT INTO 
C ARRAYY 

DO 125 JJ = 4,6 
125 Y(JS+JJ) = QPD(JOIN(l,l)JJ-3) 

JS = JS + 6 
C ...TRANSFER OTHER JOINT VELOCITIES INTO ARRAY Y 

DO 355 K = 1.NJO 
IB = JOIN(K,l) 
JB=JOIN(K,2) 
JTYPE = JOIN(K,3) 

GO TO (150,180,210,210,210), JTYPE 
C ...TRANSLATIONAL JOINT: 
C ...COMPUTE THE INITIAL JOINT VELOCITY 
150 SUM = 0.0 

DO 1551= 1,3 
DD = QD(JB J) - QD(IB,I) 

155 SUM = SUM + DD * DD 
QJD(K,1) = SQRT(SUM) 
JS = JS + 1 
Y(JS) = QJD(K,1) 

GO TO 355 
C ...REVOLUTE JOINT: 
C ...TRANSFER EULER PARAMETERS INTO ARRAIES PI & PJ AND FIND THE 
C ...TRANSFORMATION MATRICES 
180 DO 1851= 1,4 

PI(I) = Q(IB,I+6) 
185 PJ(I) = Q(JB, 1+6) 

CALL TRANS (PI AI) 
CALL TRANS (PJ AO 

CALL REVA(K JOINAI AI.UIP.QPD.QJD) 
JS = JS + 1 

Y(JS) = QJD(K,1) 
GO TO 355 

C ...SPHERICAL, GEAR OR UNIVERSAL JOINTS: 
C ...USE LOCAL ANGULAR VELOCITIES OF BODY J AS JOINT VELOCITIES AND 
C ...INTEGRATE THEM DIRECTLY 
210 DO 220 J = 1,3 
220 Y(JS+J) = QPD(JB, J) 

JS = JS + 3 
355 CONTINUE 
C ...FOR CONTROL SYSTEM 

IF(NCS .GT. 0) THEN 
NCS2 = NCS + 2 
DO 4001= 1.NCS2 

400 Y(JS+I) = 0. 
JS = JS + NCS2 

ENDIF 
C ...NY = DIMENSION OF ARRAY Y 



NY = JS 
RETURN 
END 

c *»«****•******«***»•»*•**»***«******•******»•*•*****»*»»******** 
SUBROUTINE REVA(JOJOIN,AI,AJ,UIP,WPP,VELACC) 

C 
C ...COMPUTE THE JOINT VELOCITIES OR ACCELERATIONS FOR REVOLUTE JOINT 
C ...OUTPUT: VELACC 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION AI(3,3), AJ(33)fAK(3.3)JOIN(103).WI(3),WJ(3),WK(3), 
+ WPP(123).VELACC(103).UIP(10,15) 
CALL MTRAN(33,AI,AK) 
CALL MMULM(33.3AK,AJAI) 

C 
DO 20 L = 13 

WI(L) = WPP(JOIN(JO,l)JL) 
20 WJ(L) = WPPaOINCJO^J.L) 

CALL MMULV(3,3,AI,WJ,WK) 
CALL VMV(3,WK,WI,WJ) 

C ...UIP IS THE LOCAL ORIENT ATI ON AL AXIS OF ROTATION W.R.T. BODY I 
VELACC(J0,1)=UIP(J0,1)*WJ(1)+UIP(J0,2)*WJ(2)+UIP(J03)*WJ(3) 
RETURN 
END 

C 

SUBROUTINE TRANS(P,A) 
C 
C ...COMPUTE TRANSFORMATION MATRIX FROM EULER PARAMETERS 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION A(3,3),P(4) 
Pll = P(1)*P(1) 
A(l,l)= 2. * (Pll + P(2)*P(2) -0.5) 
A(l,2)= 2. * (P(2)*P(3) - P(1)*P(4)) 
A(13)= 2. * (P(2)*P(4) + P(1)*P(3)) 
A(2,1)= 2. * (P(2)*P(3) + P(1)*P(4)) 
A(2,2)= 2. * (PI 1 + P(3)*P(3) - 0.5) 
A(23)= 2. * (P(3)*P(4) - P(1)*P(2)) 
A(3,l)= 2. * (P(2)*P(4) - P(1)*P(3)) 
A(3,2)= 2. * (P(3)*P(4) + P(1)*P(2)) 
A(33)= 2. * (PI 1 + P(4)*P(4) - 0.5) 
RETURN 
END 

C 

SUBROUTINE TRANSL(P,TL) 
C 
C ...CALCULATE THE TRANSFORMATION MATRIX TL FOR DEALING WITH THE 
C LOCAL COMPONEMENTS OF VECTORS 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION E(3)£TD(33)J>(4).TL(3,4) 
DO 101= 1,3 

10 E(I) = P(I+1) 
CALL TILDE(E3TD) 
DO 201= 1,3 

DO 20 J =13 
20 ETD(IJ) = -ETDflJ) 

DO 30 K = 1,3 
30 ETD(K,K) = P(1) 

DO 401= 1,3 
TL(I,1) = -P(I+1) 
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DO 40 J = 2,4 
J1=J-1 

40 TL(1J) = ETD(U1) 
RETURN 
END 

C 

SUBROUTINE RUNGK4(NOC,NH,N,Y,F) 
C 
C ...INTEGRATION ALGORITHM: THE 4TH ORDER RUNGE-KUTTA ALGORITHM 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com* 
DIMENSION Y(N),F(N)1F1(160),F2{160),F3(160),F4(160),YY(160) 
T = TO 
NSTEP = INT ((TE-T0)/DT) + 1 
H = DT 
HH=0.5*H 
TS=T 
DO 100I=1,NSTEP 

C 
C ...IOUT IS USED TO CHECK THE TIME FOR A OUTPUT 

IOUT = 1-1 
C ...KFLAG=1: "SUBROUTINE CORRECT" WILL WORK; ENERGY WILL BE COMPUTED 

KFLAG=1 
CALL DIFEQN(T,KFLAG,NOC,NH,N,Y ,F) 

C 
IF(MOD(IOLn\NDT) EQ. 0) THEN 

CALL ENERGY(T) 
CALL OUTPUT 1(T) 

CALL OUTPUT2(T>NOC) 
ENDIF 

IF((I .EQ. NSTEP) .OR. {TO £Q. TE)) RETURN 
C 

KFLAG=0 
C ...KFLAG = 0: "SUB. CORRECT" WILL NOT WORK; ENERGY WILL NOT BE COMPUTED 

DO 10 J=1.N 
10 F1(J)=H*F(J) 

TT=T+HH 
DO 20 J=1,N 

20 YY(J)=Y(J)+0.5*F1{J) 
CALL DIFEQN(TT,KFLAG,NOC,NH,N,YYtF) 
DO 30 J=1,N 
F2(J)=H*F(J) 

30 YY(J)=Y(J)+0.5*F2(J) 
CALL DIFEQN(TTJCFLAG,NOC,NH,N,YY,F) 
TT=T+H 
DO 40 J=1,N 
F3(J)=H*F(J) 

40 YY(J)=Y(J)+F3(J) 
CALL DIFEQN(TT,KFL AG ,NOC,NH ,N,YY ,F) 
T=TS+H*FLOAT(I) 
DO 50 J=1»N 
F4(J)=H*F(J) 

50 Y(J)=Y(J)+(Fl(J)+2.0*F2(J)+2.0*F3(J)+F4(J))/6.0 
100 CONTINUE 

END 



SUBROUTINE DIFEQN(TrKFLAGtNOC,NH,NY,Y,F) 
C 
C ...INPUT THE CONTENTS OF ARRAY F 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com* 
DIMENSION AA(75,75),D(75,75)tDD(75),DTT(75175)JF(NY),Y(NY),PD{4) 

C ...TRANSFER THE CONTENTS OF ARRAY Y TO ARRAIES Q,QD,QJ,QJD AND QPD 
CALL TRANSYQ(NYtYJCFLAG) 

C ...TRANSFER VELOCITIES, XD, YD AND ZD, OF BODY I OF THE 1ST JOINT 
C INTO ARRAY F 

DO 201= 1,3 
20 F(I) = Y(NH+I) 
C ...TRANSFER TIME DERIVATIVES OF EULER PARAMETERS OF BODY I OF THE 
C 1ST JOINT INTO ARRAY F 

CALL EULERD(J OIN( 1,1 ),Q,QD,QPD,PD) 
DO 25 J = 1,4 

25 F(J+3) = PD(J) 
JS = 7 

C ...TRANSFER ALL JOINT VELOCITIES INTO ARRAY F 
DO 110 JI= 1.NJO 

J TYPE = JOIN(JI,3) 
JB = JOIN(JI,2) 
GO TO (30,50,60.60,60) JTYPE 

C ...TRANSLATIONAL JOINT 
30 JS=JS + 1 

F(JS) = QJD(JI,1) 
GOTO 110 

C ...REVOLUTE JOINT: 
50 JS = JS + 1 

F(JS) = QJD(JI,1) 
GOTO 110 

C ...SPHERICAL, GEAR OR UNIVERSAL JOINTS: 
60 CALL EULERD(JB,Q,QD,QPD,PD) 

DO 65 1=1,4 
65 F(JS +1) = PD(I) 

JS = JS + 4 
110 CONTINUE 
C ...SOLVE SYSTEM EQUATIONS OF MOTION 
C ...NOE = U OF EQUATIONS OF MOTION; NOC = # OF CONSTRAINT EQUATIONS 

NOE = 6 * NB 
CALL DYNAMIC(KFLAG,T,NOE,NOC,AA,D,DD,DTT) 

C ...TRANSFER GLOBAL ACCELERATIONS AND LOCAL ANGULAR ACCELERATIONS OF 
C ...BODY I OF THE 1ST JOINT INTO ARRAY F 

LB1 = (JOIN(l,l) - 1) * 6 
DO 130 M =1,6 

130 F(NH+M) = DD(LB1 + M) 
JS = JS + 6 
DO 355 JI= 1.NJO 

JTYPE = JOIN(JI3) 
GO TO (150,180,210^10^10), JTYPE 

C ...TRANSLATIONALJOINT: 
150 JS = JS + 1 

F(JS) = QJDD(JI,1) 
GO TO 355 

C ...REVOLUTE JOINT: 
180 JS = JS + 1 

F(JS) = QJDD(JI,1) 
GO TO 355 

C ...SPHERICAL, GEAR OR UNIVERSAL JOINTS: 
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C ...USE LOCAL ANGULAR ACCELERATIONS OF BODY J AS JOINT ACCELERATIONS 
210 DO 220 1,3 
220 F(JS + J) = QJDD(JI J) 

JS = JS + 3 
355 CONTINUE 
C ...FOR CONTROL SYSTEM 

IF(NCS .GT. 0) THEN 
DO 4001= l.NCS 

400 F(JS+I) = QPD(ISB(It2),l) 
NCS2 = JS + NCS + 2 
F(NCS2 -1) = QPD(LSB(2),1) 
F(NCS2) = QPD(LSB(2),2) 
JS = NCS2 

END IF 
IF(JS .NE. NY) THEN 
WRITER •)•»! POINTER ERROR IN SUBROUTINE DIFEQN', JS, NY 
WRITE(NINF,*),!!! POINTER ERROR IN SUBROUTINE DIFEQN', JS, NY 
STOP 

END IF 
RETURN 
END 

SUBROUTINE EULERPA(NB JROT.Q) 
C 
C ...COMPUTE EULER PARAMETERS. (IROT=l: EULER ANGLES; IROT=2: BRYANT ANGLES) 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION 0(12,10) 
DO 201= 1,NB 

Q5 = 0.5*Q(I.5) 
SIN 5 = SIN(Q5) 
COS5 = COS(Q5) 
IF(IROT.EQ. 1)THEN 

C ...EULER PARAMETERS <= EULER ANGLES 
Q4P6 = 0.5*(Q(I,4) + Q(I,6)) 
Q4M6 = 0.5*(Q(I,4) - Q(I,6)) 
Q(I,7) = COS5 * COS(Q4P6) 
Q(I,8) = SIN5 * COS(Q4M6) 
QG.9) = SINS * SIN(Q4M6) 
Q(I,10) = COS5 * SIN(Q4P6) 

ELSE 
C ...EULER PARAMETERS <— BRYANT ANGLES 

Q4 = 0.5 * Q(I,4) 
Q6 = 0.5 * Q0.6) 
SEN4 = SIN(Q4) 
COS4 = COS(Q4) 
SIN6 = SIN(Q6) 
COS6 = COS(Q6) 
Qa.7) = COS4 * COS5 *COS6 - SIN4 * SINS * SIN6 
Q(I,8) = SIN4 * COS5 »COS6 + COS4 * SIN5 * SIN6 
QG.9) = COS4 * SINS *COS6 • SIN4 * COS5 * SIN6 
Q0.10) = COS4 * COS5 »SIN6 + SIN4 * SINS * COS6 

END IF 
20 CONTINUE 

RETURN 
END 

C 



c **************•****,t**,*****,,*********************************** 
SUBROUTINE TRANSYQ(NY,Y^CFLAG) 

C 
C ...TRANSFER THE CONTENTS OF ARRAY Y TO ARRAIES Q, QD, QJ, QJD AND QPD 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION Y(NY) 

C ...TRANSFER POSITION OF BODY I OF THE 1ST JOINT INTO ARRAY Q 
DO 101 = 1,3 

10 Q(JOIN(l.l).I) = Y(I) 
C ...TRANSFER EULER PARAMETERS OF BODY I OF THE 1ST JOINT INTO ARRAY Q 

DO 20 J = 4,7 
20 Q(JOIN(l,l), J+3) = Y(J) 
C ...TRANSFER JOINT COORDINATES INTO ARRAY QJ 

JS = 7 
DO 1101= l.NJO 

J TYPE = JOIN(I,3) 
GO TO (30,50,60,60,60), JTYPE 

C ...TRANSLATIONAL JOINT: 
30 JS = JS + 1 

QJ(I,1) = Y(JS) 
GOTO 110 

C ...REVOLUTE JOINT: 
50 JS=JS + 1 

QJ(I,1) = Y(JS) 
GOTO 110 

C ...SPHERICAL, GEAR OR UNIVERSAL JOINTS: 
C ...USE EULER PARAMETERS OF BODY J AS JOINT COORDINATES 
60 D070K= 1,4 
70 Q(JOIN(I,2), K+6) = Y(JS + K) 

JS = JS + 4 
110 CONTINUE 
C ...TRANSFER VELOCITIES OF BODY I OF THE 1ST JOINT INTO ARRAY QD 

DO 240 L = 1,3 
240 QD(JOIN(l,l),L) = Y(JS + L) 
C ...TRANSFER LOCAL ANGULAR VELOCITIES OF BODY I OF THE 1ST JOINT 
C INTO ARRAY QPD 

DO 245 M = 4,6 
245 QPD(JOIN(l,l),M-3) = Y(JS + M) 

JS = JS + 6 
C ...TRANSFER ALL JOINT VELOCITIES: 

DO 455 K = 1, NJO 
JTYPE = JOIN(K,3) 
GO TO (250,280,310,310,310), JTYPE 

C ...TRANSLATIONAL JOINT; 
250 JS = JS + 1 

QJD(K,1) = Y(JS) 
GO TO 455 

C ...REVOLUTE JOINT: 
280 JS = JS+1 

QJD(K,1) = Y(JS) 
GO TO 455 

C ...SPHERICAL, GEAR OR UNIVERSAL JOINTS: 
C ...USE LOCAL ANGULAR VELOCITIES OF BODY J AS JOINT VELOCITIES 
310 DO 320 J =1,3 
320 QPD(JOIN(K,2), J) = Y(JS + J) 

JS = JS + 3 
455 CONTINUE 
C ...FOR CONTROL SYSTEM 

IF(NCS .GT. 0) THEN 



DO 5001= l.NCS 
500 ANG(ISB(I.l).l) = Y(JS +1) 

NCS2 = JS + NCS + 2 
ANGL(1) = Y(NCS2 -1) 
ANGL(2) = Y(NCS2) 
JS = NCS2 

ENDIF 
IF(JS .NE. NY) THEN 

WRITE(* ,*)'!!! POINTER ERROR IN SUBROUTINE TRANSYQ', JS, NY 
WRITE(NINF,*)'!!! POINTER ERROR IN SUBROUTINE TRANSYQ*, JS, NY 
STOP 

ENDIF 
C ...CORRECT THE EULER PARAMETERS 

IF(KFLAG .NE. 0) CALL CORRECT(NB.Q.ERRO) 
RETURN 
END 

C 

SUBROUTINE CORRECT(NB,Q,ERRO) 
C 
C ...CORRECT THE EULER PARAMETER BEFORE REPORTING OUTPUT DATA 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION ERRO(l 2),P(4),Q( 12,10) 
DO 40 IB = 1,NB 

DO 201= 1,4 
20 P(I) = Q(IB,l+6) 
C ...MATHEMATIC CONSTRAINT: P DOT P = I. 

CALL VDOTV(4J»rP,PS) 
ERR = PS - 1 0 

C ...STORE THE VIOLATION OF CONSTRAINT 
ERRO(IB) = ERR 
DEM = SQRT(1.0 + ERR) 

C ...CORRECT THE EULER PARAMETERS AND STORE THEM IN ARRAY Q 
DO 301= 1,4 

30 Q(IB,I+6) = P(I)/DEM 
40 CONTINUE 

RETURN 
END 

C 

SUBROUTINE DYNAMIC(KFLAG,T^OE^OC^\A,D^DJ>TT) 
C 
C ...SOLVE SYSTEM EQUATIONS OF MOTION 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION AA(NOC1NOC)tAI(3,3),AJ(33),D(NOC,NOE)ii)D{NOE), 
+ DTT(NOE^OC)f(75)JTvl(75)JCOL(75)J)M(75)^{75),W(75) 

C DATA EPS/0.0000001/ JLU/1 / 
DATA ILU/1/ 

C ...CALCULATE POSITIONS VELOCITIES AND SYSTEM JACOBIAN 
CALL KINEMAT (T J40E) 

C ...FORM THE MASS & JACOBIAN MATRICES, AND R.H.S. OFEQS. OF MOTION 
CALL MATRIX(KFLAG,T,NOE,NOC,D,PM,F,R) 

C ...SOLVE LAGRANGE MULTIPLIERS (LAMDA): 
DO 201= l.NOE 

20 FM(I) = F(D/PM(I) 
CALL MMULV(NOC,NOE,D(FM1W) 
CALL VMV(NOCJ?,WJ.AMDA) 

C 
CALL MTRAN(NOr,.NOH,DtDTT) 



DO 301= l.NOE 
DO 30 J = 1, NOC 

30 DTT(U) = DTT(IJ)/PM(I) 
CALL MMULM(NOC,NOE,NOC,D,DTT ,AA) 

C ...SOLVE LAMDA 
C ...ILU AND EPS ARE SPECIFIED BEFORE CALLING SUBROUTINE LINEAR 
C ...PERFORM L-U FACTORIZATION: ILU = 1 

CALL LINE AR(AA,LAMDA,W,ICOL,NOC,ILU.EPS ,NINF) 
CALL MMULV(NOE^OC.DTTLAMDAJ0 
CALL VPV(NOE,FM,FtDD) 
CALL TRANSDEKNOE.DD) 

C ...CALCULATE JOINT ACCELERATIONS 
D0340 JI = l,NJO 
IB = J0IN(JI,1) 
JB = JOIN(JU) 
JTYPE = J0IN(JI,3) 
GO TO (100,100.140,140.140), JTYPE 

100 CALLCONV32(124B.3,3AAI) 
IF(JTYPE £Q. 2) GO TO 120 

C ...TRANSLATIONAL JOINT: 
CALL TRACC(JI,IB JB M) 
GO TO 340 

C ...REVOLUTE JOINT: 
120 CALL CONV32(12JBt33tA,AJ) 

CALL REVA(JIJOIN,AI,AJ,UIP,QPDD,QJDD) 
GO TO 340 

C ...SPHERICAL, GEAR OR UNIVERSAL JOINTS: 
140 DO 1501= 1,3 
150 QJDD(JIJ) = QPDD(JBJ) 
340 CONTINUE 

RETURN 
END 

C 

SUBROUTINE KINEMAT(T,NOE) 
C 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION AI(3,3),AJ(3,3),PI(4)>PJ(4),S1(3).S2(3), 
+ TL1(3.4),TL2(3.4),TLT1(43),TLT2(4,3),WI(3),WJ(3),WIP(3).WJP(3) 

C ...CALCULATE POSITIONS AND VELOCITIES BY USING JOINT COORDINATE 
C ...TRANSFORMATION METHOD: 

DO 35011= l.NJO 
C ...DECODE THE TYPE OF JOINT AND BODY# CONNECTED ON THE JOINT 

JTYPE = JOIN(U,3) 
IB = JOIN(U,l) 
JB = JOIN(IJ,2) 

C ...TRANSFER EULER PARAMETERS INTO VECTORS PI AND PJ 
DO 201= 1,4 

PI(I) = Q(IB,I+6) 
20 PJ(D = Q(JB, 1+6) 
C ...CALCULATE THE TRANSFORMATION MATRICES OF BODY I, AND STORE IN 3-D 
C ...ARRAIES & AI 

CALL TRANS(PItAI) 
CALL TRANSL(PI,TL1) 
CALL MTRAN(3,4,TL1,TLT1) 
CALL STOREA(IB,AI,TLI,TLT1) 

GO TO (100,100,180,180,180), JTYPE 
C ...TRANSLATIONAL OR REVOLUTE JOINTS: 
100 DO 1241 = 13 
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124 WIP(I) = QPD(IBt I) 
CALL C0NV32(12JB3,4,TL,TL1) 

C ...COMPUTE NEW EULER PARAMETERS AND LOCAL ANGULAR VELOCITIES OF BODY J 
CALL TRAREV(TJJtJTYPE,PI,PJ,WIP,WJP,AItAJ,TLl,TL2,TLT2) 

C ...STORE NEW EULER PARAMETERS OF BODY J IN ARRAY Q 
DO 1321= 1,4 

132 Q(JB, 1+6) = PJ(I) 
C ...STORE NEW LOCAL ANGULAR VELOCITIES OF BODY J IN ARRAY QPD 

no 1^4. r — 1 i 
134 QPD(JB, I) = WJP(I) 
C ...STORE NEW TRANSFORMATION MATRICES OF BODY J 

CALL STOREA(JB,AJ,TL2,TLT2) 
GO TO 250 

C ...CALCULATE TRANSFORMATION MATRICES OF BODY J, AND STORE IN 3-D ARRAIES: 
C ...SPHERICAL, GEAR OR UNIVERSAL JOINTS: 
180 CALL TRANS(PJ,AJ) 

CALL TRANSL(PJ,TL2) 
CALL MTRAN(3,4,TL2,TLT2) 

CALL STOREA(JB,AJ,TL2,TLT2) 
C ...CALCULATE AND STORE GLOBAL POSITIONS & VELOCITIES & TIME DERIVATIVES 
C ...OF EULER PARAMETERS 
250 CALL POS VEL(T JJ JTYPE.IB JB ,AI, AJ,S 1 ,S2,WI,WJ) 
C ...CALCULATE THE SYSTEM JACOBIAN 

NE = NOE + 1 
CALL JACOBY(T,NE,IJtJTYPE,IB,JB,S 1 ,S2,WI,WJ,AI,AJ) 

350 CONTINUE 
RETURN 
END 

C 
C 

SUBROUTINE TRACCfJIJB JB.AI) 
C ...COMPUTE JOINT ACCELERATIONS OF TRANSLATIONAL JOINT 
C ...OUTPUT: QJDD 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION AI(3,3),C1(3),C2(3).G(33).R1(3).R2(3).S<3),U(3),WD(3). 

+ WP(3) 
DO 201= 1,3 
U(I) = UIP(JI.I+12) 
R1(I) = QDD(IB,I) 
R2(I) = QDD(JBJ) 
WP(I) = QPD(IB J) 
WD(I) = QPDD(IB4) 

20 S(I) = SC(JI,I) 
CALL MMULV(3,3tAI,U,Cl) 
CALL VMV(3,R2,R1,C2) 
DI = C1(1)*C2(1) + C1(2)*C2(2) + C1(3)*C2(3) 

C ...DISTANCE BETWEEN TWO BODIES (JOINT COORDINATE): QJ(JI,1) 
DO 301=1,3 

30 C1(I) = QJ(JI,1)*U(I) 
CALL VPV(3,S,C1,C2) 
CALL TILDE(WP,G) 
CALL MMULV(3,3,G,C2,C1) 
CALL TILDE(U,G) 
CALL MMULV(3,3,G,C1,C2) 
D2 = WP(1)*C2(1) + WP(2)*C2(2) + WP(3)*C2(3) 

C 
CALL TILDE(S,G) 
CALL MMULV(3,3,G,U,C1) 
D3 = WD(1)*C1(I) -f WD(2)*C1(2) + WD(3)*C1(3) 
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QJDD(JI,1) = D1 +D2-D3 
RETURN 
END 

C 

SUBROUTINE TRAREV(TJJOIJTYPE,PIJ>J,WIP,WJP,AIAf,TLl,TL2,TLT2) 
C 
C ...USE JOINT COORDINATE TRANSFORMATION FORMULAS TO COMPUTE THE 
C NEW EULER PARAMETERS AND LOCAL ANGULAR VELOCITY OF BODY J 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION AA(33)AI(33),AJ(33).AT(3t3)lPCO(4)tpi(4)jpJ(4), 

+ PJI(4).SL(4,4)1SLT(4,4)(TL1(3,4),TL2(3,4),TLT2(4,3) 
+ ,U(3),V(3),WIP(3),WJP(3) 

C ...INPUTS: THE ARRAIES OF BODY I; OUTPUTS: THE ARRAEES OF BODY J 
C ...CALCULATE THE NEW EULER PARAMETERS OF BODY J BY JOINT COORDINATE 
C TRANSFORMATION FORMULA: 

CALL STARL(PI,TL 1 ,SL) 
IF(T .EQ. TO) THEN 

C ...CALCULATE CONSTANT DIFFERENCES OF EULER PARAMETERS BETWEEN SYSTEMS 
C J' AND J, WHERE BODY I PARALLELS TO BODY J1 AT THE BEGINNING. 

CALL MMULV(4,4,SL,PJ,PCO) 
DO 201=1,4 

20 PC(UO,l,I) = PCO(I) 
ELSE 

DO 30 J = 1,4 
30 PCO(J) = PC(UO,U) 

ENDEF 
IF(JTYPE .EQ. 1) THEN 

C ...TRANSLATIONAL JOINT: 
CALL MTRAN(4,4,SL,SLT) 

C ...COMPUTE NEW Pj 
CALL MMULV(4,4,SLT,PCO,PJ) 
CALL TRANS(PJ,AJ) 
CALL TRANSL(PJ,TL2) 
CALL MTR AN (3,4 ,TL2 ,TLT2) 
IF(T .EQ. TO) THEN 

C ...COMPUTE CONSTANT MATRIX AC 
CALL MTRAN(33tAI,AT) 
CALL MMULM(333,AT,AJ AA) 
DO 351= 1,3 
DO 35 J = 13 

35 AC(UOJ,J) » AA(I J) 
ENDEF 

C ...COMPUTE Wj' 
CALL MTRAN(33AAAT) 
CALL MMULV(33.AT,WIP,WJP) 

ELSE 
C ...REVOLUTE JOINT: 
C ...CALCULATE P'ji 

THETAH = QJ(IJO,l)/2. 
PJI(l) = COSCTHETAH) 
DO 40 K = 2,4 

K1=K-1 
40 PJI(K) = mP(UO,KI) * SIN(THETAH) 
C CALCULATE P'j 

CALL MTRAN(4,4,SL,SLT) 
CALL MMULV(4,4,SLTJ>JIJPJ) 

C ...CALCULATE NEW Pj 
CALL TRANS L(PJ,TL2) 



CALL STARL(PJ,TL2,SL) 
CALL MTRAN(4,4,SLlSLT) 
CALL MMULV(4,4,SLT,PCO,PJ) 

C ...CALCULATE W'j 
DO 50 L = 1,3 

50 U(L) = QJD(UO,l) * mpcuoj.) 
CALL VPV(3,WIP,U V) 

C ...FIND NEW TRANSFORMATION MATRIX OF BODY J 
CALL TRANS (PJ.AJ) 
CALL TRANS L(PJ.TL2) 
CALL MTRAN(3,4,TL2,TLT2) 
CALL MTRAN(3.3AJAT) 
CALL MMULM(3.33.AT,AI,AA) 

CALL MMULV(33.AA,V,WJP) 
ENDEF 
RETURN 
END 

C 

SUBROUTINE STARL(P,TL,SL) 
C 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION P(4),SL(4,4),TL(3,4) 

C ...CALCULATE L* 
D05 J = 1,4 

5 SL(1,J) = P(J) 
DO 101 = 2,4 
11=1-1  
DO 10 J = 1.4 

10 SLGJ) = TL(IU) 
RETURN 
END 

C 

SUBROUTINE ST0REA(1B,A2,TL2,TLT2) 
C 
C ...TRANSFER CONTENTS OF 2-D ARRAIES INTO 3-D ARRAIES 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION A2(3,3).TL2(3,4),TLT2(4,3) 
CALL C0NV23(12JB33.A2,A) 
CALL CONV23(12JB3,4,TL2,TL) 
CALL CONV23(12JB,43,TLT2,TLT) 
RETURN 
END 

C 

SUBROUTINE EULERD(IB,Q,QD,QPDJ>D) 
C 
C ...CALCULATE TIME DERIVATIVES OF EULER PARAMETERS & STORE IN ARRAY QD 

IMPLICIT DOUBLE PRECISI0N(A-H,0-Z) 
DIMENSION P(4)J>D(4),Q{12,10),QD(12,10),QPD(123),TL(3,4), 

+ TLT(43),WP(3) 
DO 10J = 1,4 

10 P(J) - CKIB^+6) 
D0 20K= 1,3 

20 WP(K) = QPD(IB JC) 
CALL TRANSLfP.TL) 
CALL MTRAN(3,4,TL,TLT) 
CALL MMUL V (4,3 ,TLT,WP,PD) 
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DO 30 L = 1,4 
PD(L) = PD(L) * 0.5 

C ...STORE ARRAY PD IN ARRAY QD 
30 QD(IB J-+6) = PD(L) 

RETURN 
END 

C 
c *•••••****••••**•*•»***»*••***••••***»*********••••»•**•****»»»*** 

SUBROUTINE TRANSDD(NOE,DD) 
C 
C ...TRANSFER 2ND ORDER VARIABLES (ACCELERATIONS) INTO ARRAIES QDD & QPDD 

IMPLICIT DOUBLE PRECISI0N(A-H,0-Z) 
INCLUDE 'dasc.com* 
DIMENSION AI(3,3),DD(N0E)1WD{3),WPD(3) 
NC = 0 
DO 80 K= l.NB 

DO 30 L = 1,3 
NC=NC+1 
QDD(KX) = DD(NC) 
QPDD(KJL) = DD(NC + 3) 

30 WPD(L) = QPDD(K,L) 
C ...CALCULATE GLOBAL ANGULAR ACCELERATIONS 

CALL CONV32(12,K,3,3 AAI) 
C ...WD = AI * WPD 

CALL MMULV(33,AI,WPD,WD) 
D050M= 1,3 

50 QDD(K,M+3) = WD(M) 
NC = NC + 3 

80 CONTINUE 
RETURN 
END 

C 
c *•••********•*••*•*••*•*••*•***•»**********•*»*******»*•*••***••** 

SUBROUTINE POSVEL(T^LJrFTYPEJBrJB,AJ/J,Sl,S2IWI,WJ) 
C 
C ...CALCULATE THE POSITIONS & VELOCITIES OF BODY J 

IMPLICIT DOUBLE PRECrSION(A-H.O-Z) 
INCLUDE 'dasc.com* 
DIMENSION AI(3,3),AJ(33).PJD(4),R1{3),R2(3),RID(3),R2D(3),S1(3), 
+ S2(3),S3(3),S4(3).S5(3),SP1(3),SP2(3),W3(33).WI(3), 
+ WJ(3),WIP(3),WIT(3),WJP(3),WJT{3) 
DO 201= 1,3 

R1(I) = Q(IB0) 
R1D(I) = QD(1BJ) 
SP1(I) = QPflJJB^) 
SP2(I) = QP(U JB.D 

W(l) = QPD(IB J) 
20 WJP(I) = QPD(JB,I) 

CALL MMULV(3,3,AI,SP1,S1) 
CALL MMULV(3,3,AJ,SP2,S2) 
IF(JTYPE.EQ. 1)THEN 

C ...TRANSLATIONAL JOINT: 
IF(T .EQ. TO) THEN 

C ...COMPUTE CONSTANT VECTOR 
DO 301 = 13 
S3(I) = SP1(I) - (AC(U,I,1)*SP2(1) + AC(U,U)*SP2{2) + 

+ AC(U,I3)*SP2(3)) 
30 SC(UJ) ~ S3(I) 

ELSE 
DO 351= 1,3 



35 S3(I) = SC(U4) 
ENDIF 

C ...POSITION: 
DO 401=1,3 

40 S4(I) = S3(I) + QJ(U,1) * UIP(U,I+12) 
CALL MMULV(33,AI,S4,S5) 
CALL VPV(3,R1,S5,R2) 

C ...VELOCITY: 
CALL-TILDE(WIP,W3) 
CALL MMULV(33,W3,S4,S5) 
DO 451 = 1,3 

45 S3(I) = S5(I) + QJD(U,1) * UIP(IJ,I+12) 
CALL MMULV(33,AI,S3,S4) 
CALL VPV(3,R1D,S4,R2D) 

ELSE 
C ...OTHER JOINTS: 
C ...POSITION: 

CALL VPV(3rRl,Sl,S3) 
CALL VMV(3,S3,S2,R2) 

C ...VELOCITY: 
CALL TILDE(WIP,WIT) 
CALL TILDH(WJP,WJT) 
CALL MMULM(33.3.AI,WIT,W3) 
CALL MMULV(33,W3,SP1,S3) 
CALL MMULM(33,3,AJ,WJT,W3) 
CALL MMULV(33.W3,SP2,S4) 
CALL VPV(3,RID,S3,S5) 
CALL VMV(3,S5.S4,R2D) 

ENDIF 
C ...STORE Rj 

DO 1301= 1,3 
130 Q(JB J) = R2(I) 
C ...STORE RjD 

DO 1401=1,3 
140 QD(JBJ) = R2D(I) 
C ...CALCULATE PjD AND STORE IN ARRAY QD 

CALL EULERDCJB ,Q,QD,QPD,PJD) 
C ...CALCULATE GLOBAL ANGULAR VELOCITIES 
C ...W = A * W* 

CALL MMULV(3,3,AI,WIP,WI) 
CALL MMULV(3,3,AJ,WJP,WJ) 

C ...STORE W 
DO 1601= 1,3 

11 = 1 + 3 
QD(IB,n) = WI(I) 

160 QD(JBJI) = WJ(I) 
RETURN 
END 

C 

SUBROUTINE JACOBY(T^^I JTYPE.IB JB.S 1 ,S2,WI,WJ,AI,AJ) 
C 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION AI(3.3),AJ(3,3),D(3),DD(3),HI(3),HJ(3).S1(3)1S2(3),S3(3) 

+ ,S 4(3),S 5(3),S 6(3),SI(3),S J(3),ST 1 (3 ,3).WI(3),WJ (3) JDRI V(75) 
+ ,ORl(75),OR2(75),PARA(2,75)tPARA2(2,75),SPH(3,75) 

C ...POINTERS OF ARRAIES: 
IP = IB * 6 - 6 
JP = JB * 6 - 6 



IF(JTYPE .NE. I) CALL SPHER(NE,IP JP.S 1 ,S2,WI,WJ,AI,AJ,SPH) 
GO TO (100,300,500,700,300), JTYPE 

C ...TRANSLATIONAL JOINT 
C ...RETRIEVE VECTORS S* 
100 DO 1051= 1.3 

S3 (I) = UIP(JI.I) 
S4(I) = UIP(JI, 1+3) 
S5(I) = UIP(JI, 1+6) 

105 S6{I) - UIP(JI, 1+9) 
C ...TRANSFER VECTORS TO GLOBAL COORDINATES 

CALL MMULV (3,3,AI,S3 ,SJ) 
CALL MMULV(3,3,AJ,S4,SJ) 
CALL MMULV(3,3,AI.S5,HD 
CALL MMULV(3,3.AJ1S6.HJ) 

C ...COMPUTE DISTANCE AND VELOCITY VECTORS 
DO 1101 = 1,3 

D(I) - QJ(JI,1) * SI(I) 
110 DD(I) = QJD(JI,1),',SI(I) 

CALLPARALL(NE,IP,JP,SI,SJ,WI,WJ,AI,AJ,PARA,EPS,NINF) 
C ...SI = Sib,S2 = Sjb 

CALL PARALL2(NE JPJP,SI,S 1 ,SJ,S2J}£D,WI,WJ,AI,AJjPARA2,EPS,NINF) 
CALL ORTH(NEJPJPafl,HJ,WI,WJ,AI^U,ORl JEPS^INF) 
DO 150 J = 1,NE 
DO 1401 =1.2 
TRANCJUJ) = PARAflJ) 

140 TRAN(JI, I+2J) = PARA2(IJ) 
150 TRAN(JI,5J) = ORl(J) 

GOTO 1200 
C ...REVOLUTE OR UNIVERSAL JOINTS: 
300 DO 3051 =1.3 

S4(I) = UIP(JI,D 
305 S5(I) = UIP(JI, 1+3) 
C ...CALCULATE THE GLOBAL COORD. OF ORIENTATIONAL AXIS OF ROTATION: 

CALL MMULV(3t3,AI,S4,S3) 
CALL MMULV(3,3,AJ,S5,S4) 
IF(JTYPE .EQ. 5) GO TO 900 

C ...REVOLUTE JOINT; 
CALL PARALL(NE,IPJP,S3,S4,WI,WJw\I,AJJ>ARA,EPS,NTNF) 
DO 310 J = 1, NE 
DO 315 1 = 1,3 

315 RVLT(JI,IJ) = SPH(IJ) 
RVLT(JI,4J) = PARA(U) 

310 RVLT(JI,5J) = PARA(2J) 
GOTO 1200 

C ...SPHERICAL JOINT 
500 DO 330 J = 1, NE 

DO 3301 = 1,3 
330 SPHR(JU J) = SPH(U) 

GOTO 1200 
C ...GEAR JOINT 
700 CALL T1LDE(S 1 ,ST1) 

CALL MMULV(3,3,ST1,S2,S3) 
CALL ORTH(NEJPJP,S l.S3,WI,WJ,AI AF.ORl^PS J^INF) 
CALL ORTH(NE JPJP.S3,S2,WI.WJ,AI AT.OR2^PSJSfINF) 
CALL DRIVE{T^EJIJPJP,S1.S2AI,AJX>RIV) 
DO 720 J = l^NE 
DO 7101= 13 

710 GEAR(JIJ,J) = SPH(U) 
GEAR(JI,4,J) = ORl(J) 
GEAR(JI,5 J) = OR2(J) 
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720 GEAR(JI.6,J) = DRIV(J) 
GO TO 1200 

C ...UNIVERSAL JOINT; 
900 CALL ORTH(NE JPJP,S3,S4,WI,WJ,AI,AJ,0R1>EPS,NINF) 

DO 920 J = 1,NE 
DO 9101 = 1,3 

910 UNIV(JIJJ) = SPH(U) 
920 UNIV(JI,4,J) = ORl(J) 
1200 RETURN 

END 
C 
c ****************************************************************** 

SUBROUTINE SPHER(NE,IPrJP,S 1 ,S2,WI,WJ,AI,AJ,SPH) 
C 
C ...CALCULATE JACOBIAN OF SPHERIC CONSTRAINT 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION AI(3,3),AJ(33),AK(3,3),S1(3),S1D(3),S2(3),S2D(3), 

+ SPH(3,NE),ST1(33).ST2(33).W3<3),W4(3).W5(3), 
+ W1(3),WJ(3),WT1(33),WT2(3,3) 

C ...INITIALIZATION 
DO 101= 1,3 
DO 10 J = 1.NE 

10 SPH(U) = 0.0 
DO 201 = 1,3 

SPH(IJP+1) = 1.0 
20 SPH(UP + I) = -1.0 
C ...CALCULATE TILDE OF SI & S2 

CALL TILDE(S1,ST1) 
CALL TILDE(S2,ST2) 

C 
CALL MMULM(333,ST1,AI,AK) 
13 = IP + 3 
DO 501=1,3 

DO 50 J = 1,3 
50 SPH(I,I3 + J) = -AK(U) 

CALL MMULM(33,3,ST2,AJ,AK) 
J3 = JP + 3 
DO 601 = 1,3 

DO 60 J =1,3 
60 SPHCU3+J) = AK(IJ) 
C ...CALCULATE R.H.S. OF CONSTRAINT EQUATIONS: 
C ...THAT IS SPD = TILDE(W) * SP 

CALL TTLDE(WI,WT1) 
CALL TILDE(WJ,WT2) 

C 
CALL MMULV(3,3,WT1,S 1 ,S 1D) 
CALL MMULV(3,3,WT2,S2,S2D) 

C 
CALL MMULV(3,3,WT1,S1D,W3) 
CALL MMULV(3,3,WT2,S2D,W4) 
CALL VMV(3,W4,W3,W5) 
DO 1001=1,3 

100 SPH(I,NE) = W5(I) 
RETURN 
END 

C 

SUBROUTINE PARALL(NE,IP,JP,S11S2,WI,WJ,AI1AJ,PARA,EPS,NINF) 
C 
C ...PARALLELCONSTRAINT# 1 
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IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION AI(3,3),AJ(33).Cl(3),C2{3),C3(3),IS(3)tPARA(2,NE), 
+ S1(3).S2(3),S1D(3),S2D(3),STI(33).ST2{33).W(313). 
+ WI{3),WJ(3).WTI(33),WTJ{3I3),Y1(3,3),Y2(3,3) 

C ...INITIALIZATION 
DO 201= l.NE 
PARA(l.I) = 0.0 

20 PARA(2pI) = 0.0 
CALL T1LDE(S1,STI) 
CALL TILDE(S2,ST2) 
CALL MMULM(33,3.ST2.ST1,W) 
CALL MMULM(33,3.W,AI,Y1) 

C 
CALL MMULM(333.ST1,ST2,W) 
CALL MMULM(333.W.AJ,Y2) 

C ...CALCULATE THE R.H.S. OF CONSTRAINT EQUATIONS 
CALL T1LDE(WI,WTI) 
CALL TILDECWJ.WTJ) 
CALL MMULV(3,3.WTI,S1.S1D) 
CALL MMULV(3,3,WTJ,S2,S2D) 

C 
CALL TTLDE(SID.W) 
CALL MMULV(3,3,W,S2D,C1) 
CALL MMULM(33,3.ST2,WT1,W) 
CALL MMULV(3,3.W,S1D,C2) 
CALL MMULM(33,3.ST1,WTJ,W) 
CALL MMULV(3,3.W,52D,C3) 

C ...CHECK NONZERO ROWS AND STORE VALUES INTO ARRAY PARA: 
DO 251= 1,3 
S1D(I) = 0. 
DO 25 J = 1,3 

25 SID(D = S1D(I) + ABS(Y1(U)) + ABS(Y2(U)) 
CALL ABS0RT(3,S1D,IS,S2D) 
IF(S2D(2) .LT. EPS) THEN 
WRITE(*,*)'!!! CONSTRAINT MAY BE ERROR FROM SUB. PARALL\S2D(2) 
WRITE(NINF,*)*!!! CONSTRAINT MAY BE ERROR FROM SUB. PARALL\S2D(2) 
STOP 
ENDEF 
13 = IP + 3 
J3 = JP + 3 
DO 351= 1,2 

DO 30 J = 1,3 
PARA(IJ3+J) = YiaS(I)J) 

30 PARA(U3+J) = -Y2(IS(I),J) 
35 PARA(I,NE) = -2. * C1(IS{I» + C2(1S(I)) - C3(IS(I)) 

RETURN 
END 

C 

SUBROUTINE PARALL2(NE,IPtJP,SI,SIB ,SJ,SJB,DtDD,WI,WJ,AIlAJ,PARA2, 
+ EPS.NINF) 

C 
C ...PARALLEL CONSTRAINT #2 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION AI(3,3),AJ(33).C1(3),C2(3),C3(3),C4(3).D(3)J)D(3), 

+ G1(3,3),G2(33).G3(33).G4(33)JC(3)PARA2(2^IE).SI(3),SIB(3) 
+ ,SID(3).SJ(3),SJB(3),STI{33),WI(3),WJ(3)>WTI(33).WTJ(33) 

C ...INITIALIZATION 
DO 151=1, NE 
PARA2(1 J) =0.0 



15 PARA2(2 J) = 0.0 
CALLTTLDE(SItSTO 
CALL TILDE(SIB.Gl) 
CALL MMULM(33,3,STI,G 1 .G2) 
CALL TILDE(D,G 1) 
CALL MMULM(3 3,3 ,G 1 ,STI,G3) 
DO 201=1,3 

DO 20 J = 1,3 
20 G4(U) = G2(IJ) + G3(IJ) 

CALL MMULM(33,3,G4^AI,G2) 
C 

CALL TILDE(SJB,G3) 
CALL MMULM(33,3,STI,G3,G4) 
CALL MMULM(33,3,G4^J,G3) 

C ...COMPUTE THE R.H.S. OF CONSTRAINT EQUATIONS 
CALL TILDE(WI,WTI) 
CALL MMULV(3,3,WTI,SI,SID) 
CALL TILDE(SID,G4) 
CALL MMULV(3,3,G4,DD,C1) 

C 
CALL MMULV(3,3,WTI,SIB,C2) 
CALL MMULV(3,3,Wn,B2,C3) 
CALL nLDE(WJ,WTJ) 
CALL MMULV(3,3,WTJ,SJB,C4) 
CALL MMULV(3,3.WTJ,C4,C2) 
CALL VMV(3,C3 ,C2,C4) 
CALL MMULV (3,3,STI,C4,C2) 

C 
CALL MMULM(33.3.G1.WTI,G4) 
CALL MMULV(3,3,G4,SID,C3) 

C ...CHECK NONZERO ROWS AND STORE VALUES INTO ARRAY PARA2 
DO 251= 1,3 
C4(I) = 0. 
DO 25 J =1,3 

25 C4(I) = C4(I) + ABS(STI(IJ)) + ABS(G2(IJ)) + ABS(G3(I,J)) 
CALL ABSORT(3,C4 JC.SID) 
IF(SID(2) XT. EPS) THEN 
WRITER,*)'!!! CONSTRAINT MAY BE ERROR FROM SUB. PARALL2\SID(2) 
WRrTEtNINF,*)'!! CONSTRAINT MAY BE ERROR FROM SUB. PARALL2\SID(2) 
STOP 
END IF 
13 = IP + 3 
J3 = JP + 3 
DO 351= 1,2 

DO 30 J = 1,3 
PARA2G JP+J) = -STiaC(I) J) 
PARA2(IJP+J) = STI(IC(DJ) 
PARA2(IJ3+J) = G2(IC(I),J) 

30 PARA2(I J3+J) » -G3(IC(I),J) 
35 PARA2(I,NE) = -2. * C1(IC(I)) + C2(IC(I)) + C3aC(I)) 

RETURN 
END 

C 

SUBROUTINE ORTH(NEfB\JP,S 1 ,S2,WI,WJ,AI>AJ,OR 1 .EPS .NINF) 
C 
C ...ORTHOGONAL CONSTRAINT 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION AI(3.3),AJ(33)^K(3,3),ORl(NE)tSl(3).S2(3),S3(3). 

+ S4(3),S 1 D(3).S2D(3),ST3(3,3),WI(3),WJ(3),WTI(33),WTJ(3,3) 



C ...INITIALIZATION 
DO 201=1, NE 

20 ORl(I) =0.0 
C 

CALL TILDE(S 1 ,ST3) 
CALL MMULM(33,3.ST3,AIAK) 
CALL VMULM(S2,3,3,AK,S3) 

C 
CALL TILDE(S2,ST3) 
CALL MMULM(3,3.3.ST3,AJ,AK) 
CALL VMULM(Sl,33tAK,S4) 

C ...CHECK NONZERO ROW 
SUM = 0. 
DO25 I- 1,3 

25 SUM = SUM + ABS(S3(I)) + ABS(S4(I)) 
IF(SUM .LT. EPS) THEN 

WRITE(* ,*)'!!! CONSTRAINT MAY BE ERROR FROM SUB. ORTH'.SUM 
WRITEfNINF,*)'!!! CONSTRAINT MAY BE ERROR FROM SUB. ORTH\SUM 
STOP 

END IF 
C ...STORE VALUES INTO ARRAY OR1 

13 = IP + 3 
J3 = JP + 3 
DO 301= 1,3 

ORl(I3 + I) = -S3(I) 
30 ORl(J3 +1) = -S4(I) 
C ...CALCULATE R.H.S. OF CONSTRAINT EQUATIONS 

CALL TELDE(WI,WTI) 
CALL TILDE(WJ,WTJ) 

C 
CALL MMULV(3,3,Wn,Sl,SlD) 
CALL MMULV(3,3,WTJ,S2,S2D) 
CALL VDOTV(3,SlD,S2D,Rl) 

C 
CALL MMULV(3,3,WTI,S2,S3) 
CALL VDOTV(3,SlD,S3,R2) 

C 
CALL MMULV(3,3,WTJ,S1,S3) 
CALL VDOTV(3,S2D,S3,R3) 
ORl(NE) = -2. • R1 +R2 + R3 
RETURN 
END 

SUBROUTINE DRIVE(T,NE,JI(IP,JP,S 1 ,S2,AI, AJ.DRI V) 
C 
C ...ACCELERATION (DRIVING) CONSTRAINT 

IMPLICIT DOUBLE PRECISI0N(A-H,0-Z) 
INCLUDE 'dasc.com' 
DIMENSION AI(3,3),AJ(33)^>RIV(NE),S 1(3),S2(3).S3(3),S4(3), 

+ ST1(33)»U3(3) 
C ...INITIALIZATION 

DO 201 = 1,NE 
20 DRIVfl) - 0.0 
C ...CALCULATE S3 = SI X S2 = TILDE(Sl) * S2 

CALLTILDE(S1,ST1) 
CALL MMULV(3,3,ST1,S2,S3) 

C ...CALCULATE U3 
SUM = 0.0 
DO 301=1,3 

30 SUM = SUM + S3(I) * S3(I) 
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SUM = SQRT(SUM) 
DO 401= 1,3 

40 U3(I) = S3(I)/SUM 
C 

CALL VMULM(U3,3,3tAI,S3) 
CALL VMULM(U3,3.3 AT.S4) 
13 = IP + 3 
J3 = JP + 3 
DO 501=1,3 

DRIV(I3 +1) = -S3(I) 
50 DRIV(J3 +1) a S4(I) 
C ...INPUT R.H.S. OF CONSTRAINT EQUATIONS 

IF(ICVB(JI) .NE. 0) THEN 
C ...DATA COME FROM PIECE WISE LINEAR CURVE OR MATHEMATIC FUNCTION 

IC = ICVB(JI) 
C ...NOTE: DECIDE INDEPENDENT VARIABLE (X) & MATHEMATIC FUNCTION IN 'CURVE' 

X = T 
CALL CURVE(TJC,X,Y) 
BFOR(JI) = Y 

ENDIF 
DRIV(NE) = BFOR(JI) 
RETURN 
END 

C 

SUBROUTINE ABSORT(N,X,IX,AX) 
C 
C ...SORT THE ABSOLUTE VALUES OF ARRAY X FROM BIG TO SMALL VALUES AND STORE 
C THEM IN ARRAY AX. THE RETURN OF ARRAY IX WILL CONTAIN THE ORDER INDICES. 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION AX(N),IX(N)tX(N) 
DO 101= 1, N 
1X0) = I 

10 AX(I) = ABS(X(D) 
NA = N - 1 
DO 50 J = 1,NA 

M = J 
MA = J+1 
DO 301 = MA, N 
IF(AX(M) - AX(I)) 20,30,30 

20 M = I 
30 CONTINUE 

TEMP = AX (J) 
ITEMP = IX(J) 
AX(J) = AX(M) 
IX(J) = IX(M) 
AX(M) = 1EMP 

50 IX(M) = ITEMP 
RETURN 
END 

C 

SUBROUTINE MATRIX(KFLAG,T,NOE(NOC,D,PM,F,R) 
C 
C ...FORM THE MASS & JACOBIAN MATRICES, AND R.H.S. OF EQS. OF MOTION 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION D(NOC,NOE),F(NOE)tPM(NOE),R(NOC),W3(3)1WK(3),WP(3), 

+ WTP(3) 
DATA GC/+9.8066/ 
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GRAV = GC * GRC 
C ...INITIALIZATION 

DO 201=1,NB 
DO 20 J = 1,6 
FOR(IJ) = 0. 

20 FSDAflJ) = 0. 
C ...COMPUTE EXTERNAL FORCES AND MOMENTS APPLIED ON BODIES (FOR) 

IF(NFOR .NE. 0) CALL EXFORCE(T) 
C ...FOR CONTROL SYSTEM, COMPUTE MAGNITUDE OF ACTUATOR 

IF(NCS .NE. 0) CALL CONTROL(KFLAG ,T) 
C ...COMPUTE INTERNAL FORCE & MOMENT FROM SPRING-DAMPER-ACTUATOR (FSDA) 

SENGY = 0. 
IF(NSDA .NE. 0) CALL SDATOR(KFLAG,T) 

C ...INPUT THE RIGHT HAND SIDE OF EQUATIONS OF MOTION INTO ARRAY F 
1 = 1  
DO 60 IB = 1, NB 

F(I) =FOR(IB,l) + FSDA(IB,l) 
Fa+1) = FOR(IB,2) + FSDA(IB,2) 
F(I+2) = FOR(IB,3) + FSDA(IB,3) - SM(IB) * GRAV 

C 
DO 40 K = 1,3 

WP(K) = QPD(IB,K) 
40 WK(K) = SJJ(IB,K) * WP(K) 

CALL TTLDE(WP,WTP) 
CALL MMULV(3,3,WTP,WK,W3) 

C 
12 = 1 + 2 
DO 50 M= 1,3 

50 F(I2 + M) = FOR(IB,M+3) + FSDA(IB, M+3) - W3(M) 
1 = 1 + 6 

60 CONTINUE 
C ...FORM JACOBIAN MATRIX D 

NS = 0 
NE = NOE + 1 

C ...INPUT JACOBIAN AND R.H.S. OF CONSTRAINT EQS. INTO ARRAIES D & R 
DO 350 J = l,NJO 

J TYPE = JOIN(J,3) 
GO TO (100,150,200,250,300). JTYPE 

C ...TRANSLATIONAL CONSTRAINT: 
100 DO 120 L= 1,5 

NS = NS + 1 
DO 110M= l,NOE 

110 D(NS,M) = TRAN(JJL,M) 
120 R(NS) = TRAN(JL^E) 

GO TO 350 
C ...REVOLUTE CONSTRAINT: 
150 DO 170 L = 1,5 

NS = NS + 1 
DO 160 M = 1, NOE 

160 D{NS,M) = RVLT(JLAl) 
170 R(NS) = RVLT(J^J^E) 

GO TO 350 
C ...SPHERICAL CONSTRAINT: 
200 DO 220 L= 1,3 

NS = NS + I 
DO 210 M = l.NOE 

210 D(NS,M) = SPHR(J,L,M) 
220 R(NS) = SPHR(J^^E) 

GO TO 350 
C ...GEAR CONSTRAINT: 
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250 DO 270 L= 1,6 
NS = NS + 1 
DO 260 M = 1, NOE 

260 D(NS,M) = GEAR(J,L.M) 
270 R(NS) = GEAR(JJvJNE) 

GO TO 350 
C ...UNIVERSAL CONSTRAINT: 
300 DO 320 L= 1,4 

NS = NS + 1 
DO 310 M = 1, NOE 

310 D(NS,M) = UNIV(JJL,M) 
320 R(NS) = UNIV(J,LtNE) 
350 CONTINUE 

IF(NGRND .NE. 0) THEN 
C ...INPUT COMPONENTS OF GROUND CONSTRAINT INTO ARRAY D & R 

DO 3601 =1, NGRND 
KP = IGRND(I) » 6-6 
DO 360 L =1,6 
NS = NS + 1 
DO 340 M = 1, NOE 

340 D(NS,M) = 0. 
D(NS,KP+L) = 1. 

360 R(NS) = 0. 
END IF 
IF(NS .NE. NOC) THEN 
WRITE(*,•)*!!! POINTER ERROR IN SUBROUTINE MATRIX'.NS.NOC 
WRITE(NINF,*)'!!! POINTER ERROR IN SUBROUTINE MATRIX',NS^OC 
STOP 

ENDIF 
C ...INPUT THE DIAGONAL ELEMENTS OF MASS MATRIX INTO ARRAY PM 

K = 0 
L = 3 
DO 3901 = 1, NB 

DO 380 J =1.3 
K = K + 1 
L»L + 1 
PM(K) = SM(I) 

380 PM(L) = SJJ(U) 
K = K + 3 

390 L = L + 3 
RETURN 
END 

C 
c I****,*******************,**************************************** 

SUBROUTINE SDATOR(KFLAG,T) 
C 
C ...COMPUTE INTERNAL FORCES & MOMENTS FROM SPRING-DAMPER-ACTUATOR 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION AI(3,3),AJ(33).C(3)4X3)J)IFF(2),QQI(3).QQJ(3),S1(3), 
+ S2(3),TM(33).TW(33),U(3),UP(3),V1(3),V2(3),W1(3).W2(3)^X(3) 
DO 1301= l.NSDA 
IB = ISDA(I,6) 
JB = ISDA(I,7) 

C ...RETRIEVE THE LOCAL COORDINATES OR UNIT VECTORS 
DO 30 L = 1,3 
L3 = L + 3 
QQI(L) = QU(I« 



QQJ(L) = QIJ(I,L3) 
W1(L) = QD(IB,L3) 

30 W2(L) = QD(JBJL3) 
C ...RETRIEVE TRANSFORMATION MATRICES 

CALL CONV32(12JB3.3,AA0 
CALL CONV32(12 JB,3,3^,AJ) 
IF{ISDA(I,5) .EQ. 1) THEN 

C ...TRANSLATIONAL SPRING-DAMPER-ACTUATOR 
CALL MMULV(33^I,QQI.S1) 
CALL MMULV(3,3.AJ.QQJ,S2) 
SUM = 0. 
DO 50 L = 1,3 
D(L) = Q{JBJL) + S2(L) - Q(B J.) - S1(L) 

50 SUM = SUM + D(L) * D(L) 
DIST = SQRT(SUM) 
DO 60 L = 1,3 

60 U(L) = D(L)/DIST 
C ...COMPUTE DEFORMED LENGTH OF SPRING 

DIFF(1) = DIST - SDA(I,4) 
C ...COMPUTE DIFFERENCE OF VELOCITY BETWEEN BODIES I & J 

CALL TILDE(W2,TW) 
CALL MMULM(3,3,3,TW,AJ,TM) 
CALL MMULV(33,TM,QQJ,V2) 

C 
CALL TLLDE(W1 ,TW) 
CALL MMULM(333,TW,AI,TM) 
CALL MMULV(33,TM,QQI.V1) 
DIFF(2) = 0. 
DO 70 L= 1,3 
IXL) = QD(JB,L) + V2(L) - QD(IB,L) - V1(L) 

70 DHT(2) = DIFF(2) + U(L) * D(L) 
C ...COMPUTE TRANSFORMATION VECTORS OF MOMENTS FROM GLOBAL TO LOCAL 
rnnRHQ 

CALL MTRAN(3,3»AI.TM) 
CALL MMULV(33,TM.U,UP) 
CALL TILDE(QQI,TM) 
CALL MMULV(33,TM,UP,S 1) 

C ...COMPUTE TRANSFORMATION VECTOR OF MOMENT W.R.T. BODY J 
CALL MTRAN(33AI.TM) 
CALL MMULV(33.TM,U,UP) 
CALL TILDE(QQJ.TM) 
CALL MMULV(33,TM,UP,S2) 

C ...ADD SPRING, DAMPING AND ACTUATOR FORCES TOGETHER 
C ...NOTE: DECIDE INDEPENDENT VARIABLE (XX) & MATH. FUNCTION IN 'CURVE' 

XX(I) = DEFF(l) 
XX(2) = DIFF(l) 
XX(3) = T 
CALL SDACOOUSDA.SDA.I.C.XX) 
FORCE = C(l) * DIFF(1) + C(2) * DIFF(2) + C(3) 

C ...STORE FORCES AND MOMENTS IN ARRAY FSDA 
DO 80 L= 1,3 
FSDA(IB,L) = FORCE * U(L) + FSDA(IB,L) 
FSDA(JB^) = -FSDA(IB,L) + FSDA(JBJL) 
FSDA(IB, L+3) = FORCE *S1(L) + FSDA(IB, L+3) 

80 FSDA(JB, L+3) = -FORCE * S2(L) + FSDA(JB, L+3) 
ELSE 

C ...ROTATIONAL SPRING-DAMPING-ACTUATOR: 
C ...COMPUTE DEFORMED ANGLE BY USING FORMULA: A . B = a * b * COS(rad) 
C AND USING AXB = a"b* SIN(rad) * C TO CHECK COMPRESSION OR EXTENS. 
C ...LIMITATION: RAD IE. 180 DEGREES 
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DO 90L = 1,3 
V1(L) = QQ I(L) - QP(1SDA(I,4)JBJ-) 

90 V2(L) = QQJ(L) - QP(ISDA(I,4)JB,L) 
CALL MMULV(33iAI,Vl,Sl) 
CALL MMULV(33 AJ.V2.S2) 
53 = Sl(l) * Sl(l) + Sl(2) * SI(2) + S 1(3) * Sl(3) 
54 = S2(l) * S2(l) + S2(2) * S2(2) + S2(3) * S2(3) 
53 = SQRT(S3) 
54 = SQRT(S4) 
SNUM = (S1(1)*S2(1) + S1(2)*S2(2) + S1(3)»S2(3))/(S3 * S4) 
EF(ABS(SNUM) .GE. l.)THEN 
IF(SNUM .GT. 0.) THEN 
RAD = 0. 

ELSE 
RAD = 3.1415926536 

ENDIF 
ELSE 

RAD = ACOS(SNUM) 
ENDIF 

C ...CHECK COMPRESSION (IF SGN < 0.) OR EXTENSION (IF SGN > 0.) 
CALL TILDE(S 1 ,TM) 
CALL MMULV(33.TM,S2,UP) 
DO 110L=1,3 

110 V1(L) = VIJ(I,L) 
CALL MMULV(3,3,AI,V1,U) 
SGN = UP(1) * U(l) + UP(2) * U(2) + UP(3) * U(3) 
RAD2 = SIGN(RAD,SGN) 
DIFF(1) = RAD2 - SDA(I,4) 

C ...COMPUTE DIFFERENCE OF ANGULAR VELOCITIES ALONG GLOBAL UNIT VECTOR U 
VEL1 = Wl(l) * U(l) + Wl(2) * U(2) + Wl(3) * U(3) 
VEL2 = W2(l) * U(l) + W2(2) * U(2) + W2(3) * U(3) 
DIFF(2) = VEL2 - VEL1 

C ...NOTE: DECIDE INDEPENDENT VARIABLE (XX) & MATH. FUNCTION IN 'CURVE* 
XX(1) = DIFF(l) 
XX(2) = DIFF(l) 
XX(3) = T 
CALL SDACO(T4SDA,SDA,I,C^CX) 

C ...ADD ROTATIONAL SPRING, DAMPING AND ACTUATOR MOMENTS TOGETHER 
RFOR = C(l) * DIFF(I) + C{2) * DIFF(2) + C(3) 

C ...SRORE LOCAL MOMENTS (ALONG OPPOSITE LOCAL UNIT VECTORS) INTO ARRAY 
FSDA 

D0120L=1,3 
FSDAflB, L+3) = RFOR * VIJ(I,L) + FSDA(IB, L+3) 

120 FSDA(JB, L+3) = RFOR * VJJ(I,L+3) + FSDA(JB, L+3) 
ENDIF 

C ...COMPUTE THE STORED ELASTIC ENERGY 
IF(KFLAG JNE. 0) SENGY = SENGY + 0.5 * C(l) * DIFF(I) * DIFF(1) 

130 CONTINUE 
RETURN 
END 

C 

SUBROUTINE SDACOCT.ISDA.SDAJ.C.XX) 
C 
C ...COMPUTE SPRING, DAMPING COEFFICIENTS, AND MAGNITUDE OF ACTUATOR 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION C(3),ISDA(30,7),SDA(30,4),XX(3) 
DO 10 L = 1,3 

IF(ISDA(I J-) .EQ. 0) THEN 
C ...DATA ARE CONSTANT 
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C(L) =» SDA(I,L) 
ELSE 

C ...DATA COME FROM PIECEWISE LINEAR CURVE OR MATHEMATIC FUNCTION 
IC = ISDA(I,L) 
X = XX(L) 
CALL CURVE(TJC.X, Y) 
C(L)=y 

ENDIF 
10 CONTINUE 

RETURN 
END 

SUBROUTINE EXFORCE(T) 
C 
C ...COMPUTE EXTERNAL FORCE AND MOMENT APPLIED ON BODIES 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com* 
DIMENSION AI(3f3),AT(3,3),QF(3),Vl(3),V2(3)lV3(3),W(33) 
DO 801= l.NFOR 

IB = IFOR(I,l) 
IF(IFOR(U) -NE. 0) THEN 

IC = IFOR(I,5) 
C ...MAGNITUDE OF FORCE OR MOMENT COME FROM CURVE 
C ...NOTE: DECIDE INDEPENDENT VARIABLE (X) & MATHEMATIC FUNCTION IN 'CURVE' 

X = T 
CALL CURVE(T,IC,X,Y) 
AFOR(I) = Y 

ENDIF 
DO 10L= 1,3 

V1(L) = VFOR0.L) 
10 V2(L) * V1(L) 

IF(IFOR(I,2) .EQ. 1) THEN 
C ...APPLY A FORCE ON BODY 

IF(IFOR(I3) .NE. 1) THEN 
C ...FORCE DOES NOT PASS THROUGH CENTER OF MASS 

CALL CONV32(12,IB,3»3tA,AD 
DO 20 L = 1,3 

20 QF(L) = QFOR(I,L) 
IF(IFOR(I,4) .NE. 1) THEN 

C ...FORCE ALONG SPECIFIED LOCAL UNIT VECTOR 
CALL MMULV(3,3»AI.V2,V1) 

C ...COMPUTE LOCAL MOMENT 
CALL TLLDE(QF,W) 
CALL MMULV(3,3,W,V2,V3) 

ELSE 
C ...FORCE ALONG SPECIFIED GLOBAL UNIT VECTOR 
C ...COMPUTE LOCAL MOMENT 

CALL MTRAN(3,3,AI,AT) 
CALL MMULV(3,3(AT,V 1 ,V2) 
CALL TTLDE(QF,W) 
CALL MMULV(3,3.W,V2,V3) 

ENDIF 
C ...STORE GLOBAL FORCE AND LOCAL MOMENT INTO ARRAY FOR 

DO 30 L = 1 3 
FOR(IB,L) = AFOR(I) * V1(L) + FOR(IB.L) 

30 FOR(IB, L+3) = AFOR(I) * V3{L) + FOR(IB, L+3) 
ELSE 

C ...FORCE PASS THROUGH CENTER OF MASS 
IF(IFOR(I,4) .NE. 1) THEN 
CALL CONV32(12,IB,3,3 AA1) 



CALL MMULV(3.3(AI,V2,V1) 
ENDIF 
D040L= 1,3 

40 FOR(IB,L) = AFOR(I) * V1(L) + FOR(IB,L) 
ENDIF 

ELSE 
C ...APPLY A MOMENT ON BODY 

EF(IFOR(I,4) .EQ. 1) THEN 
CALL CONV32(12,IB,3,3,A.AD 
CALL MTRAN(3,3,AI(AT) 
CALL MMULV(33tAT,Vl,V2) 

ENDIF 
DO 50 L = 1,3 

50 FOR(EB, L+3) = AFOR(I) * V2(L) + FOR(IB, L+3) 
ENDIF 

80 CONTINUE 
RETURN 
END 

C 

SUBROUTINE CURVE(T,IC,X,Y) 
C 
C ...LINEAR INTERPOLATION (IF IC > 0) OR MATHEMATIC FUNCTION (IF IC < 0) 
C ...INPUT X, OUTPUT Y, CURVE # = IC 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
IF(IC .LT. 0) THEN 

C ...CURVE IS A MATHEMATIC FUNCTION DEFINED BY USER AS FOLLOWS: 
IFUN = ABS(IC) 
GO TO (1,2),IFUN 

1 Y = SIN(X) 
GOTO 150 

2 Y = COS(X) 
ELSE 

C ...CURVE COME FROM LINEAR INTERPOLATION DATA 
NP = NPCVaC) 
IF(X - xcvac.l)) 120,105,110 

105 Y = YCV(1C,1) 
IM = 0 
GO TO 145 

110 IF(X - XCV(IC,NP)) 130,115,120 
115 Y = YCV(ICjsfP) 

IM = NP - 1 
GOTO 145 

120 WRITE(NINF,*)'!!! ERROR COME FROM SUB. CURVE ?',' TIME = \T, 
+ ' CURVE # = ' JC,' X = \X,' NOT WITHIN SPECIFIED RANGE' 

WRITER,*)'!!! ERROR COME FROM SUBROUTINE CURVE TIME - ', 
+ T,* CURVE # = \IC,' X = ',X,'NOT WITHIN SPECIFIED RANGE-

STOP 
130 DO 135 1 = 2, NP 

IF(X - XCVaC.I)) 140,135,135 
135 CONTINUE 
1 4 0  I M  =  I - 1  

Y = YCVGC.IM) + (YCV(IC,I) - YCVflCJM)) * (X - XCV(IC,IM)) / 
+ (XCV(IC,I) - XCV(IC JM)) 

C ...STORE LOWER INDEPENDENT VARIABLE # FOR OTHER CONTROL SUBROUTINE 
145 TEMP(IC) = IM 

ENDIF 
150 RETURN 

END 
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C 

SUBROUTINE LINEAR (A.C.WJCOLJ^JLUJEPS^INF) 
C 
C ...SOLVE A SET OF SIMULTANEOUS SYSTEM EQUATIONS OF MOTION 

IMPLICIT DOUBLE PRECISION(A-HtO-Z) 
DIMENSION A(NJ>J),C(N)1W(N)4COL(N) 
IF (ILU .GT. 0) CALL LU (AJCOL,N,EFS,NINF) 
DO 10 J=1JN 

10 W(J)=C(J) 
C PERFORM FORWARD ELIMINATION STEP. LY=C 

D030J=2,N 
SUM=W(J) 
JM1=J-1 
DO 20 K=1JMI 

20 SUM=SUM-A(J,K)*W(K) 
30 W(J)=SUM 
C PERFORM BACK SUBTITION STEP. UX=Y 

W(N)=W(N)/A(N^) 
NP1=N+1 
DO 50 J=2,N 
I=NP1-J 
SUM=W(I) 
IP1=I+1 
DO 40 K=EP1,N 

40 SUM=SUM-A(I,K)*W(K) 
50 W (I)=SUM/A(I,I) 
C PERMUTE THE SOLUTION VECTOR TO ITS ORIGINAL FORM 

D060 J=1,N 
60 C(ICOL(J))=W(J) 

RETURN 
END 

C 
c ****************************************************************** 

SUBROUTINE LU (A,ICOL,N,EPS,NINF) 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
C ...PERFORM L-U FACTORIZATION 

DIMENSION A(N,N)4COL(N) 
DO 10K=1,N 

10 ICOL(K)=K 
NM1=N-1 
D050I=1,NM1 
PIV=ABS(A(IJ)) 
IPIV=I 
IP1=I+1 
DO 20 K=IP1,N 
TEMPs ABS(A(IJC)) 
tF(TEMP XE. PIV) GO TO 20 
PIV=TEMP 
IPIV=K 

20 CONTINUE 
IF(PIV XT. EPS) GO TO 60 
IF(IPIV £Q. I) GO TO 40 
n=ICOL(I) 
ICOL(I)=ICOL(IPIV) 
ICOL(IPIV)=II 
DO 30 J=1,N 
TEMPt=A(JJ) 
A(J,I)=A(J,IPrV) 



30 A(J,IPrV)=TEMP 
40 D0 50J=IP1,N 

A(J,D=A(J,I)/A(I.I) 
DO 50K=IP1IN 

A(J,K)=A(J ,K)-A(J J)* A(I,K) 
50 CONTINUE 

RETURN 
60 WRITE(*»200) 

WRITE (NINF,200) 
200 FORMAT(5X,'***SINGULAR MATRIX***") 

STOP 
END 

C 

SUBROUTINE ENERGY(T) 
C 
C ...CALCULATE THE MECHANICAL ENERGY OF SYSTEM 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION A2(3.3),AK(33)AT(3,3)J>J(3,3),SD(3).W(3),WK(3) 
DATA GC/+9.8066/ 
GRAV = GC * GRC 
EN = 0.0 
DO 401 = 1, NB 

CALL CONV32(12J,3,3 AA2) 
DO 20 J = 1,3 
DO 15 K= 1,3 

15 PJ(J,K) = 0.0 
20 pj(JJ)=sua J) 

CALL MMULM(33,3,A2^J AK) 
CALL MTRAN(33»A2,AT) 
CALL MMULM(33,3,AK ATJ»J) 
DO 30 J = 1,3 
SD(J) = QD{I,J) 

30 W(J) = QD(I, J+3) 
C 

CALL VMULM(W33 PJ.WK) 
CALL VDOTV(3,WK,W.REN) 

C 
CALL VDOTV(3,SD,SD,TEN) 
EN = EN + 0.5*(REN+SM(I)*TEN) + SM(I)*GRAV*Q(I,3) 

40 CONTINUE 
ENGY = EN + SENGY 
IF(T .EQ. TO) CENGY = ENGY 
VENGY = 100.*(ENGY - CENGY)/ENGY 
RETURN 
END 

SUBROUTINE OUTPUT 1(T) 
C 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION G(10) 
IF(NGRND £Q. 0) THEN 

C ...CREATE DATA FOR GROUND. GROUND IS STATICALLY LOCATED AT THE ORIGIN 
DO 5M= 1,10 

5 G(M) = 0.0 
G4 = 1. 

ENDIF 
IF(NGRND EQ. 0) IG = NB + 1 
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WRITE (N0UT1 ̂ 000) T 
WRITE(N OUT 1,2010) 
DO 101= l.NB 

10 WRITECNOUTUIOO) I,(Q(IIK)IK = 1,3).(Q(I.L). L = 7,10) 
IFCNGRND EQ. 0) WRITE(NOUT1,2100) IG,(G(M), M = 1,3),G4, 
+ (G(M), M = 5,7) 
WRITE(NOUT1,2020) 
DO 201= l.NB 

20 WRITE(NOUTUlOO) Ia(QD(IlK).K = 1.3),(QD(I,L), L = 7,10) 
IF(NGRND £Q. 0) WRITE(NOUT1,2100) IG.(G(M), M = 1,7) 
WRITE(NOUTl 2030) 
DO 301= 1, NB 

30 WRITE(NOUT1,2100)I,(QDD(I,K),K = 1.3),{QPDD(I,L),L= 1,3) 
IF(NGRND EQ. 0) WRITE(NOUT1,2100) IG,(G(M), M = 1,6) 
WRITE(NOUT1,2040) 
DO 401=1,NB 

40 WRITEfNOUTUlOO)I,(QD(I,K),K = 4,6),(QPD(I,L).L= 1,3) 
IF(NGRND EQ. 0) WRITE(NOUT1,2100) IG,{G(M), M = 1,6) 

2000 FORMATC/,lX,"nME='^12.5) 
2010 FORMATS,' X Y Z £0.', 

+ ' El £2 JE3 *) 
2020 FORMAT(// DX/DT. DY/DT. DZ/DT. DE0/DT', 

+ ' JDEl/DT. DE2/DT DE3/DT...,') 
2030 FORMATS* D2X/DT2 D2Y/DT2 D2Z/DT2 WPDx\ 

+ ' WPDy WPDz ') 
2040 FORMATS,' Wx .Wy .Wz .WPx\ 

+ ' WPy WPz ') 
2100 F0RMAT('B*,I2,7(1X,1PE11.4)) 

RETURN 
END 

C 
SUBROUTINE OUTPUT2(T,NOC) 

C 
IMPLICIT DOUBLE PRECISI0N(A-H,0-Z) 
INCLUDE 'dasc.com* 
WRITE(NOUT2,2000) T 
WRITE(NOUT22010) 
DO 201 = 1,NB 

C ...COMPUTE ANGLES OF ORIENTATIONAL AXIS (PHI) 
IF(ABS(Q(I,7)) .GE. 1.) THEN 
EF(Q(I,7).GT.0.)THEN 

PHI =0. 
ELSE 

PHI = 6.2831853072 
END IF 

ELSE 
PHI - 2. * ACOS(Q(I,7)) 

ENDIF 
20 WR1TE{NOUT2,2100) I,(QDD(IJC),K = 4,6),PHI 
2010 FORMATS,' WDX WDY .WDZ PHI', 
+ • •) 

2100 FORMAT('B\I2,4(ix,lPE11 ̂ 4)) 
C ...INFORMATION OUTPUT: 

WRITE(NINF,2000) T 
2000 FORMAT(/"nME=',F12.5/) 

WRITE(NINF,2020) 
D030I=1,NB 

30 WRITE(NINF,2200) I, ERRO(I) 
2020 FORMATC* THE CORRECTED CONSTRAINT VIOLATION OF EULER PARAMETER:') 
2200 FORMAT('B\I2,2X,I PE11.4) 



c 
WRITE(NINF,2030) 
WRITE(NINF,2300) CENGY, ENGY, VENGY 

2030 FORMAT^* CONSTANT ENERGY (AT TIME = TO) MECHANICAL ENERGY*, 
+ '.....ENERGY VARIAnON(%)'/) 

2300 FORMAT(llX,IPEli.4,17X,lPElI.4,12x,lPE11.4/) 
C 

WRTTE(NINF •)•* LAGRANGE MULTIPLIERS (CONSTRAINT PARAMETERS):' 
WRITE(NINF,40XIJ-AMDA(I), 1=1, NOC) 

40 FORMAT(/(4(' <*,12,') '.1PE11.4)/)) 
RETURN 
END 

c **»»*»*********•+*»*«»*****»****•»**»*»************************•** 
SUBROUTINE MTRAN(MtN^A,AT) 

C 
C ...MATRIX AT IS THE TRANSPOSE MATRIX OF A 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION A(M,N) AT(NJv!) 
DO 30 J = 1, N 

DO 301 = 1, M 
AT(J,I) = A(IJ) 

30 CONTINUE 
RETURN 
END 

C 

SUBROUTINE MMULM(M,NM,N,Al,A2rA) 
C 
C MATRIX" A — A1 * A 9 

IMPLICIT DOUBLE PRECIS I0N(A-H,0-Z) 
DIMENSION A(M,N)fAl(M,NM)tA2(NM,N) 
DO 801=1,M 

DO 80 J = 1, N 
A(I,J) = 0.0 
DO 60 K = 1, NM 

60 AO J) = A(IJ) + A1(I.K) * A2(KJ) 
80 CONTINUE 

RETURN 
END 

C 
c *•****••******•••*••••*•**•*•••*••*********••••••*•**•••*•**•***•* 

SUBROUTINE MMULV(M,NAC1,C) 
C 
C ...COLUMN VECTOR C = MATRIX A * COLUMN VECTOR CI 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION A(M,N),C1(N).C(M) 
DO 301 = 1, M 

CO) = 0.0 
DO 30 J = 1. N 

C(I) = C(I) + A(U)*C1(J) 
30 CONTINUE 

RETURN 
END 

C 
c 

SUBROUTINE VMULM(C1,M,NAC) 
C 
C ...ROW VECTOR C = ROW VECTOR CI * MATRIX A 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION A(M,N),C(N),C1(M) 



DO 40 J = 1,N 
C(J) = 0.0 
DO 401= 1,M 

C(J) = C(J) + Cl(I)*AaJ) 
40 CONTINUE 

RETURN 
END 

C 

SUBROUTINE VDOTV(M,Cl,C2,C) 
C 
C ...SCALAR C = ROW VECTOR CI * COLUMN VECTOR C2 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION C1(M),C2(M) 
C = 0.0 
DO 501= 1, M 

50 C = C + C1(I) * C2(I) 
RETURN 
END 

C 

SUBROUTINE TILDE(A,ATD) 
C 
C ...TRANSFER VECTOR A INTO MATRIX ATD 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION A(3),ATD(3t3) 
DO 601= 1,3 

60 ATD(IJ) = 0.0 
ATD(1,2) = -A<3) 
ATD(U) = A(2) 
ATD(2,1) = A(3) 
ATD(23) = -A(1) 
ATD(3,1) = -A(2) 
ATD(3,2) = A(1) 
RETURN 
END 

SUBROUTINE VMV(M,C1,C2,C) 
C 
C ...VECTOR C = VECTOR CI - VECTOR C2 

IMPLICIT DOUBLE PRECISI0N(A-H,0-Z) 
DIMENSION C(M),C1(M),C2(M) 
DO 701=1,M 

70 C(D = C1(I)-C2(I) 
RETURN 
END 

C 
c ****»*********»*********,*•**»*•*******,*+********< 

SUBROUTINE VPV(M,C1,C2,C) 
C 
C ...VECTOR C = VECTOR CI + VECTOR C2 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION C(M),C1(M),C2(M) 
DO 801=1,M 

80 C(D = C1(I) + C2(D 
RETURN 
END 

C 

SUBROUTINE CONV23(MAXCOLJB,M,N.Al,A2) 



c 
C ...CONVERT 2-D MATRK A1 TO 3-D MATRIX A2 

IMPLICIT DOUBLE PRECISI0N(A-H,0-Z) 
DIMENSION Al(MfN),A2(MAXCOL,M,N) 
DO 301=1,M 

DO 30 J = 1,N 
30 A2(IBJJ) = A1(IJ) 

RETURN 
END 

C 
c *»************,+*********»»»*************** 

SUBROUTINE CONV32(MAXCOL,IBtM,N,Al,A2) 
C 
C ...CONVERT 3-D MATRK A1 TO 2-D MATRIX A2 

IMPLICIT DOUBLE PRECISION(A-H.O-Z) 
DIMENSION Al(MAXCOL,M,N)»A2(M>N) 
DO 401 = 1, M 

DO 40 J = 1, N 
40 A2(U) = A1(IB,U) 

RETURN 
END 

C 
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C cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
C Decentralized Hierarchical and Two-Stage Feedback Control 
C 
C cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C Dictionary of Control Variables: 
C 
C NAME USAGE 

C ANG(i^....control angles, i = system #, j = 1 (current angle) 
C j = 2 (desired angle (target)) 
C ANGL(i) control angles for fine tuning, i = 1 (current angle along X) 
C i = 2 (current angle along Y axis), i = 3 (adjusted target 
C along X axis), i = 4 (adjusted target along Y axis) 
C CON(ij)....control constants, i = system #, j = 1 (elastic coef.), 
C j = 2 (visco coef.), j = 3 (amplitude), 
C j = 4 (control bound (Umax)) 
C ERK(i) enhanced error, i = control series # 
C PERR(i) pure error, i = system ft (target - current orientation) 
C IDS(i j)....index of dep. control system # & related indep. system # 
C i = dependent control series #, j = 1 (dep. system #) 
C j = 2 (related indep. system #) 
C ISB(ij)....index of control system and body #. 
C i = control series #, j = 1 (system #), j = 2 (body #) 
C LSB(i) index of the 2nd stage control, i = 1 (adjusted system #), 
C i = 2 (adjusted body #), i = 3 (steering system # along X) 
C i = 4 (steering system # along Y axis) 
C NCS.... # of independent control system 
C NDCS # of dependent control system 
C PDEX(i) performance index (switch) (i = 1), 
C desired minimum performance index (i = 2) 
C RDM(i) ratio of moment between independent & dep. control systems 
C i = dependent control system # 
C TEP(i j)....temporary array. 
C UL upper bound of the 2nd stage controller (max. value) 
C WEI(i) weight of error, i = system # 
C 
C cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C Main Control Program 
C External control subroutines: 
C 
C OUTPUT3(i,err(ix)pindex) 
C : report the information of control process 
C cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

SUBROUTINE CONTROL(KFLAG,T) 
C 

IMPLICIT DOUBLE PRECIS lON(A-H.O-Z) 
INCLUDE 'dasc.com' 
DIMENSION AX(15),DTHETA(15)^RR(15)JPERR(I5)4X(15),THETA(15) 
DATA P12/6.2831853072/ 
IMOD = MOD(IOUT^DT) 

C ...EVALUATE ENHANCED ERRORS OF INDEPENDENT CONTROLLED SUB-SYSTEMS (BO
DIES) 

PINDEX = 0. 
DO 101= l.NCS 

IS = ISB(I,1) 
C ...EVALUATE ANGLE THETA 

IF(ANG(IS,2) .GE. 0.) THEN 
IF(ANG(IS,1) .GE. 0.) THEN 
THETAflS) = ANG(IS,1) 
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ELSE 
THETA(IS) = ANG(IS,1) + PI2 

ENDIF 
ELSE 
IF(ANGaS,l) .GE. 0.) THEN 
THETAGS) = ANG(IS,1) - PI2 

ELSE 
THETA(IS) = ANG(IS,1) 

ENDIF 
ENDIF 
DTHETA(IS) = THETA(IS) - ANG(IS,2) 

C ...COMPUTE PURE ERRORS AND ENHANCED ERRORS 
PERR(IS) = -DTHETA(IS) 
ERR (I) = WEIOS) * DTHETA(IS) 

10 PINDEX = PINDEX + ABS(ERR(I)) 
CALL ABSORT(NCS,ERR>IX>AX) 
IF(PINDEX .GT. PDEX(l)) THEN 

C ...THE 1ST STAGE CONTROL FOR INDEPENDENT SUB-SYSTEM WITH MAXIMUM ERROR: 
IS = ISB(IX(1),1) 
SGN = DTHETA(IS) 
AMP = CON(IS,3) 
SDA(IS3) = SIGN(AMP.SGN) 
IF((IMOD £Q. 0) AND. (KFLAG .NE. 0)) TEP(IS,1) = SGN 

C ...THE 1ST STAGE CONTROL FOR OTHER INDEPENDENT SUB-SYSTEMS: 
DO 301 = 2, NCS 
IS = ISB(IX(I),1) 
IB = ISB(IX(1),2) 
SDA(IS,3) = -CON(IS,l)*DTHETA(IS) - CON0S,2)»QPD0B,l) 
SGN = SDA(IS3) 
IF(GMOD .EQ. 0) .AND. (KFLAG .NE. 0)) TEP(IS,1) = SGN 
UMAX = CON(IS,4) 
IF(ABS(SGN) .GT. UMAX) SDA(IS,3) = SIGN(UMAX,SGN) 

30 CONTINUE 
C ...THE 1ST STAGE CONTROL FOR OTHER DEPENDENT SUB-SYSTEMS: 

DO 501= l.NDCS 
50 SDA(IDS(I,1),3) = SDAaDSa^)3) * RDM0DS0.1)) 

ELSE 
C ...THE 2ND STAGE FEEDBACK CONTROL FOR FINE TUNING: 
C ...CUT OFF SPRING & DAMPING CURVES AND USE CONSTANT COEFFICIENTS 
C EXCEPT SYSTEM #1 

DO 601 = 2,NSDA 
ISDA(I,1) = 0. 

60 ISDA(I,2) = 0. 
C ...EVALUATE ADJUSTED ANGULAR ERRORS ALONG X & Y AXES 

DO 701= 1,2 
IF(ANGL(I+2) .GE. 0.) THEN 

IF(ANGL(I) .GE. 0.) THEN 
THETA(I) = ANGLO) 

ELSE 
THETA(I) = ANGL(I) + PI2 

ENDIF 
ELSE 
IF(ANGL0) .GE. 0.) THEN 

THETA0) = ANGLO) • P12 
ELSE 

THETA0) = ANGLO) 
ENDIF 

ENDIF 
70 DTHETA0) = THETA(I) - ANGL(I+2) 

ISl = LSB(l) 



DO 801 = 1,2 
IS = LSB(l+2) 
SDA(IS,3) = -CON(IS1,1)*DTHET A(I) - C0N(IS1,2)*QPD{LSB(2),I) 
SGN = SDA(IS3) 
IF((IMOD .EQ. 0) .AND. (KFLAG .NE. 0)) TEP(IS,1) = SGN 
IF(ABS(SGN) .GT. UL) SDA(IS,3) = SIGN(UL,SGN) 

80 CONTINUE 
ENDIF 

C ...CHANGE THE SIGN OF ACTUATOR FORCE OF ADJUSTED SYSTEM FOR THE 
C STEERING SYSTEM ALONG THEY AXIS 
C IS = LSB(4) 
C SDA(IS3) = -SDA(IS,3) 
C TEP(IS,1) = -TEP(IS,1) 

IF((IMOD.EQ.O).AND.(KFLAG.NE.O))CALLOUTPUT3(T3RRJ>ERRJXtPINDEX) 
RETURN 
END 

C 
SUBROUTINE OUTPUT3(T>ERRtPERR,IXJPINDEX) 

C 
C ...REPORT THE INFORMATION OF CONTROL PROCESS 

IMPLICIT DOUBLE PRECISION(A-H,OZ) 
INCLUDE 'dasc.com' 
DIMENSION ERR(15)rPERR(15),IX(15) 
WRITE(NOUT3,2000) T 
IF(PINDEX .GT. PDEX(l)) THEN 
WRITE(NOUT3,*) '•** THE 1ST STAGE CONTROL (LARGE MOTION PHASE):' 
WRTTE(NOUT3,20I0) 
DO 101 = 1,NCS 

IS = ISB(I,1) 
10 WRITE(NOUT3,2100) IS,SDA(IS.3),ANG(IS,l),CON(IS,l)>CON(IS,2), 

+ TEP(IS,1),WEI(IS),ISB(I,2) 
WRITE(NOUT3,2020) 
DO 201=1, NDCS 
IS = IDS (1,1) 

20 WRITE(NOUT3,2200) IS,SDA(IS,3),RDM(IS),IDS(U) 
ELSE 

WRITE(NOUT3,*) '*** THE 2ND STAGE CONTROL (FINE TUNING PHASE):' 
WRITE{NOUT3,2010) 
IS1 = LSB(l) 
DO 301 = 3,4 
11 =  1-2  
IS = LSB(I) 

30 WRITE(NOUT3,2100) IS ,SDA(IS.3),ANGL(II).CON(IS 1, l),CON(IS 1,2), 
+ TEP(IS,1) 
ENDIF 
WRITE (NOUT3^0) 

50 FORMAT(/80{'-'» 
WRITE(NOUT3 ,*)'PURE ERROR (SYSTEM #) : \(ISB(I,1),I=1,NCS) 
WRITE(NOUT3,*),PURE ERROR (BODY #) : ,,(1SB(I,2),I=1,NCS) 
WRITE(NOUT3,2210) (PERRaSB(I,l)),I=l^CS) 
WRlTE(NOUT3,»)'ORDER OF ERROR (SYSTEM U): ',(ISB(IX(I),1),I=1,NCS) 
WRITE(NOUT3 *)'ORDER OF ERROR (BODY #) : \(ISB(IX(I),2),I=1,NCS) 
WRITE(NOUT3^220) (ERR(1X(I)),I=1,NCS) 
WRITE(NOUT3,*)'PERFORM. INDEX:',PINDEX,, DESIRED VALUE:' ,PDEX(2) 

2000 FORMAT(/,lX,"nME='JJ12.5/) 
2010 FORMAT(/,' ACTUATOR....ANGLE ELASTIC VISCO 

+ 'UNBOUND.....WEIGHT...BODY #') 
2020 FORMATS' ACTUATOR....RATIO OF MOMENT RELATED SYSTEM #') 
2100 F0RMAT('S'42,6(1X,1PE11.4),2XJ2) 
2200 F0RMAT('S'J22(1X,1PE1I.4),15XJ2) 
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2210 FORMATCPURE ERROR (VALUE): \3(1 PE 14.4)/) 
2220 FORMATCORDER OF ERROR (VALUE): *3(1PE14.4)) 

IF(PINDEX IE. PDEX(2)) THEN 
WRTrE(NOUT3,2300) PINDEXfPDEX(2) 

2300 FORMAT(/?*••** PERFORMANCE INDEX =\1PE11.3,' LESS THAN 
+ 'DESIRED VALUE' ,1PE11.3//* ==> STOP SIMULATION') 

STOP 
ENDIF 
RETURN 
END 

C 
C 



o vo 

i I m § B ggg Sb 3 

! ! ̂ 5 ss - © lis §o ch gg 
i ! 13 &3 Sl« 5g g 3? 
5 5 Stf 2-Sn§5> gSS oi < ® 
* :  ag 2§2%J6 S?°£  Z§ D £§  
i i IS g&ssgs m g 
! 5 o| § |S 
J J QB /-N'- JZ^ W /-\IB 
! ! SI 2.x?i55pg°SP ie g S3 
: • gs sSossSsRssgpB g aw 
s .. i ̂ e_gSS&d3RSF<:5§ £ Is 

I I i §1 I 01 
! c i ^oSa||3§Ki|?|gg^ «§«£ 

! ii j liSSigKiil ill 

I 1^ ! I|§88|§i^«Isl§ pill ;  «» ;  u^QogoSs^SS^ig  o9p^ 
» £ w  * HZZ22ZZ2Z5ZZZUZZ <ZZq 

* * igmiiii |° §8° • 
i i gooooooii ill ii igl 
* * K;UUUUUUUU+UUU+UU • jO + 

UUUOUOUUU uou uuu 



REFERENCES 

161 

1. Greenwood, D. T„ Principles of Dynamics. 2nd ed., Prentice-Hall, Englewood 
Cliffs, N. J., 1988. 

2. Nikravesh, P. E., Computer Aided Analysis of Mechanical Systems. Prentice-Hall, 
Englewood Cliffs, N. J., 1988. 

3. Haug, E. J., Computer Aided Kinematics and Dynamics of Mechanical Svstems-
Volume I: Basic Methods. Allyn and Bacon, Needham Heights, Mass., 1989. 

4. Lankarani, H. M., Canonical Equations of Motion and Estimation of Parameters in 
the Analysis of Impact Problems. Ph.D. Dissertation, The University of Arizona, 
1988. 

5. Gim, G., Vehicle Dynamic Simulation with a Comprehensive Model for Pneu
matic Tires. Ph.D. dissertation, The University of Arizona, 1988. 

6. Tsai, D. L., Kinematic and Dynamic Analysis of Cascades of Planar Four-Bar 
Mechanisms. Master's Thesis, The University of Arizona, 1988. 

7. Nikravesh, P. E., and Gim, G., "Systematic construction of the Equations of 
Motion for Multibody Systems Containing Closed Kinematic Loops," ASME 
Transactions, Journal of Mechanisms, Transmissions and Automation in Design, 
1989. 

8. Wittenburg, J., Dynamics of Systems of Ripid Bodies. Teubner, Stuttgart, West 
Germany, 1977. 

9. Brindley, G. S.,"How Does an Animal That Is Dropped in a Non-upright Posture 
Know the Angle Through Which It Must Turn in the Air So That Its Feet Point to 
the Ground ?" J. Physiol., Vol. 180, P.20, 1965. 

10. O'Leary, D. P., and Ravasio, M. J., "Simulation of Vestibular Semicircular Canal 
Responses During Righting Movements of a Freely Falling Cat," Biol. Cybem., 
Vol. 50, pp. 1-7,1984. 

11. McDonald, D.,"How Does a Cat Fall on Its Feet ?" The New Scientist, Vol. 7, 
p. 1647,1960. 

12. Kane, T. R., and Scher, M. P., "A Dynamical Explanation of the Falling Cat Phe
nomenon," Int. J. Solids Struct, Vol. 5, pp. 663-670,1969. 

13. Edwards, M. H., "Zero Angular Momentum Turns," Am. J. Phys., Vol. 54, No. 9, 
pp. 846-847,1986. 

14. Laws, K., "Comment on 'Zero Angular Momentum Turns'," Am. J. Phys., Vol. 
56, No.l, pp. 81-82,1988. 



162 

15. Sandell, N. R., Varaiya, P., Athans, M., and Safonov, M. G., "Survey of Decentral
ized Control Methods for Large Scale systems," IEEE Trans. Automat. Contr., 
Vol. 23, NO. 2, pp. 108-128, 1978. 

16. Jamshidi, M., Laree-Scale Systems: Modeling and Control. North-Holland, 1983. 

17. Ozgiiner, l)., and Hemami, H., "Decentralized Control of Interconnected Physi
cal Systems," Int. J. Control, Vol. 41, No. 6, pp. 1445-1459, 1985. 

18. Ozgiiner, 0., Yuikovich, S., and Al-Abbass, F., "Decentralized Variable Struc
ture Control of a Two-Arm Robotic System," J. Robotic Systems, Vol. 4, pp. 
377-395,1987. 

19. Lacquaniti, F., and Soechting, J. F., "Simulation Studies on the Control of Posture 
and Movement in a Multi-Jointed Limb," Biol. Cybern., Vol. 54, pp. 367-378, 
1986. 

20. Hoy, M. G., and Zemicke, R. F.,"Modulation of Limb Dynamics in the Swing 
Phase of Locomotion," J. Biomechanics, Vol. 18, pp. 49-60,1985. 

21. Ambrosio, J. A. C., and Nikravesh, P. E., GAAP - A Graphical Analysis Anima
tion Package. Technical Report No. CAEL-88-7, CAEL, The University of Ari
zona, 1988. 


