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ABSTRACT

The following contains results of a study on equations of motioﬁh
for a Tree-flying teleoperator. Three different kinds of models have
been developed and analyzed. Equations for each model were obtained.
Computer simulations were performed to demonstrate the adequacy of each.
model and the correctness of the equations. Very interesting and

encouraging results were obtained. Recommendations for further study
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CHAPTER 1
INTRODUCTION

Extending man's reach in space is one of the goals For the space
program. The Space Shuttle, which makes Taunching of satellites into
earth orbit a virtually routine event, will increase man's ability to
do work in space while contributing to the economy of space operations.
It will be a space transportation system designed to carry out various
missions in earth orbit. One possible way to fulfill these mission
objectives is to use a teleoperator.

A teleoperator is defined to be a remotely controlled cybernetic
man-machine system designed to augment and extend man's sensory, manipu-
lation, and congruitive capabilities to a remote and hostile environment
while controlled by a man from a more benign and convenient location
such as a nearby spacecraft or a ground based station. The intervention
of man 15 the system can be made “minimé]” if the machine possesses
sufficient artificial intelligence and dexterity to perform tﬁé intended
activities. Figure 1-1 shows this concep;:.1

The use of space shuttle and free-flying Teleoperator (FFT0) will
allow practical maheuvering of masses in outer space. A satellite that
15 to be retrieved will generally have some initial angular motion.
Before the satellite can be retrieved, it will be necessary to null its
anguiar rates. The anguiar motion of a satellite can be expressed at
any instant as the resultant of a spin component and a tumble component.

If one of these components is zero, the satellite is in a state of pure

1
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spin or pure tumble. Utilizing a teleoperator to null pure spin or pure
tumble is straightforward. The problem fs more complicated, however,
for the general case where both spin and tumble are present.

If a disturbance-free service is to be performed on a satellite
which is functioning normally, the teleoperator needs first.to maneuver
itself to match to the dynamics of the whole satellite. .Furthermore,
the arms and hands of the teleoperator also need to catch up with the
area on the satellite, where service is to be performed. A detailed
knowledge is needed of the required teleoperator maneuvering, including
an in-depth analysis of its kinematics and dynamics.

This knowledge is needed of the dynamics of various satellites
in their normal operational modes and in their failure modes. For
example, when a satellite loses its attitude control, it may have un-
stabilized three-axis motion such as spinning and tumbling. Knowledge
of these dynamics is the prerequisite to the development of teleoperator
spec1ficat}ons. .

The resulting dynamics of the combined system of teleoperator and
satellite, after contact has been made, needs to be studied. The resuylt
of this study will determine the attitude requirements for.a teleoperator
and also provide the information needed for the design of arm and hand
mechanisms for successful despinning and detumbling of a.satellite.

The purpose of this study is to develop a set of equations which
describe the state of the manipulator , the teleoperator,.the satellite,
and the combination of teleoperator and satellite. These equations will

be useful for further study of the teleoperator operation via computer

simulations.



Chapter 2 of this report contains the equations relating the
position and velocity of the manipulator's hand to its base at tele-
operator body.

- Chapter 3 describes the nulling of a satellite's initial angular
motion under the ideal condition that the teleoperator.is stationary.

Chapter 4 presents the set of dynamic equations which.describe
the combinad motion of the teleoperator and the satellite.

Chapter 5 summarizes the results of the study and offers recom-
mendation for further investigation.

A11 computer programs are written in CSMP (Continuous Simulation

Modeling Program). They are inciuded in appendices.



CHAPTER 2

MANIPULATOR KINEMATICS

Manipulator Model

A manipulator model, shown in Figure 2-1, is chosen as the basic
model for the present study. This model §s composed of two arm sections,
a shoulder, and a hand. The manipulator has two bending joints and two
swivel joints which are conceptually shown in the figure. Four rotational
freedoms exist, they are represented by the angles s Ops B4s and 6,
Counter-clockwise rotation is considered the positive sense.

Six coordinate frames
Si : (Xi’ i 21) s 1=1te6,

are defined in Figure 2-1. Frame S] is hand-fixed while frame 56 is
FETO-fixed. These coordinate frames help to formulate the position and

velocity of the hand with respect to various parts of the manipulator,

Position Vectors for Finger Tip and Hand

Referring to Figure 2-1, the finger tip position in coordinate

frame S] 1s given by
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Figure 2-1. The Manipuiator
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The positien in coordinate frame S, is obtained from (2-1) through a

Tinear transformation given by

cose] -sine] 0 x]
fQ = s'ine.I ’ cose] 0 yT
I 0 0 ]_ Lz]+£2_
" Tyt T Ly = Tyl t ) (2-2)
where
cose] nsinS] 0
T21 = sine.I cosy 0 (2-3)
0 0 1
and
!
=00 0 &I - (2-4)

where [ ]t represents the transpose of a vector or matrix. The finger

tip position in coordinate frame S3 is

1 0 0 X

0 sina] cosay Z,

— - b~ o




where

. -
1 0 0
T32 = 0 COSa1 ’ —s1na]
‘O' sina1 COSu] ‘

Al

Proceeding in the similar manner we can obtain the finger tip

position in coordinate frames S,, 35, and 36 as

J_]—h _[l_:h
|
s
+
¢

cl'\-h

where

(2-6)

(2-7)

(2-8)

(2-10)

(2-11)

(2-12)



and

g,=0 0o gl (2-13)
Combining Equaticns (2-1) to (2-13), the finger tip position

expressed in FFTO-fixed frame is given by

To = TosToaTaotly * &5) * TesToaly + Tosly (2-14)

By defining

Tea = Tg5'54
(2-15)
Teo = TesTpalsp
(2-14) takes the simple form
i
T = Tolly + Lp) + Tgg &g + Tesly _ (2-16)

Notice that, while gq, Lys £g and L, are constant vectors, all the

transformation matrices Tij are variable since they involve variabie

angles.
The position of hand can be obtained in a similar way. Let bd’
i =2 to 6, be the position vector of hand in coordinate frame Si’ we

have
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h, = 2, )
hy = Tsolty Bl
hy = hy + £, (2-19)
he = Tealig (2-26)
hg = Tgs (15 + £4) (2-21)

Combining (2-17) to (2-21), gives the hand position expressed in FFT0-

frame

= Teo Lo T Toads * Tgs &y (2-22)

bﬁ 62 =

Velocity Vectors for Manipulator's Finger Tip and Hand

By taking the derivative of (2-16) and (2-22) the velocity vectors

for manipulator's finger tip and hand are gijven by, @gspective1y,

T =Tgp &g *Lp) * Teu s ¥ Tos &4 (2-23)
and

he = Tanlp ¥ Teads * Tgs &y (2-24.

Both (2-23) and {2-24) are functions of angular rates éz, &T and a,.
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Acceleration Vectors for Finger Tip and Hand

By taking the derivative of (2-23) and (2-24) the acceleration

vectors for manipulators finger tip and hand are obtained

L

fo = Tgp (g + &) + Ty £3 ¥ Tos &4 (2-25)
he = Tealo * Teada + Tes &g (2-26)

Uniqueness Consideration

Corresponding to a given set of angles 8,, oy and %o the hand
position gﬁ and finger tip position fﬁ are unique. On the other hand,
given a desired hand or finger tip position, the set of angles is in
general not unique. The non-uniqueness creates ambiguity in generating
control signals. This difficulty can be eliminated by defining a spe-
cific sequence of angular rotations at different joints.

Define a set of polar coordinat;s for each coordinate.frame as
shown in Figure 2-2 where the coordinates are represented by {ri, 85» wi),
i=11to0 6. Then a possible sequence of angular movement can be estab-
Tished as follows.

1. At the beginning, the manipulator is in a folded

position.

2. For a given fﬁ’ the desired distance f5 between the

shoulder bending joint and the finger tip can be

determined from



q Figure 2-2.
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f. =

5= |15 - 4 (2-25)

3. Rotate the base swivel joint until 0, = dg.
4. Rotate the forearm bending joint, in the direction
where o is pésitive, until the distance f5 is
obtained.
5. Rotate the shoulder bending joint until Gy = Yg.
The finger tip is now at the desired position.
If 1t is desired to catch the object with the hand oriented in a difn‘
ferent direction, the direction of the angle oqs in Step 4 can be
reversed.
If visual aid equipment is available, the control of hand po-

sition 1s made easier with the help of remote human guidance.



CHAPTER 3
SATELLITE'S EQUATIONS OF MOTION
1. PRELIMINARY REMARKS

A satellite is assumed to possess an initial anguiar velocity
which is the combined motion of tumbling and spinning. An external
moment is applied on the satellite to despin and detumble until its
angutar velocity is nulled. There are several ways to accomplish the
despin-detumble operation. The dynamics of the satellite during despin-
detumble process 1s studied in this chapter. The study includes the
development of the satellite's equations of motion for different cases.
Methods of applying external moments are discussed. Then, computer simu-
lations are made to reveal the dynamic properties.

It should be mentioned that some of the results of this chapter
are available in Reference 4. But the dFrivation is different. Further-
more, the inclusion of this study allows a better understanding. of the

operation of a teleoperator system.
2. [EQUATIONS OF ROTATIONAL MOTION

This section presents the general equations of rotational motion
for the sate]lite. Referring to Figure 3-1, two coordinate frames are
defined. The inertial coordinates are denoted by (X, Y, Z) while the ,
body coordinates are denoted by (x, y. z}. The origin.0 of the body

frame is at the center of mass of the satellite.

14
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The squations of rotational motion can then be written as7

Mx = IXX oy + Ixy(my - mxmz) + Ixz(wz + mxmy)
2 2
+ (IZZ - Iyy) o + Iyz(my - mz) (3-1)

M = Ixy(mx + o mz) + 1

y gy Gy Lygluy - ey

Y XY
2 2
Iy - L) uge, ¥ Leplog = ) (3-2)
MZ = Ixz(mx - Qymz) + Iyz(gy + wxmz) + IZZ v,
+ (I -1 ) wue, +1 (mz - wz) (3-3)
Yy XX° Xy Xy X Y

In‘these equations, Wys Bys By are abso}ute body angular rates along

body coordinates x, y. z, respectively. Ixx’ Iyy, and Izz are.moments

of inertia of the satellite, taken with respect to x, y, and.z axes.

Ixy’ Iyz, and IX

moments along X, y, and z axes.

are products of inertia. M., M, and M, are applied

z x* Ty

For a given set of initial conditions and a known applied moment
M= [Mx’ My’ szt, oné can, in theory, solve for w = [mx, wys wz] as a
function of time. In general, however, this is a difficult procedure.
On the other hand, if the angular rate w is given, the calculation of

the required external moment is usually a straightforward procedure.
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It should be noted that the time integrals of w,, @y and v, do
not correspond to any physical angles which might be .used to give the
orientation of the body. To solve for the orientation, .one must trans-'
form continuously to another set of coordinates. Or, one may solve the
rotational equations in terms of the other coordinates -from-the beginning. ,
One set of such other coordinates are the set of three Euler:angles.
They are three successive angular displacements which can carry out the
transformation from one Cartesian system of axes to another. The three
s w,, and o

x* Ty z
angles and their time derivatives.

body angular rates w can be expressed in terms of Euler

The Euler angles used in this study are ¢, 8, and ¢,.in the
sequence as shown in Figure 3-2. The transformation -from X,-Y, Z to

£', n', z' system, representing a rotation of angle y about the Z-axis, is

£ “cosy - simy 0 X
}
n'| =j-sinw- cosy * 0 Y . (3-4)
3 0 o  1]lz

The transformation from £', n', ¢' to £, n, ¢ system representing a ro-

tation of angle 6 about g'-axis, is

£ 1 o -0 g

n |= .O coso 5ino n' (3-5)

z ¢ ~5ing cosé Lc'



Figure |3-2.

Euler Angles

81



Finally, the transformation from £, n, ¢ to X, ¥y, z system, representing

a rotation of angle ¢ about z-axis, is

X coS¢ sin¢' 0 £
vi=1l-sing cosod 0 n
z 0 0. -1 4

18

R

-

(3-6),

Combining (3-4), (3-5) and (3-6) gives the transformation from X, Y, Z

to X, ¥, Z system as :

+

X W X
yi=RlY
z Z
where R is a matrix given by
cosycosd -~ simpcosesing - sinycos$ + COSYCOSHSING
R = ti-cospsing - sinbcosecoss -sinpsing + cosyPpcosecoss
singsing Zcosysing

Notice that R is orthogonal, therefore the inverse of (3-7) is

B~ - »<
[}
e
e

(3-7)

sinesing
singcose
c0se

(3-8)

(3-9)

i
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where Rt 15 the transpose of R.

The directions of Euler angular rates ¥, 6 and é with.respect to
satellite body are shown in Figure 3-3. These three angular.rates are
sometimes called precession, nutation and spin, respectively.

The angular rates w_, w,_, and . Can now be written in terms of

X"y
Euler angles and their rates as

=
]

¥ sine sing + & cose

X
0, = ¥ s1ne cosé - & sing 3 (3-10)
w, = v Ccose + § ]

The angular rate o, is sometimes called the "total spin" which should
not be confused with the spin rate é.

To facilitate the analysis, a spebia] case is considered first.

Then the analysis of the general case follows.
3. SATELLITE WITH AXIAL SYMMETRY

Consider a satellite body having axial symmetry, and assume that
only a spin rate ¢ exist under nominal con&ition. The xXyz frame is re=
defined with its origin at the mass center of the satellite and with its
z-axis along the spin divection. Under the nominal condition the Xyz
trame is stationary with respect to the inertial frame. Thus the xyz

frame can be considered as a set of principal axes for the satellite.



Figure 3-3.
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Hence, an arbitrary rotation of the body relative to this coordinate

system will not cause the moments of inertia to change, since the rota-
tion can always be resolved into components about the axes of symmetry.
Denoting

L

XX Iyy t
: (3-11)

ZZ &

Hy = Ly oy
Hy =1, 0y ' (3-12)
Hz = Ia mé ] -

where mi, w&,-wé are components of the absolute angular rate of* the body,
expressed along xyz axes. Now suppose that the body rotates about the
z-axis with an angular velocity ¢ measured relative to.the xyz system.
Let the absolute angu]a% velocity of the xyz coordinate system be w =

[wx, By wz]t, which is related to w' by

UJ;<=(.L'IX
w& = Wy . (3-13)
wé = w, * &



uation (3-12) can then be written as

Ry = Iy oy
Hy = It my
Hz = Ia (wz + ¢)

»ing the relative angular momentum equation

1d the moment equation

set of modified Euler equations are obtained

y £ Oy " (It - Ia) W, t Ia¢wy

vz

I, o +-(I

=
]

=
I

2= I (o, +¢)

y Tt %y g - La) wey - Tduy

23

(3-14)

(3-15)

(3-16)

(3-17)
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where Mx’ My and M_ are components of the vector moment M resolved along
Xxyz coordinates. Assuming there is no rotation of the xyz coordinates

along the z direction relative to the XYZ frame, then (3-10) becomes

wxl= 6

= ¢ si 3-18
wy P SINne r ( 1 )
w, = ¥ cos

Differentiating (3-18) and substituting the result into (3-17), gives

2 s 3
5ind 0S8

=
1]

(= loe Ia(é + ¥ coséld sine - I, ¥

M, = I, (v sine + ¢ b cose) + I 8 ¥ cosd - Ia(é + 9 cos8)d » (3-19)
) }

—

=
i

I, (¢ + ¥ cose - b & sine)

The above set of equations will be used to simulate .different

cases of the operation of angular rate reduction of a satellite.

A. Combined Despinning and Deconing

In this case it is assumed that the satellite is in coning motion
which is a combined result of spinning and tumbling. .It is further

assumed that the coning is without noding. Under this condition, by a
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suitable choice of x and y coordinates, the total angular momentum of

the satellite can be expressed as

H=1H +3 H, + E H, (3-20)
where )
H, =0 )
Hy‘= I ¥ sine ) (3-21)
H, = I, (p cosd + &) ,

~

and %, is k are unit vectors associated with the xyz coordinates.

For tpis case the external moments are applied in.such a way that
the spin rate ¢ and coning rate ) decrease gimu1taneously while the
coning angle & is maintained constant. (See Figure 3-4(a}) The &ésired

external moments should be

M, =‘o
My = -k I, ¥ sine ; (3-22)
M= -k I (v cose + &) |



Figure 3-4.

Despin and Detumble Moments

26
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where k is a positive proportional constant taken to be

=

k = TQ . (3-23)
t

B. First Detumbling Then Despinning

The tumbling rate is the vector sum of Wy and my given by
(3-24)

as shown 1n Figure 3-4{(b). To perform. detumbling, the external moment

should be applied in a direction opposite to Byy* Therefore, with 'the

help of (3-14) and (3-18),

Mx = —MO 8
My = =M, ¥ sing y (3-25)
M, =0 J

where M0 is a positive proportional constant.
After nulling Byys 2 moment is applied to zero the total spin

rate W« The applied moment is given by

= =
1l It
o o

(3-26)

=
]
1
=
D0
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where k3 1s a positive proportional constant.

It has been found, through simutation, that the applied moments
could be a linear functions of U, ¢, or 8, in order to avold producing
new rates which are opposite to the nulled ones. However, .the best
detumbling results were obtained for a moment which was -a.}inear func-
tion of the coning angle . Further discussion will be presented in

the simulation section of this chapter.

C. First Despin Then Detumble

The analysis for this case and the way external moments are
applied are similar to those discussed for Procedure B, except that the

operation 1s done in reverse order.
4., THE GENERAL CASE

The moment eguations for the general case are obtained by sub-
stituting (3-10) and its derivatives into (3-1), (3-2) and (3-3), giving
!

M o= I, [¢ sind sine + ¥ & cose sing

+ ¢ & sine cose + 6 cosé - 8 & sing]
+ 1y [y sing cosé + ¥ & cose cos¢

- % b sine sing - 6 sing - & § cos¢

- ( sine sing + & coss) (¥ cosd + $)]
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. . i h e s 4
I, [v cose ~ ¥ 6 8ind + ¢

+ ($ sine sins + & cos¢) ( sine cose - & sine)l

(I, - I,y [# sine cosé - & singl (¥ cose * b).

+

Iy [(} sine cos¢ - @ sin@)z,- {v cos® +.$)2] . (3-27)

Iyy [$ sine cos¢ + b & cos® cosé

- % & sine sing - 6 sing - 6 & cose]

-}

1, [ cose - v 8 sing + ¢ - '

- (} sine sing + & cosé) (4 sine cosy - & sing)]

f '

-~

o+

Lox [¥ sine sing + ¢ & cose sine

+ 3 b sine cose + 8.cosp'- & ¢ sind

+ () sine cose - & sing) (4 cose + ¢)]

+ (I

wx " IZZ) [v sine sing & cosé] (¥ cose + &)

+ 1, [ cose * 3)% - (3 sine sing + 8 coss)?] (3-28)
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M, =1, [y coso - ¢ & sine + ¢]
* 1, [y sine sine + ¢ 6 cosé sing
+ ¢ b sing cos¢ + 6 cos - & ¢ sing

- (J sine cosé - & sing) (¥ cose + 0)]

+ Izy [¢ sine cose + b & cOSB COSY

I

b & sine sing - o sing - & & cose

+ (§ sing sing + & cos¢) () coss + &)1

+ (Iyy - Ixx) (4 sine sing + 8 cosel
x (§ sine cosé - & sing)
+ Ixy [(§ sine sing + & cos¢)2 - (} sine coss - & sin¢)2] (3-29)

Note that is is difficult to apply moments expressed along Xyz
coordinates. To get around this difficulty the nodal coordinates &, n,
and ¢ are used for expressing the components of applied moment. Using

the inverse of the transformation (3-6), one has
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e cosé  ~sing O M

M| = Jsing cos¢ O My {3-
N
, . i o

M, | n 0 v i

Substrtuting (3-30) iato {3-27), (3-28) and (3-29), gives the set of

- !
rotational equations of motion in nodal coordinates. !

5. SIMULATION BY COMPUTER

Simulation Condition

The satellite dynamics for the axial symmetiry case has bezen simu-

lated using digital computer. First, eguations in {3-18) are snivad Fov

——

|

-
sty

imel

=i

7

ETRLIETION.

N

. -
8, ¢, sk &, The regulied fhyce guptinls 202

Ity ] eondition 45 su chosen that the coatng aagle s constant, that is

=5 = (3-37)
80 = 60 3] ,
f
Solving the first equation of {3-19), gives
W, Siog, (1, by ¥ ioposeo (1, - 1.31=0
Since éosinao £ 0, 1t requires A
(3-32)

1, b b, cos8 (L - I,) =0

d ed iF o 1 vice versa.
Thus, 4, can be solved 1f ¢, 15 knovin,
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The set of initial conditions and parameter values used for the

simulation are shown below.

Initial Conditions

1

1.1486 radians = 65.81°

8, =

¥y =0

¢y = 0

8, =0

b, = 0.4809 radian/second
éo = 4,19 radians/second

Moments of Inertia v

I, = 9529 kg-m’
(3-34)
I, = 212129 kg-n°
Proportional Constant
M= 800 kg-m (3-35)
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The following quantities are computed and/or recorded during the

simulation.

1.

The magnitude of the total angular momentum H,

given by

I 2 2 R
H'./Hx+Hy+Hz. -

=‘/E€ (é2 + @2 sine) + Ig (6 + ¥ cos@)z

S

The drift angle g that H makes with the Z-&xis,

given by

| tang = lﬁiiL

Hy

where HXY is the component of H in the XY-plane
and Hy, is the component of H along the Z-axis.

Since

HZ = HZ cosa + Hy‘s1ne

HXY =J[i + (H‘y co§e - HZ ﬁine)z

therefore
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(1 é)2 + [1, ¥ sine cose - I_ (& + bcose) sinﬁ]z
t t &
. R . 2 (3—37)
Ia (o + p cosd) cose + It ¥ sin~e

tang =

3. The tumbling rate yy where

_/ 2 2_/-2 2 .2 : )
wyy =/ o + wy = 8~ + ¢~ sin"e (3-38)

4. The total spinning rate ., given by
w, = & + U cOSe (3-39)

5. Total work NT at each 1nstant.
6. Coning rate y.
7. Spin rate ¢, which 1s related to the total spin

rate ©, via !
b, = ¢ + P cose , (3-40)

8. Coning angle 8.

Results of Simulation

The results of simulation plotted in Figures 3-5 to 3-15. Con-

tents of each figure is listed below.
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T

Time responses for the "detumble-then-despin” case.

~

Tumble rate mxy

Total spin rate W,

Spin rate ¢

1

Time response Tor the "detumble-then-despin" casi.
(Continuation)

Coning angle 8. °

Coning rate 9

Total angular momentum H

Drift angle g

Figures 3-7 and 3-8. Similar to Figures 3-5 and 3-6, but for the

I

"simultaneous despin and decone” case.

Figures 3-9 and 3-10. Similar to Figures 3-5 and .3-6, but for

Figure

Figure

Figure

Figure

Figure

3-11.

3-14,

3-15.

the "despin-then-detumble" case.

A plot of the values of the drift angle g versus
the proport;onal constant M0 for all three cases
having tha same end condition.

A plot of the values of proportional constant My
versus t for all three cases having the same end
condition. '

A plot of total work at any time versus time for
all three cases having nearly the same end condition.
A plot of total spin rate w, versus the total work

for all three cases.

A plot of tumble rate w,, versus the total.work for

Xy
all three cases.
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Discussion of Results

The simulation shows that detumbling results in a decrease in
coning angle. On the other hand, despinninq results in an increase
coning angle. This can be expiained by noting that detumbling alone
reduces ny while HZ stays constant, therefore the angle between ﬂz ¢
H. which is the coning angle, is reduced. Despinning alone reduces }
while ny stays constant, therefore increases the coning angle.

The change of coning angle causes a drift of coning axis. It
possible to exert torque at suitable instants for drift correction4.
However, in the present simulation, no drift correction .torque is use
This is due to the fact that, although it is a simpie matter to do sc
theory, the practical application of this procedure is difficult. Th
drift correction involves the application of torque at particular pos
tions and these positions are hard to detect.

In one detumbling simulation, different values of the proporti
constant MO were used to determine the behavior of the drift angle 8.
The result is plotted in Figure -3-11 showing that no noted increase i
B due to the increase of Mo“ Also recorded from this simulation is t
time required for detumbling to reach a specified state versus values
Mo‘ The_yesu]t is plotted in Figure 3-12 showing that the relationsh
between MO and t is such that Mot = constant. Therefore the detumbTi
time and the proportional constant for moment could be determined fron
one another when one of the two is specified. Table 3-1 Tists the nun

ical data obtained from this simulation.
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Table 3—1.‘ Data for Detumble Simulation ”

(Same end condition)

S

My t 8 W
kg-m seconds radians kg-m
20 4850 0.10833 35897
200 495 0.10848 35904
800 125 0.10170 35700
1600 67.5 J0.12030 38000
3000 33 r0.11334 35807 ~
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The total works required for nulling the motion of the-satell;
versus time are different for different detumble-despin.procedures a:
shown in Figure 3-13. The detumble-then-despin and the simultanecus
despin and decone cases are very-close. The least work case is the

despin-then-detumble procedure.

Computer Programs

ATl the computer programs are written in CSMP (Continuous Simy

lation Modeling Program). They are contained in Appendix 1.



CHAPTER 4

STABILIZATION OF FREE-FLYING
TELEQPERATOR DURING DESPIN
AND DECONE OPERATION

1. SYSTEM CONFIGURATION

Figure 4-1 shows a combined system of a FFT0.and a satellite for
despin-decone operation. The despin and decone torques are applied
simultaneously to the satellite by the FFTO through the wrist and
shoulder brakes. During the despin-decone operation the arm angle %q
and o, are Tocked rigid. Other symbols shown in the figure are defined

as follows:

=
H

1 = distance between the wrist brake and the satellite's

center of mass O -

32 = length of FFT0's forearm. !

£3 = length of FFTO's rear-arm.

34 = length of FFT0's shoulder.

£, = distance from the shoulder brake to the FFTO's
center of mass o.'

g = Gy = Q-

£sf= distance between o_ and o.

The reaction torque received by the FFTO during the despin-decol

operation is counteracted by a set of control jets produced by clusters

of thrusters mounted on the FFTO as shown in Figure 4-1. However, the

50
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thrust Tevel of each thruster is Timited, therefore an effective stab

zation of the FFTO requires the simultaneous control of the control j

and the brake forces.

3

2. COORDINATE SYSTEMS

3

Five coordinate systems are defined here, with the help of Fig
4-2, for the convenience of the ensuing analysis.

XYZ-system: This is an inertially fixed coordinate system who
X, Y, and Z coordinates are fixed with respect to distant stars.

Xyz-system: This coordinate system is fixed to the body of th
FFT0. The x, y and z coordinates are along three principal axes of t
body, with the origin 0 of the coordinates located at the mass center
of the body. )

XY Z.-system: This system is fixed to the body of.the satell
The Xgs Yoo and z, axes are along three principal axes of the sateTli
with the origin 0s ot the Eoordinates located at -the mass center of ti
satellite body. .

abz-system: This system has its origin coincided with-the ori
of the xyz—éystem, but the orientation of its three axes are.fixed wii
respect to the FFTO's arm. The a-coordinate Ties in the arm plane whi
is formed by three arm sections. The z-coordinate is the same as thai
for xyz-system. The b-coordinate is perpendicular to the arm plane.
The relationship between xyz and abz systems is therefore a rotation ¢

angle y along the z-axis as shown in Figure 4-3(a).
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asbszs-system: This system has its origin coincided with the
origin of the xsyszs—system, put the orientation of its three axes are
also fixed with respect to the FFTO's arm. The as-coordinate'a1so e
in the arm plane, the zZ, coordinate is the same as that for xsyszs—sys
and the b, coordinate is perpendicular to the arm plane. The.relation
ship between X ¥ Z. and asbszS systems is a rotation-of angle Yq along
the zs—axis as shown in Figure 4-3(b). Since both b and .b -axes are
normal to the arm plane the orientation relationship -between-abz and
asbszs systems can be denoted by én angle 6 as shown-in Figure 4-3(c).

I V is a vector in space, its representations in various coov¢

nate systems are related by the following sets of transformations:

_Vx- HcosT -siny O-W -\!a-T 'Vaﬂ
v | = sty cosy O A =Ti§§ vy (4
va_ _ o , 0 1- V) M
v, cosy siny O]V, vy
v | = |-siny  cosy oi\ v, = T2 v, (4
v, 0 0 1YV v,

_ , _ 1 55°s
Vys = |-sinyg cosY, 0 Vbs szyszs Vis (¢

ZSs Z5 Z5

y cosY siny o] [v y
XS 3 s as 2 bz as



cosy,
bs | = | S1MYs
zs 0
Va cos8
Vb = 0
VZ -sinsé
Vas cos8
Vbs =10
_st_ _sina
Vx C]i
Vy - C]Z
V2l 143
Vel 101
Yyl =1 Co
V71 |t

—smYS

0s
C 'Ys

0

21
22
23
C12
Coo

C30

0 )
XS X.y.2
0 v - T sbs s
ys 85Ps%s
1 VZS
sindg y 3
as ab.z
0 Vo l=T1.27%°
bs abz
Cc0osH st
N T
-5ing Va
bz
0 v, | =18
) asbszS
cossp ] Vz_ ]
Cay 11 Yx Yy
_ =XYZ
C3n Vy | = Txyz v
Casfil Vz A
Ciz ] Vx Yy
_ XYZ
Cogf I Yy = Tavz | Yy
C33 _Vz _Vz_

VXS
vs

VZS

56

{(4-2b)

(4-3a)

(4-3b)

(4-43)

(4-4b)

In these equations the subscripts denote the coordinates along which the

vector components are resolved. Matrix element Cij represents direction

consine.
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3. KINEMATIC RELATIONSHIPS

In this section the kinematic relationships between various
variables of the satellite and that of the FFTO are developed.

Let (w.s s wz) and (wa, s wz) be the absolute angular veloci-

X* Ty :
ties of the FFTO resolved along xyz and abz coordinates, .respectively.t

They are related by the transformation (4-1b), that is, -

3

- - . . DY -I'
0 COSsy siny 0 wy
oy | = -siny cosY 0 wy, (4-5)
w, L 0 0 1 mz-

Similarly, let (“xs Vys> ”zs) and (vas’ Vi ”zs):be the absolute
angutar velocities of the satellite resolved along xsyszs_and asbszs
coordinates, respectively. They are related by the transformation (4-2b),

[

that 1is,

. ’ e 9t
Vas cosY, sinyg 0 vsz
= e A-
Vi siny, cosy, 0 Vys (4-6)
v 0 0 1 v
zs zs
N i i O

Finally, let (ua, My s uz) and (“as’ Moo ”zs) be the absolute
angular velocities of the arm resolved along the abz and asbszs coordi-
nates. Since the az-plane (arm plane) leads xz-plane by the time varying
angle v as shown in Figure 4-3(a), the arm rotates with respect to the

FFTO at an angular velocity v along the z-axis. Thus we have '
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My ey 0
]..!b = mb + O (4‘-7)
¥y | w, Y
A— et L
arm ' FFTO arm w.r.t.
FFTO

Also, since the a,z -plane (also the arm plane) lags X z -plane by the
time varying angle v, as shown in Figure 4-3{b), the arm.rotates with
respect to the satellite at an angular velocity -?S along the z_-axis,

giving

Has Vas 0
Wi = Vps + 0 (4-8)
L“zs hvzs_ _"Ys_
— —— e —
arm satellite ! arm w.r.t.
© satellite

Notice that the two angular velocity vectors (ua, My uz) and (pas, My s

pzs) are related by the transformation (4-3a). That is,

My coso 0 51he Moo
pb = 0 1 0 les (4"9)
M, -3ing 0 cosé oo




What we are after is the relationship between (mx, s wz), the

angular velocity of the FFTO, and (“xs’ Vys> ”zs)’ the angular.velocity
of the satellite. This is accomplished by substituting (4-5) -into (4-7
and (4-6) into (4-8), and then substitute the two resulting equations

into (4-9). The final‘éxpression is ’ ‘

—

cosy siny 0 W, ) 0
-siny Ccosy 0 my + 10
L ,0 . 0 1 J -mZ- ,Y
e i A
cose O sins cOSY -siny, 0 Vys 0
4 ; + - . -
0 1 0 sinyg cosy, 0 Vys 0 (4
:STHB 0 coge _ 0 0 ’ 1 ] vas “—ys.
\ . - -
Or, in the expanded form,
]
- = - + -
Y = Vs (wx cosy * uy siny) c¢scé
+ - : .
_ (vxs COSYg = Vyg 51nY5) ?ote (?
v o= - + i
v v, (mx cosy t oy siny) cote
- (“xs COSYg = Vyg 51an} csco (4~



60

-, si = iny, 4 -13
w, siny + 6, COSY = v siny, + v o COSY, (4-13)

XS ys

Since the rotational and translational motions are coupled, it is
necessary to include the kinematic equations for translational motion.

Let (Xfs Y Zf) be the position of the FFTO's mass center and (Xs, YS,

.f."
ZS) be that of satellite's mass center. The following relationship

ex1sts.

X = Xf - Esf C]3 (4-14)

Y = Yo £ (4-15)

sf ¢

23

zs =Zp - Leg 033 (4-16)

In summary, for this Satellite-FFTO system, there are eight
degrees of freedom. Among them Ly Uys 0, and Xf, Yf, Zf are used to
describe the rotation and translation motion of the FFTO, respectively.
The other two are v and Yo which are used to describe the spinning.and
coning motion of the satellite with respect to the FFTO:—For this
eight-degrees-of-freedom system, which will have fourteen variables
{1ncluding Uys B> Wys Vyos Vygs Voo Xf; Ve Zf, XS, Ys’ ZS, v and ys),
Fquations (4-11), (4-12), (4-13), (4-14)}, (4-15) and (4-16) are the
necessary 14 - 8 = 6 constraint equations. The fourteen variables will

be involived in the formulation of dynamic equations later.
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4. THE BRAKE MODEL

The brake model which is used as wrist brake and shoulder brake
is shown in Figure 4-4, in which mass A is lined up with mass.B with th
brake works between them. Assuming linear friction, the.torque results
from the brake is proportional to the relative axial angular velocity

i
between them, that is
Mbrake = K(s] - 62) (4-1]
where K is the frictional torque constant which can be adjusted by the
tightness of the brake. From the Newton's law of action and reaction,

the Trictional brake torques resulted on mass A and.B are.equalsin mag-

nitude and opposite in direction as shown in the figure.

5. FREE-BODY DIAGRAMS
-1
For the convenience of setting up the dynamic equations, free

body diagrams are used.. Figure 4-5 gives the free-body diagrams for the
satellite, the arm of FFT0, and the body of FFTO. In the figure, all
forces .and moments acting on each body are indicated.

Based on the brake model discussed in the last section, the brake

torque exerted by the shoulder brake to the arm is given.by

M! =K~y {4-18


http:given.by

Brake

/70|
e e
Mbr‘ake Mbrake
Figure 4-4. Brake Model
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where K is a proportional factor and v is the relative .angular.velocity
between two sides of the shoulder brake. Similarly, the.brake.torgue

exerted by wrist brake to the satellite is given by

Mys = K ¥ (4-19)
where KS is a proportional factor and %s is the relative angular velocity
between two sides of the wrist brake.

Besides the frictional torque due to the brake there is.inter-
action torque at each brake junction. The interaction torque.is in a
direction normal to the brake torque. In Figure 4-5, Més’ Més’ Mé and
Mé are interacting torgue compohents.

In addition to the interacting moments effected through the brakes,
there are interacting forces among bodies at each end of .the arm. At the .
shoulder end the interacting force components are (Fa, Fb"Ez)’ vhich
are expressed along the abz coordinateg. At the wrist end.the inter-
acting force components are (Fas’ Fbs’ Fzs)’ which are expresﬁed along
the asbszs coordinates. - .

Also control thrust torques Txc’ T ¢ and Tzc along X,.y,-Z axes

Y
are applied on the FFTO in order to stabilize the whole system during
the decone-despin pfocess.

1t should be noted that all inertial forces and moments are not

shown explicitly in Figure 4-5.
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DYNAMIC EQUATIONS FOR FFTO

65

The moment equilibrium equations of FFTO expressed along xyz co-

ordinates are given by, assuming an axially symmetrical pody.

[Tyq0, + (I35

Igowy *+ (I
I

339, * (Ipp

.

- I22) mymz
- Ig3) wpy

- IT:]) UJ%UJ‘V |

(4-20)

where 111, 122 and 133 are the moments of inertia of the FFTO about its

body axes x, y, and z, respectively. The total external moments Mx’ M

and MZ are due to control thrust torques, forces and moments from the

Y.,

shoulder brake, which are obtained from moments Ma’ Mb and Mz‘through

the transformation (4-1a).

.
t H

- H

COsy -5y
siny coSsy
0 0

With the help of Figure 4-5, we find

Mé + szs
—_ [}
= | My - Fls
M)

ol lw

o
=
4=

Xc
Tyc

TZC

BN

(4-21)

(4~22)



66

where moments (Ma, Mb, Mz) are the total external moments from.brake
Vi

end taken with respect to the center of mass, o, of the FFTO.. Successive '

substitution of (4-22) into (4-21) and then into (4-20) gives

Ijqu, * (I35 - IZZ)Mywz

Ipguy + (I3 - Iyguju,

I330; * (Ipp = Iypluyey |

.

=

KY+TZC

i % Tad 3 :
MacosY.+ szscosY - Mb51n¥-+-Fa£551ny + Txc

Mésiny + Fbﬁssi?y + MBCOSY - Fa£5c057 + Tyc

(4-23)

The external force exerted on the FFTO is the interaction force

[F,.

Fb’ FZ]t between FFTO and the arm. This force, when expressed

along XYZ coordinates, is given by

Fa
- wXyz -abz
TXYZ Txyz Fb
Fz
- 4

Fa

_ Txyz -abz
vz Txyz | Fb
FZ

where M is the mass of the FFTO.

(4-24)

(4-25)

~

y
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DYNAMIC EQUATIONS FOR SATELLITE

In a similar manner, the moment equilibrium equations of the

satellite expressed along XYs2Z

MXS

Mys

MZS

-

s

J
d

11 Vxs * (J33‘" PYY Yys
22 Vys + (Jy7 = I33) vy
gz Vo * (Jgp = J9q) o

<

Zs

<

XS

Vys

coordinates are given by

~

(4-26)

r

where J]], J22 and J33 are the moments of inertia of the satellite about

its body axes Xos Yo and Z,, respectively. The external moment M

xs?

Mys’ and Mzs are due to forces and moments from the wrist brake, which

are obtained from Mig> Mg and M. through the transformation (4-2a).

MXS

Mys

M
zs

0s
c YS
-S]ﬂYS

0

siny,
CosY,

i

0

Again, with the help of Figure 4-5, we find

Mas

Mbs

MZS

Mas h Fb

+ Fasﬂ

1

Mys 1

i
MZS

£
3

y

MaS - F

b

as

bs

zs |

o

szl

(4-27)

(4-28)
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where moments (Mas, Moo Mzs) are the total external moments.taken with

-

respect to the center of mass, Os’ of the satellite. Successive sub-

stitution of (4-28) into (4-27) and then into (4-26) gives

1 - b

J]T“xs+(J33“J22)vysvzs Maécosys"FBsﬂlCOSYS+MésSian+Fas£151an
- - . . !
J22"ys+(dﬂ"]33)“zs"xs - 'MésS1an+Fbs£ISTan+MbsC°SYs%FaS£1COSYS
J33"zs+(022”‘]1])"xs"ys ~Ks¥s
’ (4-29)

The external force exerted on the satellite is.the-interaction
force [Fas’ Fbs’ FZS]t between satellite and the arm. This force, when

expressed along XYZ coordinates, is given by

X ab z Fas
_ xyZ cabz 7§7s8%s . )
FYS Txyz Txyz Tabz Foe ! {4-30)
FZSJ F ] Fas
- o

x| - £
Sl xyz -abz -2sPs%s w

Msl Ys | = Txvz Tx_yz Tabz Fus (4-31)
25 . Fzs

where MS is the mass of the satellite.
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8. DYNAMIC EQUATIONS FOR THE ARM

Assuming that the mass of the arm is much Tess as compared to FFT0
and the satellite so we may consider the arim massless. As a result of
the masslessness, the total external forces exerted on the arm must equal
to zero. Referring to Figgre 4-6 and resolving all forces along acs bs’
and z, axes, we get * S ‘

+ . .
F Fa fodery: Fz sing

as
Fbs * Fb =0
FZS + Fa sing + F2 cosH
or
Fas c0s8 0 -sind Fa
FbS + 0 ] 0 Fb =
FZs sing 0 c0s8 Fz
1
or

Fas Fa
bz
Foo| =-12 F (4-32)
bs asbszS b
Fzs Fz

Similarly, the total external torques acted on a massless body
must be zero about any point. Choosing point A as the reference point
as shown in Figure 4-6 and resolving all torques along the a, b, and z

axes, gives



Figure 4-6.

-~

B

Free Body Diagram of the Arm

0L
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Moa M ing -~ M + ;
Ma M, sine MaS cosh Fb r cosy

~M5 - MBS - F, r cosy - F, rsing = 0 (4-33)

M M e s .
M MZs COS6 Mas s1ng Fb rsing

In this equation, siny and cosy can be eliminated by using the relation-

ship ) \

S

2151n6

It

siny

i
= [

cosy

where v and L are distances as shown in Figure 4-6, MZ' and Més are

given by (4-18) and (4-19). Then (4-33) becomes

~Ky + KS§S cose + M sing + fbﬂi sing
fpLo- My = Mg cose + KoY sinp

Mb + Mbs + FaL + qul sineg

_ . )

9. DYNAMIC EQUATIONS FOR TOTAL SYSTEM

ol -

It
Lo ]

| (4-34)

The set of vector equations (4-23), (4-25), (4-29), (4-31), (4-32)
and (4-34) describe the dynamics of the combined Satellite-FFT0 system.
Since each vector equation represents three equations, there are a total
of eighteen equations. As mentioned beforgt the fourteen dynamic vari-

ables involved 1n these equations are not all independent; instead, they

.
t A



72
are subject to the constraint equations (4-11), (4-12), (2-13), (4-14),
(4-15), and (4-16).

10. THE CONTROL LAW

From the analysis of the past sections, applying decone and despin
brakes, the FFTO will be reacted with forces and moments.which tend to
make it rotate. In order to achieve the stability of the whole system,
proper control torques appeared in (4-23) should be applied on the FFTO
to keep it to the 1nertial directions as stiffly as possible.

For this system,ithe angular velocities By By and w,, of the FFT0
are measured by a set of rate gyros. In order to apply the proper con-
trol thrust torques, the direction cosine algorithm is selected to study

the relationship between the inertial coordinate frame and the FFTO body

coordinate frame. The control Taw will then be studied.

Direction Cosine Algorithm

Let the XYZ axes frame with unit vectors %, 3, ﬁ be‘sta%ionary,

and the xyz axes frame with unit vectors %', 3’, k' be the rotating FFTO

body axes frame. Also let

w=lu (4-35)

be the angular velocity of the xyz frame with respect to the XYZ frame

by
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-
—

expressed along Xyz axes, and C be the “direction cosine matrix" trans--.

forming xyz coordinates to XYZ coordinates, i.e.,

!

where V is any vector expressed in XYZ coordinates and V'.is the same'” ».

*

vector expressed in ‘xyz coordinates. C is expressed as

2

. - - . N " - A'}
T A L SRS

C={Cp Cpp Cpg = IR ISP L N 4 (4-37)
a1 Cyp  Ca3 | LE it ked ke E‘.

¥ .- fyw N

Hence,- the derivatives of elements of C are

3 .

das!t
» 3 - ': » o—:l- - - ':! - Al 3 -
011 = i dt i (3 . !k my) C]Zmz C13wy
¢ 47! v ~
F = 5 N ...'J_ = 3 . B - 5 = ) -
Gp=1rgq 7" (ko 4.1192) Craex = b1z
N d’[;‘ ~ N -
C-is =7 - 'a; =1+ (1 my = J wx) = C-I-lwy - C-lzmx
LT dy . .
Cz] = J "d_t' = J (J U)Z - k my) = szwz - C23my -
da!
- RPN R T PR S P -
Cp =3 a7 (k'w, = i'w,) = Cogu, = Cpy0;
- dﬁl A N 2
Cog =3 g~ 3° (T'wy -3 w,) = Copuy = Coguy

ct
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317
32

C33 =

11
21
31

c
Copr, =
N

1
21
31

> F)
L] -
Q.l(_‘D.
ot 3

Fauld
.

12
22
32

C

12
22
32

D_! (%
o [=>

Q.IQ.
o |

1287~ Cygty
23%
i 3207 ~ C33ey

[}
ol
.

]
byl

1l
roul]

r»

13
23
33

13
23
33

13% ~

23% ~

33%x

=C

= C

¢
C
C

324, = C33vy
Cazuy = G318
319y = G328y
118y~ Cia¥y
212y " Contly
31% 7 C32wx_
Yy
o,
0
“y
X
0
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(4-38)
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be the matrix characterizing the angular. velocity of the FFTO xyz frame

with respect to the XYZ frame. (4-38) becomes

[ L]
1]

cQ (4-39)
y
Since, in the Satell1te-FFT0 system, the angular velocities Wy s
vy and w, of the FFTO are measured by a set of rate gyros, the orienta- :
tion of the FETO can then be found by (4-39) whose block diagram is
! . o

shown in Figure 4-7. X I

1

Control Thrust Torgues

[y

Control torgues are chosen to be proportional to angular displace-

ments as well as angular rates. They are chosen to be
| . . B

)

.
H

r 2 ('-‘ . % ' .‘3. ;: % .,.-
Tee = “Mx ,“f‘_kgcn,(czs - Cao) L _,;?4'40)
[N B ¥t i. i . <, .
Tyc - "kSmy * k4022(031 h F13) : _T. 3(534])
4 t ] £l !,’
T Nt
- {
Tyo= kguy * kglaglCip = Ca1) ! (4-42)

- yos
+ .

|
The first term in ‘each of these equations is the part proportional to
angular rate and the second term is the part proportional to angular
displacement. The second term is obtained through a study of the geomet-

rical relationship between XYZ and xy%)frames. AT ﬁi’s in these

equations are proportional constants.
’ 3t

3

an



(I c(0)

—L >

from rate gyros

Figure 4-7. Direction Cosine Transformation

v
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~

1t should be mentioned that, while control law development and
stabilization technigues are not intended activities of this project,ﬂa
method of stabilization control is needed to maintain the dynamics of
the combined FFTC-satellite system in a reasonable state. Thus the

chosen control law represented by (4-460), (4-41) and {4-42) is by no

means optimal. However, it is effective for the intended purpose.
X P

T1.  SIMULATION

New there are eighteen dynamic equations represented by {4~23),
(4-25), (4-28), (£-31), (4-32) and (4-34); there are six constraint
equations represented by (4-11), (4-12), (4-13}, (4-14), (4-15) and
(4-16); there are thres control thrust equations (4-40), (h-41), (4-42);
and there are nine direction cosine eguations represented .hy (4-39).
A1l these 3% equations describe the FFT0-Satellite system considered,
For the convenience of camputer éimulation, a number of substitutions

are made among these equations to eliminate some of them.

Eguation Elimination

substituting (4-32), (4-14), (4-15), and (4-16} into (4-31),

gives
Xf £ 13 by B 2 A Fa
Xyz —abz ’ 4 578 abz
MS Yf £ C23 XYZ Txyz Tabz T sszs Fb :)
zf £op Cog k2
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a
o _TXyZ abz -
Tovs Txyz Fy, (4-43)
F2

Dividing (4-25) by M, dividing (4-43) by M, taking their difference,
and rearranging the result with the help of (4-39),

¢ £
i3 a
‘ 1, “l_ Xyz wabz
g 1 %3] T MW . Wz Twyz | B
Ca3 F,

By inverting the transformation, gives

N 7
Fa MM 513
Fpt = Frﬁéﬂ;' s Tobg Ti;i b3
F f Cas
3
=0y T Ts a | o
Cs ]

cosy siny O C]] C21 C3}

]
L]
—
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Cryoy = Cygiy F Cpquy = Cypuy

Coqiy = Copiry + Cppuy - Copu

Capuy = Cgpy + Cqy00, = Capuy
&y cosy - éx siny + Dy
=D, -Qy siny - éx cosy + D5. ¥ (4-44)
D,

where Dis i=11to 7, are auxiliary equations as defined below.

MM

D, = ——>— £

T M+ MS sf

Dy = Gy uy - by oy

Dy = Cgy 0y - Lgp 0y

Dg =D, (C]] cosy + Cy5 siny)

* Dy (Cz] cosy + Cpp siny)

+ D, (C31 cosy + Cgp siny)



Substituting (4-44) finto

Fas co
Fos | =71 ¢
Fzs \51
©

=‘D1

X

X

Dg = Dy (~Cyy
+ Dy (~Cy,
+ Dy =Gy

D7 = D2 613 +

(4‘32):

0 -5ing

1 0

0 c0se

siny + Cqp cosy)

siny + €5 cosy)
siny * Cyp cosy)

D3 Cog +Dy C33

L] _ - . +
my cosy - w, siny D5

oy, siny - w, COSY ¥ D6

Dy

80

-

cos8 siny - éy cose cosy + D sing - Dy cose

X

u, sing siny - éy sine cosy - D

@, cosy *+ éy siny - Dg

(4-45)

7 cosp - 05 sing |-

Next, using (4-18), (4-19), (4-44) and (4-45) in (4-34) gives

1
Mas

i

1

Wy D] 21 cosy + by D] 21 siny + D]3

+ (4-46)
(4-47)

(4-48)
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S

where Dj, J =8 to 12, are defined by the following auxiliary equations

08 = (£] cosé +.L) Dy
D9 = DB FOSY )
D10 = D8 siny

O
!

17 = D6 D8 + Ks Yo csco - K y.cote

D}2 =L D.I D5 + £] D-i D7 sing

-

Multipiying the first equation of (4-29) by cosy, and the second one b&

sinys, then taking the difference,

e

13

. . . I,
VXS (J]] COSYS) - UyS'(J22 STHYS).h

=Dy + & Dy D - (055 - J22) Vys Vzs COSYg

176
o - »
- - « ot

+ (J1] - J33) Vs Vye sinys (4-49)

where

Dig = =Dy Dg £y + (Ky - K %s cos6)/sine
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Multiplying the first equation of (4-29) by sinys and the second one by
Cosy, » then taking the sum, :
17 Vys sy, + oy Vg, COSY * (dgq - 022) Vs Vzs sinyg

* (Jll - J33) Vys Vzs COSYg = Mpg * Fag 4

Substituting the detail of Fas given by (4-45) into this equation, gives

M]

b = "0y £] D1 cosd siny + &y ﬂ] D] C0SH cosy

t v I sinys + Vys Jop COSY, + D14 (4-50)

where

Dyg = (I35 ~ 95)) Vys Vzg STYg * (dyp = dgg) vyl v, o cosyg -

-

+ L D, (05 cose - Dy sine)

Substituting (4-50) into (4-48),

Substituting details of Fio Fpe Mé, M!, given by (4-44), (4-47) and
(4-51) into the first equation of (4-23),



By (111 + Dy cosy + 2 Dy * Dy siny) + oy, (D]O cosy

o
ek ey

J22 cosy, siny

- Dyg siny) - Vg Jqq sty siny - 0ys

= - (133 - I22) By b, * Dyq cosy + (D]2 + D]4) siny

P v :
N Loow

+ £5 D.I D6 cosy + 25 D] D5 siay + TXC B
where

n

D8 oSy

Similarly, from the second equation of (4-23),
!
wy (D9 siny - Dyg cosy) + oy, (Ip * Dyg siny + Dy cosy

t L D1) v dyp sinyg cosy £ v

Vs J22 cosy, cosy

. P .
1 i R

&
+
‘ 1

+ £5 D] DG siny - £5 Dq D5 cosy + Tyc

From the third eguation of (4-23)

83

(4-52)

(4-53)



o, = [Ky+ T, - (Ipp = Iyq) ey “y]/133

From the third equation of (4-29)

5
Vyg = [-Kg vg = gy - 110 Vgs “ys] / 933

\
M

Differentiating (4-13)

¢,

._- - + - - Ll . - OS
mx siny wy cosy v S'ln'ys v c YS

XS ys

= » hd + _ - .
(mX cosy + wy siny) v (sz COSYg = Vyg s1an)ys

Summary

The set of simulation equations is summarized as follows

Il
]

v = - + i
T Ve (wx cosy + w, siny) csceé )
+ - ]
(vxs COSYg = V¢ s1nys) coté
y = - + + ] te
v u, _(mx coSY * wy siny) co

~(

Cosy, = v

Vs ST“YS) csch

Yxs

84

(4-54)

(4-55)

(4-56)

(4-11)

(4-12)
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.

w, = Ky + TZC - (122 - I]]} Wy my] / I33‘ . (4~54)

¢

Vas T [-Kg vg - (Jgp - Ji]) Vs, “ys] /33 . (4-55)

11

Grouping (4-49), (4-52), (4-53) and (4-56) into a single matrix equation,
- 5
I-H + D9 cosy + £5 D1 + D]5 siny D10 cosy - D76_siny

D9 siny - D15 cosy - 122 +‘D10 stay + £5 D1 + D]G Ccosy
0 . 0 -
-s51n
4 Y i Cosy
'J11 siny, sy —J22 CoSY, siny o,
JH siny, cosy J22 COSy. COSY Wy
_STHYS ‘COSYS 1l vysd

-

- (133 - 122) 0y, Gy + DH cosy + £5 p] Dg cosy

+ (D12 + D]4) siny + £; Dy Dg siny f'Txc

- (D]2 + D14) cosy - ﬂs Dy Dy cosy * 'I‘yC

Dyg * 21 Dy Bg - (033 - JZZ) Yys Vzs €oSYg

* (Jll " J33) Vyg Vgg STNYg

+ o . + _ . .
(mx cosy + ay siny) v + (v, cosy, Vys s1nys) Vg

AS
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Among the eight angular variables, Ygs Y5 U and v, can be ob~
tained by 1ntegratingl(4-11), (4-12), (4-54) and (4-55) directly. While

Wys By Vys and “ys nave to be obtained by solving the above four simul-

taneous linear egquations for éx’ s st and v and then integrating

N ys
them. A subroutine named "SIMQ" is used in simulation program to solve

these simultaneous linear equations. 2 Also,

Toe = =k oy * Ky Gy (Co3 - Csp) (4-40)
T,e = kg w, * kg C33 (G5 = Cpp) (4-42)

The direction cosine elements Cijls are obtained by integrating the set
of nine equations given by (4-39), that is,

I

Gy = G20, - Oyg “y_
Crp = Crz 00 = By 4,
Cp3 = Cyp oy = Cpp ey
Coq = Cpp 0, = Ca3 9y
Cop = Co3 = Cop ¥y
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21 %y~ Loz ug

=
C37 7 C3p 0, - L33 0y

=C

33 Yy " U371 ¥,

\
.

C33 = C37 0y - Cgp 0y

Simulation Parameters and Initial Conditions

Values of parameters and initial conditions used for the simula-

tion are shown below.

Parameter Values (Figure 4-8)

FFTO:
M = 200 kg

Iy = 79 (0.8% + 1.6%) = 48.17 kg-n”
L, = o (1.27 + 1.6%) = 61.5 kg-mZ
Iog = 79 (0.8% + 1.2%) = 34.67 kg-m?

23

L5
'Es_ 2 _0-75m
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Figure 4-8.
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(b) SATELLITE

Dimensions for FFTO and Satellite

88



Satellite:

M, = 6,600
R = 1.741
h =6R-=
2 =0.5h
Igp = 3 MR
dip = g2 T
dyp = Jp3 =
Arm of FFTO:

kg

10.446 m

5.223 m

2

10,000 kg-m
T%-(3R2 + h2) = 65,016.7 kg-m°

Jaq =0

31

Assume Massless

p
2

L3

Initial Conditions

0

5.0 m

0.5 m

= 1.277 m



Vyso © -0.3464 rad/sec
Vyso = {

Voo © 1.300334 rad/sec.
v =0

v. =0

22~ "33

Cig = Cgy = o3 = L35 =

The initial condition data shows that

|H2s] Y33 Va5

10,000 x 1.3003

= -I:= cot 60°

as J11 Vas

Hence, H is initially aﬁong the z-direction as shown in Figure 4-9.

Brake Forces. The brake force factors are chosen to be ramp

functions are shown below,

K= KS = 1000 ¢

65,016.7 x 0.3464 /3

(t in seconds)

90



Figure 4-9. Initial Angular Momentum of Sateilite
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Thrust Torgues

]

ki = kg = kg

1 3 10,000

~
i

-~
I}

oy
1

= 100,000

Simulation Results and Discussion

Results of the simulation are plotted in Figures 4-10 to 4-16.
The simulation revealed a stable joint dynamics of the FFTO-satellite
system. The results are very encouraging.

Figure 4-10 shows the time responses of FFTO's reaction angular
rates. The reaction angular rates decrease as expected. The oscilla-
tion in each angular rate, though may not be objectionable, can be re-
moved by adopting a different control law or by increasing the.rate-
control constant ki (i =1, 3, 5) of the présent control Tlaw.

Figure 4-11 depicts the time response of direction cosines Csss
i =1 to 3, of the FFTO. Their values are not constant, but the varia-
tions are small. The maximum deviation of .the values of direction
cosines from unity 1s 0.014. This deviation practically disappears com-
pletely after 15 seconds, indicating an effective stabilization effort.

Figure 4-12 contains time responses of the satellite'’s angular
rate during the detumble-despin operation. I is shown that, after 15
seconds, the satellite lost most of its dynamics from an initial rate
of 1.3 rad./sec to less than 0.1 rad./sec along the zs-axis. Similar

behavior is for other axes.



.20
. 154
10y
’t.:); .05.
w
=
(=]
Re?
. 0
3
S
:'i -.05h .
>
3
.10~
-.15 4
-, 20T

Figure 4-10.

Time Response of FFTO
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Figure 4-12. Time Response of Satellite
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Figure 4-13 plots the angular momentum of the satellite. The
nomentum is reduced in 15 seconds from its initial value of 2.6 x 'IO4
kg~m2~rad./sec to 2.8 X ]02 kg-mz—rad./sec which is about 1% of the
initial value. |

Figure 4-14 shows the re]ative.angu1ar rates at two brake junc-
tions. The angular rate Qs decreases nonotomically while y decreases
with a small oscillation at the beginning.

Figure 4-15 shows the relative angles at two brake junctions.
Both angles become constant after about 15 geconds indicating the
diminishing of relative motion between the FFTO and satellite.

Figure 4-16 gives the time responses of thrust torques in three
orthogonal directions. The maximum torque value is about 2.6 X 104
newton-meters in the x any y directions and about 2.2 X 103 newton-
meters in z-divection. The oscillations in torques require oscillation
in thrusts which may be objectionable. ﬁowever, by using a different

control law the oscillatory behavior can be removed.

Simulation Program

The simulation 1s written in CSMP which is included in Appendix 2.
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CHAPTER &

SUMMARY AND RECOMMENDATIONS

This study resulted in three kinds of equations of motion for the
free-flying teleoperator system. The first kind is a set of kinematic
equations for the FFT0's manipulator. They describe the positions.and
velocities of the manipulator hand with,reéﬁect to various coordinate
systems. These equations are useful in generating the reference signals
for the control of the position and velocity of the hand, espectally for
catching an object which is within the reach of the arm.

The second kind of equations of motion are two sets of equations
which'describe the dynamics of a satellite under an {deal detumble and/or
despin operation. The idealized assumption is that the FFT0 is fixed in
.space. The objective of this study is to obtain some understanding
about thg satellite dynamics, paving a way for the study of more realis-
tic cases later. The first set of equa?ions is for the case where the
body of a satellite is axially symmetrical. Computer simulations were
cbtained for this case. The second set of equations is for a general
body configuraticn. The analytic expression for this case is very
complex. No simulation was performed:for this case.

The third kind of equations ¢f motion is a model describing the
combined dynamics of a FFT0Q and 2 satellite during detumble and despin
gperation. The FFTO is not assumed fixed. The motion of FFTO is due
to the reaction torque and force exerted by a dynamic satellite. The

set of equations are highly nonlinear. For the convenience of

101
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observation, the joint dynamic of the FFTO-satellite system is quieted
down by the use of a FFTO stabilization. A direction cosine control law
is arbitrarily selected for this purpose. Simulation was performed to‘
test the model. The result confirms the adequacy of the model,

A1l the computer simulations were written in CSMP. They are.
included in the appendices. The paraméters in these programs -can be..
changed to simulate different conditions!

The development of the above models has allowed us to gain a deep
understanding of the motion of a FFTO, a satellite, and their combina~-
+7on. Momentum and competence now exist enabling further research to

the problem. The following areas are recommended for further study.

Thrust Level Requirement. To obtain a good stabilization of the

joint FFTO-satellite system the thrust Tevel was not 1imited in the sim-
ulation. The maximum thrust value ras about}2.5 X 104 newton-meters
along x or y axis, and about 2.2 % 103 newt&h-meters a1ong‘z—axis.

These values seem large. It is jmportant to find out if the detumble-

despin operation can be accomplished using a more realistic thrust

level.

Fffect of ‘Arm Mass. In the present study, the arm mass has been

neglected. Inclusion of arm mass will complicate the analytic formula-
tion a good deal. However, knowledge of effects of arm mass on the
total system dynamics and on the control effort is important. A study

of these effects should be made.

t
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Variable Arm Angles. Arm angles % and a, Were made constant for ™

the present study. It is not known yet if there is any advantage.to be
gained by allowing &y and &g to vary. Permitting variable ay and Gg

will also increase the complexity of the equations of motion. But based
on the results obtained in the present study, this genaralization can be

made without too much difficulty.

Desired Control Law. The control law governs brake forces and

thrust levels. The control Taw used in this study is arbitrarily chosen.
A study should be made to arrive at a simple but effective control. Due
to the nonlinearity and the high dimensionality of the system, this task
1s not a simple one, although the results of the present study will make
it easner. One important consideration is the advantage of exerting a
preferred combination of despin and decone torques to maintain the
angular momentum vectar of the satellite as stationgry as possible in
space. It is believed that this wil] help in reducing the need of high
stabilization torques for FFTO. The résu1t obtained in Chaptgr 3 can

help to accompliish this.

Additional Simulations. Due to The limitation in time many de-

sired simulations could not be performed. With the model already

developed, it will be very worthwhile to continue the desired simuja-

tions.


http:advantage.to
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APPENDIX 1
CSMP PROGRAMS FOR CHAPTER 3

A. Simultaneous Despin and Decone

LABEL DESPINING AND OFCCNIANG WITH A=800 )

INITIAL -

CIONSTANT 1A1=5529,1T1=21212G,FPHIL10=0,5Y0=0,TFT1INO=0,M0=0

DYNAMIC

PARAMETER TETLO=Ll.l486,PHI1C0=4.19,5YD0=0,48C5,A=800

C=AxTETL

MX=0

MY =-C%SYD#SINI{TETL)

ML==CxIAL®{3YD»COS(TETL) ¢PHILID)/ITL .
TETLUZ=({ MA-T AL { FHILD4SYD*XCrS(TTTL) IxSYDSSIN(TETL) P/ ITL+5YD* 2% 000
S1a(TETLI®CIS(TETL) -

Y= (MY =25 TLRSYDHTETIDHCOS{TETL)#1AL¥{PRIIC+SYD*COS{TFTL) I¥sso
TETID)/(ITL*SINITETL)) '
PHILID2=MZ/ [AL=SYN2HCOS{TETL)+SYDRTETIO®SIN(TETL)

HaSUKTLITLR®*2% (TETLD#* 2+ SYE## 25 SIN(TETL ) *2 )+ TAL*x2%(PHI1D .0
SYDFCOSITETL) 1%%2)
ANGL=SQRT({ITLETETLN) 24+ (SYCHSIN (TRFT1I*CAS(TETLI*(IT1-TALI-1AL*, ..
PH1ID )52 ) /{1 AL {PHI1D+SYD*CPS{TETL) ) =CAS(TETL)I +ITL*SYD=SIN(TETL}*%2)
BETA=ATAN{ANGL)

AL2=SORT(TET1Cx%2+SYD*%*2%SIN(TETL )%¥%2)

W3=PHILD+3YD*CCS(TETL)

M=SQRT (MX*& 24V YXA24MIER2 )

SYD=INTGRL{SYDC,SYD2)

SY=INTGRL(>YO0,SYD)

PHILD=INTGRL (PHILDO,PHILD2)

PHIL=INTGRL{PHILO,PHI LD}

TETIV=INTGRL{TETICO,TETINZ)



TETL1=INTGRL{TETLOGTETLD}
MT=1NTGRL(MO¢ M)

PRINT MT

PRTPLT SYDePHIIDsTETLsH,BETA W12, W3
TIMER DELT=0.05,FINTIM=600,0UTCEL =5
FINISH »YD=0,Cl

PRTPLT SYDsPHILDy TETL HyBETA,W12,W3
END

TERMINAL

STUP

ENLJOB

B. DETUMBLE THEN DESPIN

LABEL DzTUMBLING THEM BESFINING WITH A=20
«NITIAL :

CONSTANT 1A1=6529,1T1=212129,PHI10=0,SY0=0,TETICO=0

DYNAMILC

PARAMETER TcT10=1.1486,PHI1C0=4419,SYDO=0,4809,A220,...
==1y¥==147=0,4=0.0L,N=10,NC=0

B=AND{A,TETL}

C=BRARTETL

MX=CkX*TET LD

MY=CLEYESYURSIN(TETL)

MZ=(* 7 ,

TETLD2= (MA-LAL¥(PHILD+SYD*COS{TETLI J*SYDRSINCTETL) ) /1 T14SYD*k 25, , .
SIN(TETL)*COS{TETL}

SYD2=AMY -2 ITL*SYDATET LOXCCS(TETL )+ TAL%(PHI LD4+SYD*CCS (TETL) ) % . .
TETLD}/(ITL*SIN{TETL})

PHILD2=ML/IAL~SYD2%COS{TETLI+SYD*TETIO*SIN(TETL)

H=SQRT (L TLAA2 L (TETLO* 724 SYD % 2% SINITETL %42} + TA L %% 2% (PHT LD+, .
SYD®COS(TETL) )42} :

ANGL=SQnT ( (1T LXTETLID) #42+ {SYDESIN(TETLI#COSITETL)# (I TL~TAL) -] AL¥. .

PHILD)=*2) /(T AL* (PHILD+SYC#COSITETL) ) %COS (TFT 1) +1T I5SYD*SIN(TET L) #42)

801



BETA=ATAN{ANGL)
Wi2=SQRT{TETLC**24+SYDAR2*SIN(TETL)**2)
W3=PHILD+S5YD=CCS{TETL}

M=SRRT (MXsx 2+ MY HX24MI%%2 )
SYD=INTGRLISYLG,3YD2)
SY=INTGRLISYO5YD)

PRHILD=LNTGRL (PHIL1DQ,PHIL1CZ)
PHIL=INTGRL(PHILO,PHILID)
TETLO=INTGRLITETIDO,TETLDZ)
TETL=INTGRLITETLO,TETLD)
MT=INTLRLI{MO V)

PRTPLT SYuUsPHILD,;TETL,HyBETAyW1244k3
PRINT MT

TIMER DELT=0.C5,FINTI¥=50C0,CUTDEL=25
FINISH Wld=u,2G0

END

TERMINAL

STaP

"ENUJOB

LABEL DETUMBLING THEN DESPIANING WITH A=200

INITIAL )

CUNSTANT [A1=6529,1TL=212126,PKHI10=C,5Y0=0,TETLL0=0

DYNAMIC

PAKAMETER TeET10=1.1486,PHILC0=4.15;SYL0=0,48C5:A=2C0100s
Xe=ly¥==1,2=04M=0.01,N=10,MC=0

B=AND(A,TETL)

C=B%*A%®TETL

MX=C#X=®T&TLlD

MY=CxY®SYD#SIN{TETL)

ML=C% [
TETIDZ2={MX~-1AL*(PHIID+SYDHCCS{TETL) ) xSYDASIN(TETLY)/ITL4SYD*%2%,,,
SIN{TETL)*COS(TET) )

CSYDZE (MY=2%IT1%SYD*TETID*COS(TET L)+ IAI¥(PHILID+SYD#CCS(ITETL) ) *,0o0

601



TETIO/E ITL®SIN(TETL))
PHILD2=ML/IAL~SYD2%CUS(TETLI+SYDHTETLO*SIN{TETL)
H=SuKT(ITl**Z*fTETLD**2+SYD**2*SIR(TETl)**2)+IA1**2*[PHIID+=.0
SYURCOS(TETL) }**2)
ANGL=SQKT{(ITI*TETLD)**Z%{SYD*SIN(TETI)*COS(TETl)*(ITl“IAl)—IAl*ooo
PHILD)**&)/(IAL*{PHILD+SYE#COS(TET1))*CCS(TETL}+IT1*SYD*SIN{TET1}**2)
BETA=ATAN{ANGL)

W12 =SURT(TETLLHR2+SYD*%2¥ SIN(TETL)*%2)

W3=PHILO+SYDXCOS{TETL)

MESQRT(MARR2FMYH¥24MZA %2 )

SYD=INTGRLISYDC,SYD2)

SY=INTGRL{3YO,SYD)

PHILD=INTORL{PHILDO,PHILDZ}

PHIL=LNTGRL (PHIL10,PHIL1D)

TETLD=INTGRL(TETLU0,TETLIC2)

TET1=INTGRL{TETLO0,TETLID)

MT=1NTGRL (MU M)

PRTPLT SYDyPHILD,TETLyHBETAh1l2403

PRINT MT .

TIMER DELT=0.05,FINTI¥#=80C,CUTCEL=5

FINLISH vWl2=0.200

END

TERMINAL

STOP

ENDuDB

LABEL DETUMBLING THEN DESFINING WITH A=8GO

INITIAL !

CONSTANT TAL1=S529,1T1=21212¢,PHI10=0;5Y0=0,TET1D0=0
UYNAMIC o

PARAMETER TET10=1414864PHI1DN=4,19,5YC0=20,4805,4=8007 40
X==13Y=-132=0,4M=0.014N=10,MC=0

B=AND (A, TETL) C

C=B=AxTecT}

oLl
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MX=CaX*TETLD

MY=CrY=SYLRSINITETL}

MI=C%/.
TETLIDZ2=(Mx~TAL*(PHILO+SYDACOSITETL) IRSYD=SIN{(TETLI /I T14SYD*¥2%a0 o
SINCTETLI®CIS{TETL)

SYDL={MY =25 I TL%SYD®TETLORCCSITETLI+TALH{PHILD+SYDHCNS{TET L)) %000
TeTLOH/LITIHSINITETYL) )
PHILDZ=ML/1AL-SYD2*COS({TETL)+SYDHIFTIDXSINITETL)

HedURT{IT 228 TETLDH k2 +5yD#u 2% S IN(TETL)%#2 )+ 1AL %% 2% (PHI1ID%o0®
SYDRCUS{TETL} %2}

ANGL=SQRT ((ITL*TET LD %2+ {SYDASIN{TETIY2LOSITETYIIR(ITI-TALY-TAL®. o0
PHELD b2 ) A{TADS{PHIID+SYEACOSITETL )} HCOS{TETL) +IT 1SYDRSIN{TETL )3k 2)
BETA=ATAN{ANGL}

nld=SWRTITETLCHA%2 +SYDRSRZRSTIN{TETL j%*2]

W3=PHLLlO+3Y0O*CCS{TETL)

M=SURT (MAFXR24+ VYRR 2+MIAn2 )

SYD=INTGRLISYDOSYD2)

SY=INTGRLISYD,SYD)

LDPHILU=INTGRLIPHILIDO,PHILDZ)

PAll=INTGRL{PRHILOPHILID)

TETLU=INTORL(TETIDU,TETLD2)

TETL=INTGRLITCTIOLTETLID)

MT=INTGRLIMUs M}

PRTPLT SYDPHILD4TETL sHIBETASWL2 K3

PRINT MT

TIMER DELT=Q.05,FINTIM=80C,CUTOEL=5

FINISH wl2=Myk3=N

CUNT INUE

TIMER DELT=005yFINTIM=TCC+CUTDEL =5

PARAMETER TETLO=1.1486,PHILIN0=4,19,3Y00=0.4809:A=80010e0
X=3e¥=2dylds—1eM=s1D,N=0,01

tND

TERMINAL

sTae

ENOJUB

LLL



LABEL DETUMBLING THEN DESPINING WITH A=
INITIAL

CUNSTANT 1Al=952Qg1Tl=2121299PH110=0vSY
DYNAMIC

PAKAMETER TeT10=1.1486,PHILL0=4,19,5YD0
K=—le¥Y=~1eZ=0sM=0,01L,N=1C:¥C=0C
S=AND{A.TETLE) .

C=g®A*TETL

MA=CxX=TRETLD )

L MY=0xyrsYD¥SINITETL)

ML=Cx 1
TETLD2=(MX*IAl*(PHIlD+SYD*CDS(TET1))*SY
SINITET1)I®*COS{TETL)

SYDZ= (MY~2% [TIHSYDXTETINACCSITETL)I+TAL®
TETLDIZ/{ITL#SIN{TETL))
PHIL02=ML/iAl~SY02*CDS(TET1}+SYD*TETLD*
H=5QRT(ITL¥*2*lTETlD**2+SYC**2*SIN(T9T1
SYD=COSITETL) }3%k2) . )
ANGL=5umTliITl%TET1D)**2+(SYD*SIN(TFT1)
PHILDI%%2)/ (TAL¥{PHILD+SYC*COS(TETLII*C
SETA=ATAN{ANGL)
WLZ=SURT{TETLL*H2+SYD®* 2+ SIN{TET 1 1%%2)
W3=PHILU+SYUuCCS(TETL)

M=SORT (MARE2 +NYRXDEMZ KR )
SYD=INTGRLISYCO.SYD2}
SYSINTLRL{SYO,SYD)

PHI1D=INTGLRL (PHILDO,PHILDZ)
PHILI=INTGRL(PHILOyPHILD)} ,
TETLU=INTORL(TETLIDO,TETLIEZ)
TETLl=INTGRL{TETIO,TETLD}
MTI=INTGRLIMO+ M)

PRYPLT SYU,PHIIUvTETl:H,BETb,hIZ,NB
PRINT MT .

TIMER DELT=U.05,FINTIM=60C,CUTOEL=0.5
FINISH Wl2=04.200 .

1600

0=0,TETLEO=0

=0 ,4809,A=1600¢000

DESIN(TETL} I/ ITL+SVD** 2%,
(PHILD+SYOXCAS{TETL ) *oeo

SIN{TFTL)
1e¥ 21+ TALFF 25 (PHI1IDY6 00

2COSLTETIIR(ITL~TALI~IALl*os0o
AS{TET1Y4+ITIHSYDESIN(TETL) %% 2)

rARR



END
TERMINAL
sTup
ENDJOB

LABEL DETUMBLING THEN DESPINING WITH A=3000

INITIAL _

CONSTANT IA1=9529vIT1=2121297PF1lC”GvSYO=OvTETIDG=C

DYNAMIC

PARAMET R TET10=1.L4869PHILEG=4.1§,SYDO=0948C99A=3000pan.
K='}.9Y="l11?‘0;”:00011;\!:1.0?["’030

B=ANO{A,TETL)

C=b®A%TETL

MA=C*X*TET 10 »

MY=C*Y*SYU“SIN(TET1)

MEe(% 7
T&TLDa:(MX-iAl*{PHIIS+SYD*CCSETETl)}*SYDrSIN(TETli}/IT1+SYD**2*..=
SINITETl)*CUS{TETI] ’
5YU£=(MY“&*ITl*SYD*TETID*CESITFTl}+TAL*(PHI1D+SVD*CCS(TETIJ}*~-o
T&TiUJf{lTl*SIN{TETill
PH1102=MZ/IAl“SYDZ*COS{TETIJ*SYQ*TETlD*SIN(TETI)
H=SQRT(ITl**2*(TETlD**i+SYU”*2*SiM(TETli**Zi+IA1**Z*(PHI10+u.o
SYU®COS(TETL) }#xp}
QNGL=5QHT((ITl*TETID}**2+(SYD*SIN{TET1J*COS(TETI)*(ITl‘IAl)*IAl*.oq
PHllD}**Z}/(IAl*{PHILD+SYD*CHS(TET1))*COS(TETI)*ITl*SYD*STNfTETI)**2}
BeTA=ATANTANGL )

Nl£=SQKI(TETLC**2+SYD**2*SI&(TETI)**2)

H3=pHilU+SYD*CGSfTETIJ

MZSQKT{MX¥*ZfﬂY**2+M£**2)

SYDZINTGRLfSYDCvSYUZI

5Y=1NTGRL(5YD,SYD)

pHIlD=INTGRL(PH!100,PHIIDZJ

PHIl=iNTGRL(PHIlO:PHIlD)

gl
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TETID=INTGRL{TETLCO,TETLID2)
TETL=INTGRKL{TEY1I0,TET1D)
MT=[NTGRL{MO,M) -
PRIPLT SYD4PHIID,TETLsHBETA;W1Z,uH3
PRINT MT

TIMEK DELT=0.C5FINTIM=60C,CUTDEL=5
FINISH wlé=9.200

END

TERMINAL

57T0P

ENDJOB

C. DESPIN THEN DETUMBLE

LABEL DeSPINING THEN DECCNING WITE A=800

INITIAL .

CUNSTANT [AL=6529,1T1=212129,PHI1d=0,5Y0=0,TET1D0O=0

DYNAMIC

PARAMETER TETLO=1.14B6yPHIICO0=4.19:5Y00=0,.4805yA=800s0c24

X=JsY =0y 2=~ 4 ¥=10,N=0.01,¥0=0

> B=AND{(A,Tc=T1)

C=B%A*TTL

MX=(CxX*Tel LD

MY=(xYESYDXSIN{TET1}

MZ=CxZ .

TETLIDZ2={(MX~1 A1%[PHILD+SYDHCOSITET L) J*SYD*SIN(TETL /I T1+SYD®&2%. .0
SINITETLI®CASITETL)

SYD2= (MY —2*] T L*SYD*TETID*COS{TETL}+TALH(PHILID+SYDHCOS{TETL)} ) o 0oe
TETLDI/AITIRSIN(TETLY)
PHILDZ=ML/TAL-SYD2XCOS{TETL)+SYD*TETLO*SIN(TETL )

HESQRTIITLRR 2% (TET10% %24+ SYDX®22xSIN{TETL)%=*2}+TAL**2%{PHI1D+, ..
SYD#C Ja{TeTL) }*%2])

PLL
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ANGL=SQRT{(ETL*TFT1D)**2¢(SYD*SIN(TETL)*CUS(TETI)*(ITI*IAL)~IA1*0°.
PHLLD)**Z}/(IAl*(PH11D+SYD*CUS(TFTl)i*CDS{TETl}+IT1*SYD*SIN{TET1)**2)
BETA=ATAN{ANGL)

WL2=SQRT (TETLL*%2+SYD##2%SIN(TETL)%%2)
W3=PHILO+SYD¥*CCS{TETL)

M=SORT (MXwm2+MYx*2+M ¥ x2}

SYD=INTURLI3YCO:SYD2)

SY=INTLKL{SYO,SYD)

PHILO=INTGLRL(PHILIOC,PHILDZ)

PHLIL1=INTGRL{PHILO,PHILD}

) TETIU=INTLKL{TET1I00,TETLIDZ)

TET1=INTGRL(TETLO,TETLD)

MT=INTGRLIMO, M)

YRTPLT SYDvPHIIDqTETlngBETAyW121W3

PRINT MT

TIMER ODELT=0.C5,FINTIFM=15C,CUTOEL=3

FINISH wWiliZz=M:h3=N

CONT iNUE \

TiMER OcLT=u.05, FINTIM=6CC,0UTDEL=5

PARAMETER TET10=1.1486,PHIlBO=4.19,SYDO=O°48097A=8009»oo
X=—1,¥Y=2—-1,2=04¥=0.C1,N=10 X

PKTPLT SYDePHILD,TETL H,BETA, W12, 43

£ND "

TERMINAL

STup

ENDJOB

Gtl



APPENDIX 2

CSMP PROGRAM FOR CHAPTER 4

TITLE CSMP SIMULATION JF THE SATELLITE-FFTO SYSTEM
INITIAL
D1=M*MS*LSF/{M+MS])

CONSTANT K1=10000,,K2=100000.yK3=10000.+K4=100000cs 4« .
K5=10000.:K6=100000.,0L1=5.223,L5=0.754L5F=740recs ~
£=3.6385,111=248.17+122=6165:133=34.67T1can
J11=65016.7,422=65016.7:J33=10000.0:M=20020744+
MS=6600.0, SIND=(,866,L050=0.5 -

DYNAMTC
K=1000. 0%RAMP (0.0}
KS=1000.0%RAMP (Q. )
WX=INTGRL{0.0,WXDDT)
WY=INTGRL{Q.0,WYDOT)}
WZ=INTGRL{D:.0,WZDOT)
VXS=INTGRL{~0.3464,VXSJ0T}
VYS=INTGRL{G.0.,VYSDNT}
VZS=INTGRL{1.300334,VZIS5D0T)
Cii=INTGRL{1.0,C11DCT)
C12=INTGRL(D.0,L1200T)
Ci13=INTGRL(0.0.C13D0T}
C2I=INTGRL(0.0,C2100T}
C22=INTGRL{1.0,C22DOT)}
C23=INTGRL{0.0,L23D0T)
C31=INTGRL{0.0,C310D3T)
C32=INTGRL{0.0,C32D0T}
C33=INTGRL(1.0,C33D3T)
RS=INTGRL{Q.N,RSDOT}
R=INTGRL {2.0,RDOT)
ClIDOV=CLl2%WZ-C13%WY
Cl2D0T=C1l3*uX-C1l1%xWZ
Cl3D0T=CLli=xWY~-Cl2%WX
C21D007=C22%WZ~-L23%WY
C22D0T=C23%WX~C21*WZ
C23D0T=C2LANY-L22%WX
C31DIT=C32%W2-C33%WY
C32D0T=C33%WX-C31%W2Z
C33D0T=C3L*WY-C32=WX
SIMNR+COSRsSINRS,COSRS=SINCOSIR RS}
TAC=-KIFWX+K2%C11%{{23~L32)
TYC=-K3#WY+K4¥C22%{(31-C13)
TZL=—-K5*WZ+K6%C33%{C12~-C21)
H=SQRT{{J11*VXSI%x2+ (1225 VYS)*22+{JB3HV7S)®*x2])
WZIDDT={K*RDOT+TZC-(122~-T11 }*WX*uY) /133
VZSDOT=~KS*¥RSDDT/ 433
RDOT==WZ+{WX*COSR+WYH*SINR}*CCSO/SINO~{VXS*COSRS—4. e
VYS®S5INRSI/SINO
RSDDT=VZIS~{dX*COSR+WY®SINR}/SINO+{VXS*COSRS~...
VYS&SINRSIECNSO/SING

116
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117

D2=C11D0TxUY-C12DAT*WX

D3=(21D0QT*WY~C22D0T*WX

D4=C31DGT=UY~C3200T=WX

DS={Cll*COSR+ClZ*SINR}*DZ+(CZI*COSR+C22*SINR}*DB...
+{C31%COSR+C3I2*SINR)*D4

Db={~CllﬁSINR+C12*CDSR!*DZ+(-C21*SINR+C22*CDSR}*...
D3+{~C31%CAOSR+C32*COSKI*D4

D7=C13%D2+C23%D3+C33*D%

DB=D1*{ L+L1*CCSCH

pD9=DP8xCOSR .

D1O=D8*SINR

D11=D6%08 +KS*RSPOT /S IND-K*RDET*COSO/SING

D1 2=L%D 1%D5+L 1¥D1*D7*S ING

D1 3=- 1 #DL#D6+({ K¥FDOT~KSXRSCOT*COS0}/SINJ

D14=IJ33—J22}*VYS*VZS#SINRS+{J11~J33)*VXS*VZS*...
COSRS+L I%NL%{D5%CISA~DT*SING)

D15=08%S INR

D16=D8%COSR

Bl=—{133-122)*HYRWZ+D11*COSR+L53D1L*D6*COSRY.0e
(D12+D1%)%*S INR#D1*L5%D5%S INR+TXC

B2=-(111-133)EWARWZ+DLL¥STNR+LSFOL*¥DOFSINR=0 0
(D12+D14&)*COSR~-D1%L5*¥D5*COSR+TYC

837013 +L 1¥D1%D6—{ 433422 ) ¥VYS*VIS*COSRS+{J1l-v0 -
J33) XVXSHVZSHSINRS

B4=yXS*COSRSHRSDOT-VYS*SINRS#RSDOT +WX*COSR*¥RO0T .« -
+4WY= SINR=ROOT

ALL=I11+DO*COSR+D1*LS+U15%SINR

. Al2=D10*COSR=~DI&%SINR

Al3=—-J11%¥SINRS®SINR

Al4==122%C0SRS*SINR

A2 1=D9% S INR-D15%COSR

A22=122+D1*L5+D10*SINR+D16X*COSR

A23=J11%SINRS®COSR

A24=422%CNSRS*COSR

A33=J11%COSRS

A34=—J2 2%S TNRS

A&1=-SINR
A42=C0O3R

A43=~5INRS
A4 4=—CQSRS

HXDJT?HYDOT?VXSDDT9VYSDOT=SUEXYZ(81982183184?6-o
AllyAlZgAl3'Al4,A21gA22sA23,A24yA33aA349...
ALLl,A424A%3, A44)

TIMER FINTIM=100.0,0UTDEL=0.3

PRETPLTY WX|WYQWZ|VX57VYS!VZS’CllcCZZyC331RSDDT?RDGT’.--
RSsRyTXCsTYC,TZC o H

LABEL CSMP SIMULATION OF THE SATELLITE-FFTG SYSTEM

EMD :

STOP



OO0

OO0

THIS SUBROUTINE IS USED TO CHAMGE THE ARGUMENT TQ BE
LESS THAN 18#2%P] BEFORE CALL *SIN® AND *COS¢
{ARGUMENT OF LIBRARY SUBROUTINES *SIN® AND *COS* IS
LIMITED TO 18=2%pI)

SUBROUT INF SINCOS{R,RS,SINFP,COSR,SINRS,COSRS)
REAL LIMIT
LIMIT=2.0%18.0%3.,141592653
IR=R/LIMIT

AR=R-IR*LIMIT

SINR=SINLAR)

COSR=COS { AR)

TRS=RS/LIMIT
ARS=RS-IRS*L IMITY
STNRS=SIN{ARS}
COSRS=COS{ARS)})

RETURN

END

THIS FORTRAN SUBROUTINE IS USED TO CHANGE THE
UNSUBSCRIPTED ARRAY INTO SUBSCRIPTED ONE BEFORE
CALL SUBROUTINE SIMQ* {SUBSCRIPTZD ARRAY IS NJIT
PERMITTED IN CSMP)

SUBROUTINE SUBXYZ(B1l.R2:,B3:B4+A11:,A12,A13,AL4,A21,
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c A22+:A234A249A333A345 A41 s A42+ A43 9 A44WXDOT +WYDOT,

C VXSDDT ., VYSDOT) !
DIMENSION A{%,4),B8(4)
N=4
A{l,11=A1ll
Afl,2}1=A12
A{l,3}=A13
All:4)=A14
A{2,1)}=A21"
Al{2:2)Y=A22
A{2:3}=A23
A2:4}=A24
A{3,1)=0.0
A{3,2)=0.0
A{3:3)=4A33
A(3:4)1=A34
Al4,1)=A41
Al4d:2)=A42
A{4,3)=043
Alg,4)=A%s
B{1l}=81.

Bf{2)=B2
Bi3)1=83
B{4)=B4
CALL SIMO{A,B,N,KS)



WXDOT=B{1)
WYDQT=B(2)
VXSDOT=B{3}
VYSDOT=B{4)
RETURM

END

C THIS SUBROUTINE IS USED TO SCLVE A SET OF SIMULTANEQUS
C LINEAR EQUATIGNS ’

C

eE3Re

OOm

aEnNe!l

20

30

35

40

SUBRCUTINE SIMQUA,B,N;KS)
DIMENSION A{1l},B(1)

FORWARD SOLUTIIN

TOL=0.0
KS5=0

Jd=-N

DG 65 J=14N
JY¥=Jd+1
Jd=Jdd+N+l
BIGA=0
IT=Jd-4

DO 30 I=Jd,N

!
SEARCH FOR MAXIMUM COEFFICIENT IN COLUMN

Td=1T+1

IF{ABS{BIGA)-ABS{A(TIJ))}) 20,30,30
BIGA=A{I ]

IMAX=1I

CONT INUE -

TEST FOR PIVIT LESS THAN TOLERANCE

IF(ABS{BIGA)}~TOL} 35,35,40
KS=1
RETURN

INTERCHANGE RIWS IF NECESSARY

Ti=J#eN2{J-2}
IT=1MAX-d

DO 50 K=J.N,
I1=7T1+N ,
12=11+1T7
SAVE=A{IL1)
A{IL}=A(I2)})
A{12)=SAVFE
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OO0

50

55

60
&5

70

80

DIVIDE EQUATION BY LEADING COEFFICIENT

A{I1¥=A{11}/BIGA
SAVE=B{IMAX]}
B{IMAX)=B{J}
B{J)=SAVE/BIGA

ELIMINATE NEXT VARIABLE

I#{J-N) 55,70,55

TQS=N*(J=1)

DO 65 IX=JY,N

I XJ=IQS+IX

IT=J-1IX

DO 60 JX=JY,N

I XJdX=N={ JX-1)+IX

JUX= IXIX+IT

ALIXIXI=ACIXIX) = (A{IXII*ALIIX) )

BLIX)=B{IXI-(B{JI*A{IXJ})
BACK SCOLUTION

NY=h=~1

I T=NxN

DG B0 J=1,NY

IA=IT-J

IB=N—-J

1C=N

D3 80 K=1,d

B{IBI=B{IB}-A{IA})=%B(IC} '

ITA=TA-N

IC=IC~1

R ETURN

END

120



