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ABSTRACT

Laser communications systems hold great potential for use
in future deep-space probes. Before this potential can be real-
ized, however, the feasibility of such systems must be proven.
To this end, consideration is being given to a laser communications
system experiment mission for synchronous earth orbit. Of prime
importance in this feasibility demonstration is investigation of
the ability to point a diffraction limited laser beam, with beam-
width arc seconds or less, to -sufficient accuracy for establish-
ment of a communications 1link.

The experiment planner is faced with the problem of designing
a spacecraft-communications system to satisfy mission requirements.
Preliminary design. of individual elements of the system can be per-
formed by the groups responsible, When this is complete, a real-
istic evaluation of design elements in the total systems environ-
ment is then required. Use of prototype or engineering models
for such evaluation is expensive and generally impractical. Simu-
lation, on the other hand, provides a relatively inexpensive way
of performing the required evaluation.

. A configuration proposed for the experiment and chosen for
simulation consists of: a docked CSM/LM, with an Apollo Telescope
Mount (ATM) rack attached to the LM ascent stage, and a laser tele-
scope attached to the ATM rack through gimbaled pivots.

A detailed digital simulation of the pointing performance of
the spacecraft—-laser communications system has been developed.
This simulation is known as the Laser Aiming Simulation (LASIM).
Digital simulation was chosen over analog or hybrid due to the com~
plexity of the simulation problem, the accuracy requirements, and
the simplicity afforded by non-real time operation.

The LASIM program is principally devoted to simulation of
dynamics and control functions. 1Included under dynamics are math
models of the vehicle's orbital motion and of the rotational motion
of the spacecraft, control moment gyros, and the laser telescope.
The control portion consists of the three tracking control systems
and the point-ahead system. Capability is provided for assessment
of the effects of hardware imperfection on total system performance.
Imperfections resulting from component non-linearities and varia-
tions, and noise generation may be simulated.

The LASIM program serves as a tool for the system designer.
As such it will be used not only for testing and verifying prelimin-
ary designs but also for establishing system performance requirements
to aid in preliminary design.



This report describes the development, organization, and
usage of the LASIM program. Volume I of this report addresses
the mathematical formulations derived to depict the prototype
hardware and system dynamics from which the digital program was
written. Volume II of this report describes the actual LASIM
program and provides the information required for its use:

R
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SECTION 1
LASER AIMING SIMULATION (LASIM) DESCRIPTION

The Laser Aiming Simulation (LASIM) is a digital computer
program which simulates the tracking and pointing operation of a
spaceborne laser communications system (designated the Laser
Communications System Experiment, LCSE) in synchronous earth
orbit. - Operation of the system is simulated from the "initial
acquisition'" condition where the spaceborne laser telescope
receiver has just acquired a ground based laser beacon within
its coarse field-of-view. From this "initial acquisition"
state, the performance of the tracking and pointing systems is
digitally represented for nominal operating conditions. Simu-
lation of the laser communications system hardware performance
is accomplished by repeatedly solving the rigid-body dynamics
and control equations which describe system operation.

The LASIM program depicts the operation of a specific hard-
ware system design and configuration. The LASIM program may be
used to investigate operation of this hardware configuration,
allowing certain system parameters such as gains, time constants,
inertias, etc. to change without program modification. This may
be done by simple input instructions to the program. Inves-
tigation of the performance of different hardware configurations
may be accomplished by making program modifications appropriate
to describe the modified hardware. The LASIM program has been
constructed in modular form to facilitate and simplify modifica-
tions to reflect hardware changes.

Capability has been provided within the LASIM program to
generate certain perturbation effects, such as disturbance torques
produced by astronaut motion and a form of uplink beacon inten-
sity fluctuation. Determination of system response to many other
anomalous conditions or disturbances may be made through program
additions as these disturbances are defined. Typical examples
are component non-linearities not presently modeled, hardware
produced noise, or optical system parameter changes with environ-
ment.

The primary objective of the LASIM program development has
been to provide an analysis tool which will determine very :
accurately the short term dynamic response of the laser tracking
and pointing systems. To this end double precision arithmetic
has been used throughout the program to allow accurate solution
of the system equations. Also careful attention has been given
to so-called "second order" dynamics effects which can affect the
extremely accurate tracking and pointing required of the system.

A thorough description of the hardware systems simulated, and
the manner in which the mathematical representations of this hard-
ware were formulated, are presented in the sections which folléw.



1.1 MISSION AND VEHICLE CONFIGURATION DESCRIPTION

The following paragraphs describe the mission considered in
the LASIM program for the LCSE and the functional characteristics
of the hardware used for the LASIM program development. Section
2 provides the detailed definition of the hardware component
systems described in these paragraphs.

1.1.1 Mission Description

In order to determine realistic geometrical relationships
between the space~borne LCSE and the ground based laser beacon,
it is necessary to postulate a trajectory the spacecraft will
follow during the simulated mission. The most pertinent quan-
tities which must be determined to permit simulation of system
operation are the line-of-sight vector from ground station to
space-borne telescope and the line-of-sight rate. The line-of-
sight vector defines the uplink laser beam direction and, com-
bined with the line-of-sight rate, determines the direction of
the downlink laser beam. This beam is offset from the uplink
beam to account for transit time effects.

The LASIM program development assumes that the LCSE will
follow an earth orbital trajectory in space. More specifically,
it is assumed the trajectory will be a synchronous orbit inclined
at 28 degrees with respect to the equatorial plane of the earth,
with a mean spacecraft hover point at 104 degrees west longitude.

To complete the geometrical definition, the ground station
is assumed to be located at 32 degrees north latitude and 104
degrees west longitude.

Provision is made as part of the LASIM program to generate
the line-of-sight and line-of-sight rate as functions of time for
the assumed satellite orbit and ground station location. These
quantities serve as nominal system inputs, providing the hardware
with the desired tracking and pointing directions.

It should be noted here that by proper initialization of
the "trajectory generating'" portion of the LASIM program (see
Paragraph 2.7 for detailed discussion) any earth orbital trajec-
tory may be simulated. However, the assumption of a synchronous
orbit allows the rotational dynamics formulation for the satel-
lite to be made without consideration of gravity gradient torques
and atmospheric drag effects which become important at lower
altitudes. Thus, to use the LASIM program for simulation of
system operation in lower earth orbit (100=500 nm altitudes) the
gravity gradient and drag effects at these altitudes must be
added to the program.

Szt
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Vehicle Description

The carrier vehicle, chosen for simulation consists of a
Lunar Module (LM) ascent stage docked to a Command and Service
Module (CSM).  An Apollo Telescope Mount (ATM) rack replaces the LM
descent stage. The LCSE hardware, consisting primarily of a
laser telescope, 1s attached to the ATM rack through flexure
pivot gimbals. This configuration is shown in Figure 1-1. The :
laser telescope and associated electronic ‘equipment, together , .
with equipment for non-LCSE experiments, are mounted within the T
inner gimbal structure and are collectively designated as the
"Experiment Package'" or "spar"

Three integrated control systems combine to provide LM/CSM/
ATM vehicle attitude control, experiment package gimbal control,
and optical direction control in order to accomplish the laser
tracking function.

The objective of the combined control system operation is
to align the telescope tracking optics with the uplink laser beam
direction and align the telescope tube and the longitudinal axis
of the LM/CSM/ATM vehicle with the uplink beam direction. This
entire operation is called "tracking." Once this is performed,
the pointing system, which operates through telescope optics only,
offsets the downlink beam in the proper amount and direction to
compensate for transit time effects in order to illuminate a
receiver on the earth.

The laser telescope, through its optical sensor devices,
provides the basic attitude reference for operation of the three
tracking control systems. Figure 1-2 illustrates the range of
the optical sensors in the laser telescope.

UPLINK B BEACON _ — —
DlRECTION [ (LT AT

..........
-------

FINE SENSOR FIELD-OF-VIEW

FIGURE 1-2 LASER TELESCOPE OPTICAL SENSING
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During operation, light from the ground based laser will be
collected in the telescope when its longitudinal axis is aligned
to within +30 arc minutes of the true-line-of-sight direction.
Light cannot fall on both coarse and fine sensors simultaneously
(except for a small transition region which is not modeled in the
LASIM program). Figure 1-2 illustrates in a planar view the
regions of illumination of the optical sensors. Operation of
the optical sensing may be thought of as a "logical OR" operation,
(since the ground beacon is focused in the fine or coarse sensors)
a fact which is used to describe system operation in the follow-
ing paragraphs. ' :

Figure 1~3 depicts, functionally, the operation of the track-
ing control systems comprising the total Laser Communications
System Experiment. Operation of the system is assumed to take
place with acquisition of ground beacon within the coarse field-
of-view of the telescope. The coarse sensor is a non-linear sensor
which provides control signals to drive the experiment package
gimbal torquers to align the telescope with the uplink beam. When
this alignment has been accomplished to within + 1 arc minute, the
received light is transferred to the fine sensor and the fine
tracking system is activated. This operation is denoted by the
logical OR function in Figure 1-3. Signals from the fine sensor
are used to position a movable lens in the fine tracking system
so as to establish an optical path which is aligned with the
uplink beam to within a fraction of an arc second. The speed
of response of the fine tracking system in the linear region is
considerably faster than that of the other two tracking control
systems, a fact of importance as will be seen.

When the uplink beacon light is focused onto the fine sensor,
no direct error signal is then provided the experiment package
gimbal control system, since the coarse sensor no longer receives
any light. This condition is not desirable since it results in a
+ 1 arc minute deadband for the gimbal system. Thus an error sig-.
nal is derived from the fine tracking system to provide position
error control for the experiment package control system when the
beacon light is focused in the "fine field-of-view." This is
possible as implemented in the program because of the faster speed
of response of the fine tracking system as previously mentioned.
Detailed discussion of this couplihng is given in Section 2.

The spacecraft (LM/CSM/ATM) control system is actuated to null
the experiment package gimbal angles and thus align the longitud-
inal axis of the vehicle with the telescope axis. In addition,
roll control is provided by the spacecraft system, Figure 1-3
illustrates the pitch and yaw (excluding roll) control operation
of the spacecraft system. The experiment package gimbal angles
are picked off through resolvers to serve as pitch and yaw posi-
tion error signals. The required control torques are provided by
three orthogonally-mounted, two-degree-of-freedom control-moment
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gyros. Vehicle roll reference is provided by a rate-integrating
gyro (not shown in the Figures) which feeds into the control
system.

The pointing control system shown in Figure 1~4 operates to
accomplish downlink beam spoiling to compensate for transit time
effects as discussed previously. Commands are received from the
ground which define the amount and direction of the downlink beam
offset which is to be provided. A telescope mounted sun sensor .
is used to provide the system with a reference from which the beam ,
offset direction is determined.

Figure 1-5 depicts the geometric axes and pointing directions’
which are controlled by the tracking and pointing control systems
just described. As depicted in the figure, the axes will not, in
general, be aligned.

EXPERIMENT PACKAGE
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oPT —7 EXPERIMENT PACKAGE
~ 7 . (TELESCOPE) DIRECTION

. -~
77 POINT AHEAD ANGLE (8pn)

FIGURE 1-5 POINTING AND TRACKING GEOMETRY



SECTION 2

COMPONENT SYSTEM DESCRIPTION AND MATHEMATICAL REPRESENTATION

The following paragraphs define the hardware systems used as
the basis for the LASIM program, and illustrate the mathematical
representation of this hardware. Also presented are other mathe-
matical formulations which are necessary for operation of the
LASIM program.

In the dynamics and optics formulations to follow, references
are made to various coordinate systems in which vector quantities
are represented. Identification of these coordinate systems is
fundamental to the mathematical formulations and their under-
standing. Figure 2.0-1 illustrates the basic coordinate systems
to which reference will be made in the paragraphs to follow.
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90° ahead of Xy

points along earth north
polar axis

y (Spacecraft) frame::
points along the vehicle long~
itudinal axis
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LM coordinate system -

points along the negative 2
axls of the LM coordinate
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escope frame:

points along telescope longi-
tudinal axis, out of telescope
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gimbal axis

completes right~handed system

nt Ahead frame:
points in direction of ~L
points in direction of L x -L

points in direction of z_ x x

to complete right—hand';;stem

COORDINATE SYSTEM DEFINITIONS
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2.1 SPACECRAFT SYSTEM

The LCSE has not yet been assigned to a specific vehicle.
However, the following spacecraft system is a candidate system
for LCSE and has been specified for simulation:

o Spacecraft -~ A LM ascent stage docked to a CSM, with
an ATM rack replacing the LM descent stage.

o Experiment package - The ATM experiment package with
the laser telescope attached. The package is con-
nected to the ATM rack through gimbaled pivots.

o Experiment package control system - The ATM vernier.
control system.

o Spacecraft attitude control system - Three two-degree-
of-freedom control moment gyros (CMGs).

Characteristics of the elements of the spacecraft system were
defined to IBM in various meetings with NASA Astrionics Labor-
atory personnel and in the reference documents [1, 2, 3, 4, 5, 6].

Certain portions of the spacecraft system, as originally
defined to I1BM, were not suitable for the LCSE. 1In particular,
the experiment package and CMG control systems were designed for
the ATM solar astronomy mission. Modifications to the basic
spacecraft system were made by IBM to complete a design for LCSE.
Discussion of these modifications is to be found in Sectionm 3.

The system as used to develop the LASIM program is discussed here.

The spacecraft and experiment package are shown conceptually
in Figure 2.1-1. The experiment package is gimbaled within the
rack through roll, pitch, and yaw gimbals. The roll gimbal can
be initialized, before starting an experiment, by an offset drive
motor attached to the supporting ring of the experiment package.
There is no capability for active roll control. For the LCSE,

a roll gimbal is not required, and the roll angle is assumed zero.
Pitch and yaw gimbals are "flex-pivot" gimbals, actuated by torque
motors. The flex-pivot gimbals provide limited angular travel
(*£2°). '

The experiment package control system, as conceptualized for
the LCSE and used in the simulation, is shown in Figure 2.1-2.
The system controls the outer (pitch) and inner (yaw) telescope
gimbals (i, and ¥,, respectively); and operates in either a fine
or coarse mode. The fine mode results when the upcoming laser
beam is within the telescope fine field-of-view (2 arc minutes).
In this mode, a signal proportional to the transfer lens position
provides the error input, as discussed in Paragraph 2.3. In Fig-
ure 2.1-2, ty and Aicare the odter and inner gimbal error signals,

11
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respectively. If the ground beacon is in the telescope field-of-
view but not in the fine field, the telescope control system is

in the coarse mode. A nonlinear coarse sensor provides the error
signal to the control system in this case. In the absence of
specific definition of the coarse and fine sensor coupling into

the telescope control system, it has been assumed that the signi-
ficant dynamic effects of the sensors and associated electronics
can be represented by a first order lag, as shown in Figure 2.1-2,
Rate gyros on the gimbaled structure measure the rotation rates

of the telescope relative to inertial space about the x¢ and yg -
axes (ax and , respectively). These rates provide damping sig= .
nals for the system as shown in Figure 2.1-2. The error minus

rate signal is used to drive the gimbal torque motors. The motor -
torques, MTland Mp,, are fed into the experiment package and
spacecraft dynamics equations.

The spacecraft attitude control system consists of three
two-degree-of-freedom CMGs, mounted on the ATM rack. Each CMG
consists of a spinning rotor held in a housing called the inner
gimbal (see Figure 2.1-3). The inner gimbal is connected to the
outer gimbal through a pivot perpendicular to the rotor spin axis.
The outer gimbal is, in turn, connected to the ATM rack through a
pivot perpendicular to the inner gimbal pivot. The CMG rotor
spins at a constant angular rate relative to its inner gimbal.
Varying rates are imparted to the inner and outer gimbals by
geared D.C. motors. The CMGs are mounted on the ATM rack so that
each rotor spin axis is parallel to a body axis (as defined in
Section 2.0) of the LCSE vehicle when all CMG inner and outer
gimbal angles are at their null positions. The CMGs are referred
to as CMG 1, CMG 2, or CMG 3, with the numbers designating the
body axis about which the rotor spins where: lerxg, 2¢>ypy 3¢>zp.

During operation of the laser pointing experiment, the CMG
system is required to position the vehicle in:

o Pitch and yaw so as to null the experiment package
gimbals

o Roll so as to maintain the initial roll alignment

A detailed block diagram of the spacecraft control system hard-
ware, as actually used in the simulation, is given in Figure 2.1-4.
The input to CMGs 1 and 2 are {,; (experiment package outer gimbal)
and Y, (experiment package inner gimbal), respectively. The in-
put to CMG 3 is -fRdt, or the negative integral of the zy compo-
nent of angular velocity of the [B] system relative to inmertial
space. The outputs from the CMG contrel system are the moments
exerted on the inner and outer gimbals by the gimbal torque motors
(after reflection through the gears).

With reference to Figure 2.1-4, it is seen that the vehicle
control compensation is obtained through lead-lag networks with

R
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limiting, the outputs of which are the components of torque
which the CMGs are to exert on the vehicle to null ¢;, VPY,, and
-/Rdt. These commanded torque components (t_,, T.,, T.,) are con-
verted into commanded momentum components (in the body system)
according to:

— -
T
X
ETE - Ty
. T
z
where:
. Hy = Time derivative with respect to inertial‘space of the

total CMG momentum vector.

The closed loop H vector control law is then used to compute the
difference between the commanded and actual momentum components
and, from this,.to find the desired CMG inner and outer gimbal
rates, éic and 04, (i=1,2,3). The CMG gimbal velocity loops
serve to drive the CMG gimbals at the desired rates. . The outputs
of these loops are the moments exerted on the gimbals by the
torque motors. These outputs feed into the CMG and spacecraft
dynamics.

Spacecraft and experiment package hardware is now defined.
”3 The next step is to develop the equations which must be solved to
g determine the transformation matrix from telescope to inertial
coordinates, [T2I]. The relevant equations are:

o Dynamics equations -~ Equations which define the angular
rates of the spacecraft, CMGs, and telescope, once the
control torques acting on these bodies are known.

o Control equations - Equations used to represent the
spacecraft and telescope control hardware and to com-
pute the control torques acting on the spacecraft and
telescope.

o Matrix transformation equations - These equations relate
the spacecraft and telescope rates to [T2I] and 4 [T21].
They are solved to yield [T21]. dt

Equation development for the dynamics and spacecraft control
equations will now be discussed. Telescope control equation dev-
elopment is in Paragraph 2.4, while matrix transformation equations
are developed in Paragraph 2.6. '

S
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2.1.1

2.1.1

Equation Development

.1 Rotatiomal Dynamics

Equations of rotational motion must be derived for the CMGs,
the experiment package, and the spacecraft (LM/CSM plus ATM rack).
To this end, the carrier vehicle configuration is conceptualized
as a multi-part satellite, with each part a rigid body, as shown
in Figure 2.1-5. Each part then has a relatively simple equation
of motion, and the motion of the system can be found by combining
motions of the parts.

The vector-dyadic equations basic to LASIM are quite similar
to those found in the literature [7, 8]. Derivation of these
equations will be discussed here, however, due to their fundamen-
tal importance. For the derivation, a system of N+l moving parts
will be assumed, with the oth part the spacecraft.

Newton's second law for rotational motion states that, for

any rigid body,

h = L (2.1-1)

where hy is the angular momentum of the body about its mass cen-
troid, O, and Ly is the total moment about O of external forces
acting on the body. It is also well known that:

by =[] 2 | (2.1-2)
with D the inertia dyadic of the body about its mass centroid and
§ the angular velocity of the body in inertial space. Equations
(2.1-1) and 2.1-2) can be applied to each of the N+1 bodies con~-
stituting the LCSE vehicle of Figure 2.1-5. If this is done,

the following equation results for i=0,...,N:

s : . N .
d | i
ot (07 @t =1, + » Lg (2.1-3)
i ji=0 i
where
. . th
0; = Mass centroid of i— body

ui = Inertia dyadic of i£h body about 0,
X = Coordinate system fixed in main body,
W = Angular velocity of X in inertial space,

= Angular velocity of i”t'—lrl part relative to main
body (w” = 0),

e
[
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LO = Moment about 0; of all forces external to the entire
i vehicle (e.g., gravity gradient, incident momentum),
ij . th
Ly, = Moment about 04 of interaction force on i~ part due
i to jEﬂ part. This torque is referred to as interaction

torque.

Equation (2.1-3) provides the basic relationship required to
determine the motion of each part relative to the main body (i.e.,
to find Qi)- In order to determine W, however, it is convenient
to eliminate the interaction torques, L1J. 1If the center of mass
of the total system of bodies were fixed, the motion of all parts
could be referred to that point and an equation for the computa-
tion of W derived. Unfortunately, the system center of mass is
not fixed for the LCSE vehicle. The experiment package mass cen-
ter is offset slightly from the experiment package hinge point
(see Figure 2.1-6), thus leading to motion of the system center
of mass.

CENTER OF MASS OF
EXPERIMENT PACKAGE

MAIN
BODY

MAIN BODY
EXPERIMENT PACKAGE

INNER GIMBAL

FIGURE 2.1-6 EXPERIMENT PACKAGE CENTER OF MASS OFFSET

The centers of mass of all other bodies are assumed fixed
relative to the main body. This situation suggests using the
center of mass of a system consisting of all parts (including the
main body) except the experiment package as a basic reference
point. This point, called 0, is defined by the equation:

N . . ,
R=3[Z% (R+pHn" - u?p?] (2.1-4)
i=0
or
N .
0=z QlMl M12£fz
i=0

20




)

where:

N
M = I M,
i=0
R = Radius vector to O from center of an inertial coordi-
nate system (here assumed to be at Earth's center),
' = Vector from 0 to Oi’
Mi = Mass of i-Eh part

The X coordinate system is thus assumed centered at O, and its
axes are assumed aligned with the Xps Yps Zp 2Xes.

Motion of all parts except the experiment package can then
be referred to 0. Recall that the moment due to any force, F,
about a point, A, is related to the moment about another point,
B, by:

L, =L, +pxFE (2.1-5)

where p is the vector from A to B. Thus, Equation (2.1-3) can
be rewritten and summed over i=0,...,11,13...,N to yield:

r ptd)

a Nooat i N, YO8N Noa i N
ot el o= 3o+ 3 o3ontd - n phel+
i=0 1=0 1=0 3=0 1=0 3=0
(2.1-6)
N
where ' denotes a sum over i=0,1,...,11,13,...,N.
i=0
But
N N . N N N .
5 X .L_lj = 9 = Z' Y. —ij + 7 _]-:1233
1=0 §=0 "0 1=0 3§=0 "0 j=0 0 °
Also, for i=0,...,N,
N .
ut @t = FP 4+ 1 Y,
i=0
so that
N N N o .
oot x @t My = 3 ot x wt@eph = oz owipt x B
i=0 §=0 i=0 1=0
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Equation (2.1-6) can, therefore, be rewritten as:

N N N
12 4

d Vw1t ety + mipt x pt i\ z' oo B3 (2.1-8)
dty, - =0

i=0 f i=0 0 j=0
For the telescope, Equation (2.1—3) yields:

N 125 ] N - . )

o0 )] = B2 o+ 2 L, -p%x I p®J (2.1-9) -

Addition of Equations (2.1-8) and (2.1-9) gives:

N, o N ) . X N
St e e Ttwet x ptl = It g+ LE - p%x 3 p2d
i=0 i=0 i=0 12 5=0
(2.1-10)

Equation (2.1-10) is suitable for computation of , except for the
presence of the F12J terms. These interaction forces can be elim-

inated by use of the equations of linear motion for the telescope
and the LCSE vehicle without the telescope:

F12’j »»>

M2 (R + p'®) = Fl24 (2.1-11)

1 ™M

e
=]

Fi

(M_MIZ)E - F Elz,j

(2.1-12)

o

1
Ll
™=

HMZ

1
i=0
If Equation (2.1-11) is multiplied by M-M!? and Equation (2.1-12)
by -M? and the results added, the following equation is obtained:

N . N
[(M-M2) + n'y ¢ gzl . M2(M-M12) 52 - (M-M'2) P24 12 3 Ei
§=0 i=0

) N,
or pl2sd %IMM(M_M1§B}2+ M2 3o E} _ (M—WZ)E?] (2.1-13)

0 i=0

N ™=

3

Let the external force on the system made up of all N+1 parts
except the telescope be denoted by F i.e., let ES be defined by

N

F> = I' F'. : (2.1-14)
i=0 ;
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To further simplify the notation, define the moment ME and the
mass M!2 as follows:

E __S 12 _ 1 1 12 S 2y w2
M =L, + LOIZ ¥ o x [MF (M-M*4) F 4]
M2 = MP2(M-M2) /M (2.1-15)

where LS is the moment resulting from ES. Then, from Equations
(2.1-10, 13, 15), it follows that:

i i N i i ‘i . E
D * (_(A_)_+-U_))+ Z'M_Q_ X p +M12_Q12X‘Q12]=M,

Lo
dt py3
0 i=0

i

™=

(2.1-16)

Equations (2.1-3) and 2.1-16) are the basic equations for
LASIM. They are quite general except for the assumption that all
bodies except the experiment package have mass centers fixed in
the main body. A rederivation of Equation (2.1-16) from Equation
(2.1-3) can be made if this assumption becomes invalid due to
changes in hardware specifications.

To provide a set of equations suitable for computer solution,
the concise Equations (2.1-3) and (2.1-16) must be expanded. Each
vector and dyadic must be expressed in an appropriate coordinate
system and scalar equations derived which can be solved for:

Y

o The components of w
o Eight angles relating free parts to the main body

The three gyro rotors move with constant angular rate relative to
the CMG inner gimbals, and equations for their motion need not be
solved. The experiment package dynamics are incorporated with the
inner gimbal structure dynamics since the two parts are rigidly
attached. Although solar panels are shown in Figure 1-1, the
spacecraft model received from NASA for simulation contained no
definition for such parts. '

Development of the scalar equations will now be discussed.
2.1.1.1.1 CMG Dynamics
The detailed scalar dynamics equations will first be dev-
eloped for CMG 2. Equations of motion for the other two CMGs
can then easily be derived by analogy. It is assumed here that

all three CMGs have the same physical characteristics.

Three coordinate systems are used to derive the equations of
motion of CMG 2 (see Figure 2.1-7). These are defined by their
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unit vectors as follows:

1) i5 jS’ k5 -~ j. is along the gyro rotor spin axis and 15
> T 7 is along the inner gimbal pivot. -
0 14, 14, h4 - 14 is coincident with i and 54 lies along
- the outer gimbal pivodt.
o iB’ iB’ EB -~ Body axis set as previously defined.

ZB, Z

%) &
e

4 -

FIGURE 2.1-7 CMG COORDINATE SYSTEMS

The zero position of the CMG is defined when the vectors ig, js,
ks are coincident with the wvectors 54, iA’ 54 and 1B’ iB’ EB

The inner gimbal angle, $,, and the outer gimbal angle, 0,, are
shown in Figure 2.1-7. Components of vectors can be changed from
one coordinate system to another by multiplying on the left by
the following matrices:

cos o, sin o, 1 0 0
[B24] =} -sin o, cos a, [425] = 0» cos Bz sin Bz
0 0 0 -sin B, . cos B,
where:

[B24] is matrix from body system to "4" system

425] is matrix from "4" system to "5" system
y

S
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Two scalar equations are required to define &2 and éz and
thus to specify the motion of CMG 2 relative to the spacecraft.
Equation (2.1-3), applied to CMG 2, yields:

. d
b o 2 b, 4 - 0 —
b* = g5 (] (w+ w®l = &g» + LY+ L315+ QB“ (2.1-17)
y 4 b 4
. d
5 - 4 5. = T,5% 5 56 5 5 -
n* =57 (] (@ + @)1 = L3**+ L38+ LS (2.1-18)
: 5 5 5
. d -
6 - 4_ 6 . 6 = 1.615 L1~
h ac L0 (w + 0®)] LOG (2.1-19)
° d . ' '
15, 9 15, 15y7 = 1150 15 4 -
A= g [ (w+ W1 = L3+ L (2.1-20)
_ 15 15
h'®= %‘g (% (@ + o] = L84+ 1SS (2.1-21)
O 16 .
where:
o .iJ = derivative in inertial space of the angular

momentum of the jth body about Oj

o All other Lij terms are interaction torques as defined

previously and include the electromagnetic moments
which drive the two gimbal torque motor rotors.

For the CMG, it is assumed that the mass centroids of parts 4, 35,

and 6 coincide; i.e., 0, = 0, =0,. Then
by5 5
L2 = -k
=0, 05’
5,6 6455 '
L2® = 187,
20, 20,

Thus, from Equations (2.1-18, 19, 21) and Figure 2.1-8,

(’hs+is + éls) . i (LSO’:-'- Lg,sls_l_ 164 4 116 5) . i

=5 016 01 5
= - : : 2.1~
T, T Mex 7Ty ( 22)
where
o L%* * i ,= frictional torque on inner gimbal pivot,
5 3 assumed zero,
o L%ﬂe' i, = 1, = torque exerted by inner gimbal torque
5 motor on gear attached to inmer gimbal,
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o Lg’“' i% = Mex = Electromagnetic moment applied to inner

16 gimbal torque motor rotor,
) L%’s' i’ = -1, = Restraining torque exerted on gear
16 attached to motor rotor by the inner
gimbal. :
The gear ratio of the inner and outer gimbal pivot is NG = rz/rl.

It is then known that

N (2.1-23)

It

Tz GTI’

= N8, - (2.1-24)

- mx

where 0 x is the rotation rate of the inner gimbal motor rotor.
Let

4

' =
W, wtw
= 5
w, Wt ow
Q, = Angular rate (constant) of the CMG 2 rotor relative to

its inner gimbal.

Then the components of w, w,, w,>» W + &, w + &’ and u + ! are
given as follows:#

P
wr 1Q
Rlig
P cos a, *+ Q sin d;
wy>} ~-P sin o, + Q cos o,
n R + o, 4
~ . -
wzé + Bz
W, wz; cos B, + w,, sin B,
N:wZ; sin B, + wZ; cos ?5‘5

* The arrow symbol, -, is used to denote a correspondence between
a vector or dyadic and its components relative to some coordi-
nate system.
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2%
w+ w® > o +Q
W,
4
P cos az + Q sin aj
w + w'® > |-P sin a, +Q cos o .
R + N_o .
o G 2 da ]
— -
' -
wzx + NGB2
w+ w®Hw ' cos B +w ' sin B
- = 2y 2 22 2
~w ' sin B + w ' cos B
2y 2 2% 2]

where [ ]. denotes the components of a vector relative to the
coordinate” system fixed in the jth part, as previously defined
(j=B means body system). Let inertia dyads [[*, [[®, []®, [*, and
[I'¢ have components as follows:

c, 0 0]
0% - 0 A 0
a
0 0 B,
B - A
. -
cy 0 0
5
0 - 0 A 0
0 0 B
B s
E 0 0]
g
e - 0 A 0
g
0 0 B
&l s
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[0 0 0 ]
[]15—> 0 0 0
0 0 onr
- 4
3 0 0]
mry A
0%+ 1o 0 0
] 0 0 0 5
A Then
-~ ] 7
1 1
(Cb+Bg)(w2x + B2) + er(wzx + NGBz)
* k3 i.d d
5 6 16 -
h”> + b + h*” > 3% (Ab+Ag)wzy + QzAg
(Bg + Bg)w2z ;
L -
(2.1-25)

Thus, from Equations (2.1-22, 23, 25),

; ] s g * 6 * 16 . . - . ' . ' .
) (h% + h® + h'®) - i (cb+Bg)(w2x + Bz) + er(w2X+NG62)+
(Bb+Bg - Ab—Ag) wzywzz - (QZAg) w,,
= Mpy + (M-, | (2.1-26)

This equation can be solved for 52 if T, can be eliminated.
Equation (2.1-21) can be used to do so: :

d
7 'y 16 = 3 . — 16 ° 16
i, *h i -qe 0 (w + @]
= . ' n +—3 —
er (wzx + NGBZ) Mex T1
Thus
_ . .-
T1 er (wzx + NGBZ) + MeX

From this relation and Equation (2.1-26), it follows that:

2 U |
(Cb + Bg + N J )B + (C + Bg + NGer)wzx

+ B - A - A - H = M 2.1-27
+(Bb . b g)wzywzz 95z 8, ( )
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where:

H
2

M

QzAg, CMG 2 rotor angular momentum

N _ M
e

B2 G s N, times torque produced by the inner gimbal

G

X
torquer.

The scalar equation required to compute o0, can be found
similarly. The procedure is to,add Equations (2.1-17, 18, 19,
20, 21), compute the indicated h terms, eliminate T, and Tz'by
use of Equation (2.1-20), and solve for a,- The result is:

2 2 2 "
[Ba + erNG + (Ab+Ag) sin 82 + (Bb+Bg) cos Bz]az +

2 2 5
[Ba + N er,+ (Ab+Ag) sin® B, + (Bb+Bg) cos 82] R

G
_f>(Ab+Ag - By-B.) sin a, sin 8, cos B, +6(Ab+Aé - B,=B,)
cos a, sin B, cos B, =M~ + I (u,'l+ NGéz)wz;
+(Ab+Ag) sin 82 [cos Bz w2;&2 +‘sin 62 wz;éz
—(R+&2)é~2 cos Bz] - (Bb+Bg) cos 62 [sin Bz m2;&2 -
cos B, wz;éz - (R+&2)é2 sinBz] - H2 cos 82

- - a1 v - ' e
(Aa Ca) W, o wzy + (Bb Cb) wzxwzz sin 82

—(Ab+Ag - Cb—Bg) wzxwzy cos 62 (2.1-28)
where Ma = NM , N, times the torque produced by the inner gim-
2

G ez ¢ bal torquer.

_Equations (2.1-27)"and 2.1-28) can be used to compute éz
and o,. Equations for B, and o, can be obtained from these by
making the following notational changes:

o, > o, P > Q 2x -+ 3y
R 2

B, > B, Q - y » 3z

H2 + H, R ». P 2z » 3x

The resulting equations are:

G

THaway T Mg, (2.1-29)

2 . * - _
(Cb+Bg + N er)83+ (Cb+Bg + NGer)way + (Bb+Bg Ab Ag)wazwax
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2 e 2 2 N
[Ba + erNG + (Ab+Ag) sin Bs+ (Bb+Bg) cos 83]a3

.2 2 .
+[Ba + NGer + (Ab+Ag) sin 83+ (Bb+Bg) cos“B, lp
—Q(Ab+Ag - Bb—Bg) sin o, sin 83 cos 83
[ _ _ . - ' »
+R(Ab+Ag Bb Bg) cos g3 sin B3 cos $4 M063 + er(w3y‘+ NGBZ)w

. t2 : v A
+(Ab+Ag) sin B, [cos B, Wy 0y + sin B, w, By

-(P+3,) B, cos Bs] - (B +B ) cos Balsin B; w,'d, -

Vs R . . _ _ _ ' ]
cos B, w3, B3 (P+a,) B, 51n33] wgy H, cos B, (Aa Ca)w3yw3z
+(Bb—Cb) waywsx sin Ba - (Ab+Ag - Cb—Bg) w3yw3z cos %

(2.1-30)
For the §, , o, equations, make the following substitutions in
Equations (2.1-29) and (2.1-30):
u3_ -> ul P > Q 3x > ly
33 > Bl Q > R 3y » 1z
H -+ H R - P 3z » 1x
3 1

) The resulting equations are:
2 B+ +B_ + » ' + (B +B - A -
(Cb+Bg + NGer) 81 (Cb Bg NGer)wlz ( b Bg Ab Ag)wlxwly

- H. w = M (2.1-31)
171y

B1’
2 in?2 + + 2 c
[Ba+NGJmr + (Ab+Ag)51n Bl (Bb Bg)cos Bl]al

[B_+N,

~R(Ab+Ag - B

L2 2 -
er + (Ab+Ag)51n B, *+ (Bb+Bg)cos 81]Q

b*Bg)Slng@1 51nﬁ1 cosB1 + ,P(Ab+Ag - Bb—Bg)cosa1

i sp = . ' : ! + i
31n8l cosB1 Ma1 + Tmr(mlz + NGBl)wlx + (Ab Ag)51n81 [cosB1

'l R '. -~ o . _ .
w oo + sinB, mlel (Q+a1)B1 cosBl] (Bb+Bg)COSB1[SlnB1

' £ O ' - . L] .
¢ - - + sin - H -
v L0 cosB leB (Q otl)B1 Bl] w cosB1

1 12 1

- 1 1 ‘_ . —- -—
(Aa La)wlzw + (Bb Cb)m1 wly 31n81 (Ab+Ag C

~-B
L% ” g)wlzw cosB

b 1X
(2.1-32)

Equations (2.1-27, 28, 29, 30, 31, 32) are the six equations
which must be solved to determine the motion of the CMGs relative
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to the spacecraft.

2.1.1.1.2 Experiment Package (Telescope) Dynamics

Due to the similarity of the telescope gimbal configuration
with that of CMG 3, equation development for the telescope is
roughly parallel to that followed for the CMGs. The correspon-
dence between elements of the two systems is:

o CMG outer gimbal - Telescope outer gimbal

o CMB inner gimbal - Telescope inner gimbal a

o CMG gyro rotor - Experiment package (telescope) -

There are, however, several important differences:

o Torque motors on the telescope gimbals have gear ratio
one. Inertias of the rotors are assumed to be included
in the gimbal inertias.

o When a flex-pivot gimbal is displacéd through an angle
Y, a restoring torque -Kgy is produced, where Kf is
the flexure spring rate.

o The center of mass of the telescope, 075, is displaced
a distance of &7 along the zq axis from the telescope

hinge point. 1‘)

o The telescope, unlike the gyro rotor, is rigidly
attached to its dinner gimbal.

To describe the motion of the telescope, three coordinate
systems will be used:

o Telescope system, Xps Yos» Zgs 8S previously defined

o The "part 10" coordinate system - x
along Y-

along x

10 B* Y10

o Body system - Xps Ypo» ZB'
The zero position of the telescope gimbals, ¢,;, and ¥Y,, is
defined when the above three coordinate systems are coincident.
Transformation of vector components from the body system to the
"part 10" system can be achieved by multiplying by:

1 0 0
[B210] = 0 cosy, sing
0 —31nq;1 cosxpL

32



Likewise, to transform from part lO system to the telescope
system, multiply by:

cosy, 0 —simp2
[102T] = 0 1 0

sinw 0 cosw ?
The two scalar equations required to define wz and wl,
and thus the motion.of the telescope relative to the spacecraft,
can be obtained from Equation (2.1-3). The basic equations are:

210 d_ . 1 = 710,0 10411 ‘ -
) ho' = 4t i (w+w'® ] LO’ + Ugh (2.1-33)
Al = d u . 1yq7 - 71410 11512 _
. dt iy (o)1 = Lo~ + Ly, (2.1-34)
12 _ 4 rme 12y 1 o 12,11 12 -
hoo = qp 07 (a1 = Lol + 1 (2.1-35)
where external torques on parts 10 and 11 are neglected. It is
assumed that the mass centers of parts 10 and 11 coincide (0 =On),
but that 0 # 0, Thus
Ll 12 o _ql2,11 o wa - &F x Fl21,

=011 =01 ~012 - =

- Since

M2 (R + p'+ §T) = F2 4 pin1

and

M1 (Replh = -ploti_ Fl2sl 4 gl

T

Equation (2.1-35) therefore becomes

a7 re® + 87 x 8T WMy ()] = Lot
1

0

+ L2 4 _QT x (M2 o MIZR1D 4 MIZRIONL),(MIL4M12) (2.1-36)
12 :
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In this equation

T x (MM EP2- M2 FH)/ (M4 M12)

is the moment due to external forces, which is negligible (see
Paragraph 2.1.1.1.4 for further discussion). The net inter-
action force between parts 10 and 11, F¥!! is zero since the
parts do not translate relative to one another. Thus Equations
(2.1-34) and (2.1-36) yield

%T [(Uu_,_ %) + (wta + §_T X‘.S.S.T

since g!'? = y!' . Only the yg component of Uy!? is required for

Ml M2 /(M1 4+ M12)] = Llé,lo (2.1-37) i
11

the motion of the inner gimbal: 1
. 71,10 _ -
dr Lot = My, - Kev,
where M, = electromagnetic moment which drives the inner gimbal
rotor. 2

To obtain a scalar representation for the momenta, let

1 = + 10 R
L W L M)

w, =w+ "
=y
The components of m; and w, are:
P + wl
' + R si
W' > Q cosq)1 51n¢1

-Q sinxp1 + R cosq)1 Lo

-, . -
os - i
Wox © lPz qu 8 n¢2

w, > o, t U,

1 03 1
w sin + w cos
4 X lpz 4z 1pz T

L

Let inertia dyadics Um’ Hu, and ﬂlzhave the following components:
Ag 0 0
e - 0 B 0

(o]
o
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Al 0 0
o 4 |o By 0
K 0 cE )
A, 0 0]
J*® = o B, 0
0 0 Cn|

The term involving QT X éT can be easily accounted for by noting

that:
M2 QT X S.S_T = MIZQT x (w, x §_T)
- m2 (87 . sTE - sTsTy . w,
where
E = unit dyadic
Since QT = GT ET’
1 0 0 W,
T x 3T 5Ty o 1 of |w
hy
0 0 0 L@“?_

Thus it is convenient to define

KT = Ay + (sT)y2 M1lyMi2 ) (MM 4+ MI2)
By = By + (sTyz M1t Ml2 /(M4 M2 )
Equation (2f1—37)’ upon dotting with iT’ bgfom%f:
-AI+KT 0 0 i W, x
[0 1 0] %; 0 B +B, 0 W,y
i 0 0 CI+CT- . W,
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By carrying out the indicated differentiation, one obtains:

(BI+ET)(@2+§ siny  + Q cosy  + @1 w, 1)

(AI+2§T - CI-CT)quwqx = MTZ—wa (2.1-38)

To obtain a corresponding equation for w add Equations
(2.1-33, 34, 36) and dot with lB
i- Soqnl® + B!+ w2 4 8T 8T MM oylz )ity M12y] = ;
=B dt 70,y Oy ~05, -

i . (L100+L1011+L1110) = M - K .
where My = electromagnetic moment which drives the outer gimbal

motor rocor.

By substituting in the indicated inertia dyadics and angular
velocities and carrying out the differentiation, the following
equation is obtained:

Ao(ﬁ+w1) + (CO—BO)wh;wh; + (CI+CT - AI—AT)(R cosy - 4 sinwl—wlmu;)
siny cosy + [(AI+ET) coszlp2 + (CI+CT)sin2w2](§+$1) +

[(CI+CT)w4X51n¢2— (AI+AT)wkZCOSw2]w2+[(CI+CT - BI—BT)wkz cosy, +

T " AI—AT)wkaIszlwuy = MTl - wal (2.1-39)
Equations (2.1-38) and (2.1-39) determine the motion of the
telescope relative to the spacecraft.

(B +B

2.1.1.1.3 Spacecraft Dynamics

The motion of all parts relative to the spacecraft has been
determined. It remains to determine the motion of the spacecraft
relative to imertial space (i.e., to find w). Equation (2.1-16)
is basic to the computation of w. To make use of that equation,
terms of the form

S (0" - @+ wh +ut ot p") (2.1-40)

must be evaluated, for i=0,...,18, in a common coordinate system.
For this purpose, the body system will be used since its axes are

parallel to those of the X system. The required evaluation will
now be carried out.

First, note that for i=0,...,11,13,...,18,
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i *i i

et x ot = ot x @ +wxph = ot x wxh
- " ot E-pteh)
— — - fagn
. . . -
()2 + (P - o0, ~p )P P
I3 I 3 g 'vi ' . .
— |- o}p, (D)2 + (b2 -pipt Q
] 3 e i i .
- PP, ~p, 0 (of + (0,02 |®
S ' ——B " _.B (201"'41)

where p}, p;, and.pg are the components of gi in the body and
X system. Thus p' x pl is a constant dyadic times w for
i=0,...,11,13,...,18., For i=12 special consideration is
required, since gm.is not fixed in the body. Thus

p2x 12 = (@¥+ 8% x @+ 85
= 0™ x (wx 0" + p®x 8T + 6% x M 4+ g? x 8T,
(2.1-42)
Two of these terms can be handled easily:
o 0" x (w=x p) is a constant dyadic times w. It can be

grouped with []? - w.

o 8T X §T was shown in Paragraph 2.1.1.2 to be a constant
dyadic time% w This term can be grouped with

Tz (w+ w'?’

°

The remaining two terms will be treated below.

Based on the above discussion, a constant dyadic ﬂ can be
defined by: v

11 - Y - .
i=0

Let UV have components in the body system given by

I -1 -1
XX Xy Xz
I, »~ |}z I -1
'l Xy vy yz
-Ixa -1 Z IZZ
y B

The elements of UV can be computed from the components of Ho
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and Qi by applying Equations (2.1-41, 43).

Computation of the terms

3 Mm* e w+whHy , i=1...,18,

has already been discussed in Paragraphs 2.1.1.1.1 and 2.1.1.1.2.
There, use was made of part centered coordinate systems due to
the simplicity of ﬂ 1 in such systems. For application to the
problem of determining g, these terms must be computed in ‘the

body system. To illustrate, consider the following: .
S I0% (wre®) + 1% (wre®) + [1° - (wre®) + [ (ute'® :
+ Ulﬁ‘ (Q.+918)] >
— ) . 1 _ _
c w, ! (C.+B Jw 0
a 2x b Tgiox
do 241 A w ! + 142517 | (A +B +] o
dt a 2y b Tgey
B ow ! (B, +B ) J__N_o
i " a 22| 4 N b Q zzJS mr G-ﬂh
erNGBz )
T
+ [425] 0
o s
b. S
where products of body rates with J have been neglected. Per~-

formance of the indicated calculations will yield components of
five of the required 18 terms in the body system. The other 13
terms are computed similarly. Results of the calculations are
found in Paragraph 2.1.2.

All of the elements of Expression (2.1.40) have now been
accounted for except the following two items:

o ol x ol for i=13,...,18

o The derivative of the two unexplained terms of Equation
(2.1-42).

To eliminate the first of these, assume that MY = 0 for i = 13,...,
18 since the motor rotors have very small mass. For the other
terms, it can be shown that
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e
“
2

Lox 87 + 8" x o' aTh g 4 AT
Rl 2| p (2.1-44)
where -
-
10 10 _ 10 _ 10 _ 10 _ 10
2(p, 8, + p,°6.) Py 8, -p, 8 P, 6, p, 6§,
TL _}| _ .10 _ 10 10 10 10 10
A = P, 52 P, 61 Z(pl 61+p3 63) -0, 63 - P, 62
_ 10 _ 10 _ 10 _ 10 10 10
°y 63 P, 61 P, 63 Ps 62 2(91 61 +t e, 62)
L g
10 + ol B 10 4 10, T
_ e, 62 0, 63 61(02 cosy, + Py sinwl)
T2
A =1 _.10 10 10 _ 10 J
P, 62 (p1 61 + e, Gs)coswl o, 62 siny
_ 10 _ 10 10 10
I P, 63 P, 63 cos\b1 + (p1 61+ P, Bz)simp1
. -8

Sy

§,, 6, are the components of QT in the body system, and terms

involving products of rates with sT X pl" have been neglected.

The sum of the 19 expressions of the type (2.1-40), required

for Equation (2.1-16), can now be rewritten as follows:

with

i8 e i 18 1 1 °1 o~ *®
S Ux [ - () + Tt Mgt x gt o+ 2z g1z =
i=0 i=0
d 18 i i 12 12
v Wy ca+ =0 [0 - reh) + [J"% (e+w'®]
i=1
+ ﬁm_%g'[ﬂlo % éT + §T < élo] = EE (2.1-45)

o} ['V computed as previously indicated (it is a constant for
a given set of wehicle characteristics).

A, 0 0

o Epzz %2+ (§T°§TE _ QTQT)ﬁ12+ 0 ET 0
0 0 C

T
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T = 12 T\ 2
o AT = AT + MY (8T)

= _ 12 o152
o BT = BT + M2 (67)

° %f [Qlox éT + QT X élo] defined by Equation (2.1-44)

If the indicated operations of Equation (2.1-45) are carried
out, three scalar equations result. These equations can be put
in the form:

réll 812 %13 1y B5 B4 217 0 %19 aglo algl
a a a 0 a a a a a a a )
12 22 23 2% 26 27 28 29 2,10 2,11 N
a a a a a 0 a a a a a
13 23 33 34 35 37 38 39 3,10 3,11
” B
M +
EX b1
. . . o . e . T
(P Q@ R 1 %y B2 OLz Ba a3 wz 11'1] - MEY + b2
+
Mgz * D3
L - (2.1-46)
where by, by, and b3 consist of all of the terms which involve -
products of angular rates and M Mpy and M are the components )

in the body system of ME definegxby'Equation ?%.1—15). Equations
for ajj and by are given in Paragraph 2.1.2; computation of Mgx

M and M is discussed in Paragraph 2.1.1.1.4. Matrix Equation
(2.1-46) provides the three required equations to compute P, Q,
and R and thus find w.

2.1.1.1.4 External Forces and Torques

In order to complete the definition of equations for compu-
tation of w, the extermal torques, L? and LA? and the extermnal
i

20120
forces, F° and F'?, must be made explicit and ME computed. Exter-

nal torques acting on the LCSE vehicle are due to [7}]:
o Gravitational gradient
o Aerodynamic pressure
o0 Electromagnetic field

o Incident momentum (solar radiation, micrometeorites,
cosmic rays, etec.)

o Astronaut motion (Astronauts should theoretically be

G
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considered as moving '"parts" within the vehicle. A
simplified model has, however, been employed which
idealizes astronaut motion torque as external torque
and neglects changes in the vehicle's inertia due to
the motion.) '

However, at synchronous altitudes, all of these torques except
those induced by astronaut motion, are of small magnitude and low
frequencey and can be neglected. Thus, except for astronaut
induced torques, external torques have been assumed zero for
simulation purposes. Moments of the forces ES and_E12 , as they
appear in Equation (2.1-15), have also been neglected (again
except for astronaut motion) since they‘essentially cancel.

To illustrate the correctness of the above remarks, consider
the torque induced by the gravitational attraction ¢f the earth
(the dominant extermal force acting on the body). The torque
acting on the system, S (all parts except the telescope), due to
a spherical earth is, to the first order in the ratio of maximum
satellite dimensions to orbit radius [9],

S
L” . _3uR s R
G—0 £ - R3 R . ﬂ x 7
where
¥ = Gravitational constant times mass of the earth =

3.986032 x 10'* m?/sec?
HS== Inertia dyadic of S'about mass centroid, O.

Thus,

l LS|< 3 x 4 x 10"

—0

¢ (4 x 107)3 | |
since R £ 42,000, 000 meters and the maximum component of DS is
less than 400,000 kg-m?2. Clearly, the gravitational gradient
torque on the telescope is even smaller. Also appearing in the
definition of ME are the terms:

% o2 x [MIZES - (M-M2) Fl2],

x 4 x10% = 0.75 x 10"2 n-m

For the earth's gravitation

6= = - ==+ - B -3 S R+ 0

I
[
+
o
o
7
- o]
+
=3
N
[ 74
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12 12 s _ _wml2 12y o
P x [M ek (M-M )GE 1=

_ U(M_MIZ)MIZ p12 35.212
MR 3 = %

1
M R2 _I.{.

The magnitude of this torque is less than

4 x 10**x 2 x 1083

= 1072 n-
(4 % 107)3 x 10 x 3 x 10 = 0.325 x 107 n-m.

since (M-M'H)/M <1, M!?= 2000 kg, p'® < 10 meters.

Thus, gravitational gradient effects are negligible at synchronous
altitudes. .

Torques due to astronaut motion, unlike the other external -
torques, can be of appreciable magnitude and frequency. Torques .
from this source are not, however, amenable to analytical develop-
ment and are greatly dependent on the type of crew activities
performed during the laser pointing experiment. Thus, no general
purpose model of astromaut induced torque has been included in
the simulation. Rather, available emperical data [1l] has been
used to simulate torques due to a particular astronaut maneuver
(see Figure 2.1-9). In addition, sinusoidal torques of varying
frequency and amplitude have been applied to the vehicle during
analysis runs to simulate hypothetical extermnal torques.

2.1.1.2 Spacecraft Control

Hardware elements of the spacecraft control system were dis- ‘ )
cussed earlier in this section and shown in Figure 2.1-4. Trans- o
fer functions shown in Figure 2.1-4 which contain the Laplace
operator, s, must be transformed to difference equations using
the Tustin Method (see Paragraph 2.3) to facilitate digital repre-
sentation of the system. Since the method can only be applied to
linear elements, combination of the transfer functions is not
possible in most cases. Table 2.1-1 shows the transfer functions
as grouped and the corresponding difference equation representa-
tion. PFormulas for the difference equation coefficients are to
be found in Table 2.1-2 with nominal values for the control
parameters given in Figure 2.1-4. The remaining elements of the
spacecraft control system of Figure 2.1-4 are already suitable
for implementation on the digital computer.

In the simulation solution of the spacecraft control equations
is performed at 100 cycles per second.

2.1.2 Math Flow

Calculations for the Spacecraft System can be categorized
as follows:

1. Calculation of constants for the dynamics and spacecraft
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TABLE 2.1-2

SPACECRAFT CONTROL DIFFERENCE EQUATION COEFFICIENTS

ClOp = TS/(T +2T2) d11= (2T2~TS)/(TS+2T2)
) ClOd = 27, l/(T +27T ) d31 = 4T2/(TS+2T2)
. C1opz = —TSZGlZ/(Z(TS+2T2) dy, = (Tg=27,)/(Tg+2T,)
. clodz = "Tg61,T1/(TgH2Ty)

040 = WTA(ZT +T )/(ZT +T ) d41 = (214—TS)/(2T4+TS)

Chy = Kypa(Tg=2T4)/ (2T, +T)

Cso = WTB(ZT +T )/(21 +Tg )

C51 = Kypp(Tg=273)/ (27,+Tg)

R
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control equations which are a function of
vehicle configuration-dependent data.

2., Evaluation of spacecraft control equations
(find the motor torques which drive the CMG
gimbalsg).

3. Evaluation of CMG dynamics equations (find
the angular acceleratiomns, velocities, and
positions of the CMG gimbals).

4. Evaluation of telescope dynamics equations
(find the angular accelerations, velocities,
and positions of the telescope and its gimbals).

5. Evaluation of spacecraft dynamics equations
(find the angular acceleration and velocity of
the spacecraft), :

Figure 2.1-10 illustrates functionally the calculations
under Category 1. The detailed equations are shown in Table
2.1-3. The quantities computed have been discussed previously
in this section.

Figure 2.1-11 shows functionally the calculations required
for spacecraft control simulation. The corresponding equations
are given in Table 2.1-4,

The CMG, telescope, and spacecraft dynamics calculations
are shown in Figures 2.1-12, 13, 14. The detailed equations
comprising the math models appear in Tables 2.1-5, 6, 7. The
notation employed in the math model requires some explanation.

Equations 2.1-27, 28, 29, 30, 31, 32, 38, 39, 46 provide
the eleven differential equations which must be solved to find
Bi»> G35 ¥,» ¥;s P, Q, and R. To obtain these quantities in
the digital simulation, the accelerations Bi’ 0y wz, wl, P, Q,
and R are computed for each time step, and then the required
angular rates and positions are obtained by dintegration. . Thus,
the eleven fundamental differential equations are rewritten in
the form#*:

*Note that the matrix structure reflects symmetry in the equations
of motion wherever applicable.
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T a a a a a a : 0 a ] -é-w
ay 12 13 14 15 16 17 a9 A1 1511
9
ay, 252 2,3 0 85 26 29 38 359 3100 1 Q
a a a a a 0 a a a a a R
13 23 33 ET 35 37 38 39 3510 3,11 .
a,, 0 a,, a,, 4] 0 Q 0 Q 0 Q 81
) a. a,. a,, 0 ac, 0 0 0 0 0 0 al
. a. a,, 0 0 Q a,, 0 0 Q Q Q B2
. a., a,, a,, Q 0 Q f77 0 0 0 0 O,
0 a,, a,, 0 Q 0 Q a,, Q 0 Q B4
a,, a,4 I 0 0 0 0 V) - Q 0 Oy
0 31,2 19,3 U 0 0 0 0 0 9,10 0 /P
31151 152 2,3 0 0 0 0 Q 0 Q 81,1 3]
r — -
= [by#My,, b,+M g, by+M.,, B, B, B, B, B, B, B , B 1] |
' (2.1-46)
) where
B'-D = b“+MBI
B5 = b5+Mm1
B, = b6+M82
B = b +M
7 7 0Oy
B = b +M
8 8 .Ba
B = b +M
9 9 o3
Bl = PyptMp, ~Keb
= b + -
Bn El MT1 wal

with b; representing the cross-coupling torques. The accélera—
tions can be obtained by inversion of the 11 by 11 matrix, A.

To reduce computational requirements, an alternate solution
approach, which provides the required accuracy, has been adopted.
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Note that the last eight rows of the matrix in, .Equation (2.1-46)

lead to eguations which can be solved for B.,

of P

This process is carried out for each

B

1!

“i

B, 0,

in terms

Q, R. For example,
B, = (B,-a  P-a Q)/a
0, = a,, Q—allgR)/an’ ~-P (2.1-47)

0(.1,

.

B

2? o

2

L]

5

3

3

&

3

b

7

2

3

ipl

-

of the eight accelerations

The results are substituted

into the first three equations derived from Equation (2.1-46).
This yields three equations of which the following is one:

~a 2/a -a 2?2/a -a 2/a ~a 2[/a -a 2[a -a )P
(a11 a 14/ by 15/ 55 15/ ny 17/ 77 19/ 99 111
+ (a ~a a [a -a a [/a -a a [a =-a a [a
12 15 25 55 16 26  uh 17 27 77 29 19 39
- a a /a -a a /a Y + (a -a a /a
110 102 10,10 111 11 2 111 13 14 34 Ly
’ ) > ¥ ) ]
- a a [/a -a a [a -a a [a -a a a
13 35 55 37 17 77 19 39 99 1,10 10,3 10,10

- a a /a YR = M +b [Ba /a +B a /[a
1,10 11,3 11,1 EX ¥ 14 44 5 15 55

+3 a J/a +gpa Ja 4+ a J[a +B a /a +B a /a
6 16 B 7 17 77 9 19 99 100 1,10 10,10 11 411

The three equations so derived can be rewritten as

a' a' a' P rB

11 12 13 1

a' a' a' Q B

21 22 23 b 2

a' a' a' R B (2.1-48)

| 31 32 33| | | 3 ]

. The method of solution of the dynamics equations involves
the following steps:

1. Solve Equation (2.1-48) for P, Q, R, by inverting the
3 x 3 Matrix A'.

2, Substitute values of ﬁ Q, ﬁ, obtained in Step 1 into
equations of the type (2 1-47) to obtain values for Bi’
ai’ wz’ Wl-

3. 1Integrate the angular accelerations from Steps 1 and 2

Dynamics

to obtain the necessary velocities and positions.

equations for the CMG, telescope,

solved at 100 cycles per second.
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CALCULATE VEHICLE CONFIGURATION
DEPENDENT CONSTANTS

\

. COMPUTE COMPONENTS OF SYSTEM
INERTIA DYADIC, [],,

COMPUTE INERTIAS FOR
TELESCOPE EQUATIONS

S’

COMPUTE INERTIAS FOR SPACECRAFT
EQUAT IONS

COMPUTE INERTIA FOR CMG
EQUATIONS

COMPUTE DIFFERENCE EQUATION

COEFFICIENTS FOR SPACECRAFT
CONTROL

END

FIGURE 2.1-10 SPACECRAFT SYSTEM INITIALIZATION MATH FLOW
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TABLE 2.1-3

SPACECRAFT SYSTEM INITIALIZATION - DETAILED EQUATIONS

Compute Components of System Inertia Dyadic, [%

11 i i i
Lex = Tax ¥ L0 LD D IHE 103D 47D 7]
1=
I SES LI ot iy iy2 12 10y 2 10y 2
vy Yy o oqo0 MTICe) T (e ) TIHHT L0 ) () %] -
I =1 '+ 121 i is2 iy2 127,00y2, ¢ 102
zz zz ig2o M [(pl),+(pz) 1+M [(pl) +(pz) 1
- ' i id 12 10,10
Ixy Ixy + iéo M P,P, + M P, pz
- y 1 i i i 12,1010
ez = Ixz 7 iEO Mp,p, + M "p, "p,
- ' un idi i 12 10,10
Iyz Iyz t iEO Mip,p; H P Py

Compute Inertias for Telescope Equation

AT = AT + (GT)ZMH MIZ/(MH +M12) w)
ET = BT + ((ST) 2M1r M12 /(Mll +M12)
a10,10= BT + BI

Compute Inertias for Spacecraft Equations

M2 (gT)2

il
i
+

AT T
- ~ T
B, = By +H* (697

Compute Inertia for CMG Equations

a =3B + C 2
by g b T NGer

Compute Difference Equation Coefficients for Spacecraft Control

See Table 2.1-2 for equations.

(“\\,: i
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SPACECRAFT
CONTROL
COMPUTATIONS

y . COMPUTE CMG

GIMBAL RATE
. COMPUTE AND LIMIT '~ ERRORS
) POSITION ERROR
TORQUE COMMANDS |
. l , COMPUTE ACTUAL

MOTOR TORQUES
COMPUTE RATE '

DAMPING TORQUE

COMMANDS

T '

COMPUTE & LIMIT
CONTROL TORQUE
COMMANDS

o COMPUTE CONTROL
MOMENTUM
COMMANDS

COMPUTE ACTUAL
MOMENTUM
AND MOMENTUM
ERROR COMMANDS

COMPUTE DESIRED
CMG GIMBAL
RATES

FIGURE 2.1-11 SPACECRAFT CONTROL MATH FLOW
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TABLE 2.1-4

SPACECRAFT CONTROL SYSTEM - DETAILED MATH FLOW

Compute and Limit Position Error Torque Commands

T;p(nTS) = Clop[wl(nTs) + Wl((n"l)TS)] +dyy T;P((n~l)TS)

T, (aT) = sgnlt) (aT )] min{]T;p(nTS)l, CMGPLM} :
T;p(nTS) = clopth(nTs) + wé((n“l)Ts)] +dyy T;p((n—l)TS) i
Typ(nTs) = sgn[T;p(nTS)] min{lT;p(nTS)I, CMGPLM}

il

T;p(nTS) ClOpZ[R(nTS) + ZR((n—l)TS) + R((n—Z)TS)] +

d31 T;p((n—l)Ts) + d32 T;p((n—Z)Ts)

sz(nTS) sgn[T;p(nTs)] min{lT;p(nTS)l, CMGPLM}

Compute Rate Damping Torque Commands

Tog(Tg) = Cygglyy (aT) = ¥y ((e-1)T )] + dyy 7 ,((0-1)T )
T (1) = G0 T, (AT < U, ((mDT)T + dyy T ((eD)T)

Tzd(nTS) = ClOdz[R(nTS) + R((n-l)TS)] + dll Tzd((n—l)TS)
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TABLE 2.1-4

SPACECRAFT CONTROL SYSTEM - DETAILED MATH FLOW (CONT.)

Compute and Limit Control Torque Commands

T;(nTS) =1 P(nTS) + o1 4(nT)
1, (aT ) = sgnlt!(nT))] min{t!(aT)), CMGCLM}
: T;(HTS) = T p(nTS) + Tyd(nTS)
) t,(aT,) = sgalry (nT)] min{t)(nT,), CHGCLM}
1,(aT ) = sz(nTS) + 1, 4(aT)
t,(aT_) = sgalt (nT )] min{r!(aT ), CMGCLM}

Compute Control Momentum Commands

(T ) = H o ((n-1)T ) -Tg/2[t (aT ) + 7 ((a-1)T )]
b
- Hopo(nTg) = Hope((a-1)T) ~Tg/2[1 (aT) + 1 ((a-1)T )]
c(nT) = H o ((a-1)T)) =Tg/2[1 (nT)) + T ((n-1)T )]

Compute Actual Momentum and Momentum Error Commands

A(nTS) = chos Blcos al - Hzcos 8251n o, + H3sin 83

A(nTS) = Hlsin Bl + Hzcos Bzcos o, - H3cosB3 sina,
A(nTS) = -chos 8151n oy + stin 62 + H3cos B3cos o4
HExB(nTs) - HxBC(nTs) - HxBA(nTs)

E B(nT ) = HyBC(nTs) - HyBA(nTS)

HEZB(nTs) = HzBC(nTs) - HzBA(nTs)
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TABLE 2.1-4

SPACECRAFT CONTROL SYSTEM ~ DETAILED MATH FLOW (CONT.)D

Compute and Limit Desired CMG Gimbal Rates

a'l(nTs) = KSL!— sin al Ex B(nT ) - cos o B(nTS)] )
o 2(nTS) = KSL[ cos az Ex B(nT ) - sin o, B(nTS)] :
a's(nTS) = KSL[— cos a3 HEyB(nTs) - sin 04 HEZB(nTS)] )
Bél(nTs) = KSL[— cos ay sin Bl HExB(nTs) + cos Bl HEyB(nTs)
+ sin Bl,Sin oy HEZB(nTS)]
ééz(nTS) = SL[Sln B, sin o, HEXB(nTS) - cos a, sin 8, H Ey p(nT.)
+ cos 62 HEZB(nTS)] MU
éé3(nTs) = Kg lcos B Exp (0T,) t+ sin 83 sin O, HEyB(nTS) -
-cos O, sin 83 HEZB(nTS)]
aci(nTs) = sgn[&;i(nTs)] min {4.55,|57.3 &éi(nTs)l}
i=1,2,3
B, (nT) = sgnlBl,(aT )] min {4.55,[57.3 B! (aT )|}
Compute CMG Gimbal Rate Errors
G g (1) = @ (AT) = Goyoy o (nT)
i=1,2,3
Bei(mTg) = B s (0T ) = Gppgy éi(nTs)
™
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TABLE 2.1-4

SPACECRAFT CONTROL SYSTEM - DETAILED MATH FLOW (CONT.)

Compute Actual Motor Torques

Tay (PTs? = Cho Ogg (AT) + G4y 0 ((a-D)T ) + dyy Ty, (=T

Ty (at ) = Cyq B (BT + Cgy ééi((n—l)Ts) + dyy Tyg ((-D1T)

€
M&i(nTs) = TMai(nTs).+ G .. Bi ((a-1)T )
> 1=1,2,3
Méi(nis) = TMBi(nTS) - GCC ai ((n—l)Ts)

— 1 : 1
Mai = GCMGB sgn[Mui(nTS)] m1n‘{0.34, lMai(nTS)l}

. = GCMG3 sgn[MB;(nTs)] miq {0.34, IMéi(nTS)]}

il
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EVALUATE
CMG
DYNAMICS,

COMPUTE ESTIMATED ANGULAR VELOCITY

RELATIVE TO INERTIAL SPACE OF EACH
CMG OUTER AND INNER GIMBAL

Y

COMPUTE INERTIAS FOR CMG
QUTER AND INNER GIMBAL
ACCELERATION EQUATIONS

l

COMPUTE CROSS-COUPLING TORQUES
ACTING ALONG EACH OUTER AND .
INNER GIMBAL AXIS 5

l

COMPUTE CMG OUTER AND INNER
GIMBAL ANGLE ACCELERATIONS,
VELOCITIES, AND POSITIONS

END \\

FIGURE 2.1-12 CMG DYNAMICS MATH FLOW o
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EVALUATE TELESCOPE
~ DYNAMIGCS

« COMPUTE ESTIMATED ANGULAR VELOCITY
RELATIVE TO INERTIAL SPACE OF TELE~-
- SCOPE OUTER GIMBAL AND TELESCOPE

L 4

COMPUTE INERTIAS FOR TELESCOPE OUTER
AND INNER GIMBAL ACCELERATION EQUA-
TIONS

A

COMPUTE CROSS-COUPLING TORQUES ACTING
ALONG TELESCOPE OUTER AND INNER GIMBAL
AXES

™

COMPUTE TELESCOPE OUTER AND INNER
GIMBAL ANGLE ACCELERATIONS, VELOCITIES
AND POSITIONS

END

fj FIGURE 2.1-13 EXPERIMENT PACKAGE (TELESCOPE) DYNAMICS MATH FLOW
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(:FVALUATE SPACECRAFT
DYNAMICS ,

COMPUTE COMPONENTS IN BODY -
SYSTEM OF INERTIA DYADIC .
OF CMG 1

COMPUTE COMPONENTS IN BODY
SYSTEM OF INERTIA DYADIC

OF CMG 2
v

COMPUTE COMPONENTS IN BODY.
SYSTEM OF INERTIA DYADIC
OF CMG 3

v

COMPUTE COMPONENTS IN BODY |
SYSTEM OF INERTIA DYADIC OF .
EXPERIMENT PACKAGE )

¥

COMPUTE COMPONENTS IN BODY
SYSTEM OF GENERALIZED INERTIA .
DYADIC OF SPACECRAFT PLUS ALL PARTS

v

COMPUTE INERTIAS FOR INERTIAL
REACTION TORQUE OF EXPERIMENT
PACKAGE ON SPACECRAFT

~

FIGURE 2.1-14 SPACECRAFT DYNAMICS MATH FLOW
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COMPUTE INERTIAS FOR INERTIAL REACTION
TORQUE OF EACH CMG ROTOR PLUS GIMBALS ON
SPACECRAFT

) COMPUTE CROSS-COUPLING TORQUES
® ACTING ON SPACECRAFT DUE TO CMGS
AND EXPERIMENT PACKAGE

COMPUTE SUM OF CROSS-COUPLING TORQUE
ON SPACECRAFT DUE TO SPACECRAFT, CMGS,

EXPERIMENT PACKAGE, AND CMG TORQUE MOTOR
ROTORS

\

COMPUTE COMPONENTS IN BODY SYSTEM OF
GENERALIZED INERTIA DYADIC OF SPACE-
CRAFT RESULTING FROM ELIMINATION OF
Y CMG AND EXPERIMENT PACKAGE ANGULAR
- ACCELERATIONS

Y

COMPUTE EXTERNAL TORQUES ACTING ON
SPACECRAFT DUE TO MOTION OF TELES-
COPE MASS CENTROID AND ASTRONAUT
MOT ION

COMPUTE NET TORQUE ON SPACECRAFT DUE
TO EXTERNAL FORCE, PRODUCTS OF ANGULAR
-RATES, AND INTERACTION WITH PARTS

~f;} FIGURE 2.1-14 (CONT.) SPACECRAFT DYNAMICS MATH FLOW
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COMPUTE INVERSE OF SPACECRAFT
GENERALIZED INERTIA DYADIC MATRIX

Y

COMPUTE ANGULAR ACCELERATION AND
ANGULAR VELOCITY OF SPACECRAFT

END

FIGURE 2.1-14% (CONT.) SPACECRAFT DYNAMICS MATH FLOW
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TABLE 2.1-5 CMG DYNAMICS - DETAILED MATH FLOW

COMPUTE ESTIMATED ANGULAR VELCCITY RELATIVE TO INERTIAL SPACE
OF EACH CMG OUTER AND INNER GIMBAL

- - :
wlx Pcosa1 R31na1
- | +.
= o
. wly Q 1
w ' = Psina + Rcosq
. 12 1 1
- ‘ )
w = Pcosg_ + Qsing
2xX 2 2
‘__ »
) = ~Psing + Qcosqg
2y 2 Q 2
U= R + o
wzz az
''= P 4 g
Wex — Oy
T
w = Qcosg <+ Rsing
3y Q 3 3
| B .
Wy, QSLnu3 + Rcosa3
” W = W ' cosB + W ' ginB
) 1x 1x ©9%% ly 1
t . 1
= - sin cos
1y Wy x Bl + wly Bl
w = '+ 8
12 12 1
- 1
W, x wzx B2
1 1 .
= cos + sin
m2y w y B2 Wy Bz
= - i : '
wZz W, 51n82 + w, cosB2
1 1 s
= - W in
Wy W, cosB3 s 63
' L ]
= +
wSy w3y 83
1 .
= in + W s
waz wax 8 Bs 3z ©° Bs
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TABLE 2.1~5 (CONTINUED)

COMPUTE INERTIAS FOR CMG OUTER AND INNER GIMBAL ACCELERATION.

EQUATIONS
a = (Ag+a) sin?g, + (By+B,) cos®8, + B_+N.J
337 = (Ab+Ag) sinzﬁ-2 + (Bb+Bg) c_:oszﬁ2 + Ba+NGer i
3;9 = -(Ab+Ag) sinZB3 + (Bb+Bg) coszB3 + Ba+NGer j
a . = (cb+BngGer) sino, ' » | -
a = (cb+Bg+NGer)’cosoc1
a15 = (Ab+Ag - Bb—Bg) cos0, sinB1 cosB,
a35 = —(Ab+Ag - Bb—Bg) sinoL1 sinB1 cosB1
a16 = (Bg+cb+NGer) cosoa,
a = (Bg+Cb+NGer) ginuz ':D
a17 = —(Ag+Ab - Bg—Bb) sina, sin82 cosBé
a_ = (Ag+Ab - Bg—Bb) cosa, sinB, cosB,
a28 = (Bg+cb+NGer) coso,
a38‘= (Bg+Cb+NGer) sihoc3
a29 = —(Ag+Ab - Bg—Bb) siﬁoc3 sinBsycosB3
a39 = (Ag+Ab _ Bg_Bb) gosag sinB3 cosB3
a, = a,g.*+ NGer (NG—l)‘
a77 = a37+ NGer (NG—l)
a, = &yt NI (Ng-1)

o
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TABLE 2.1-5 (CONTINUED)

COMPUTE CROSS-COUPLING TORQUES ACTING ALONG EACH OUTER AND INNER
GIMBAL AX1IS

= - X t ; - B -
Bu M61 ’(Bg+cb+NGer)a1 wlx + [(Ag+Ab Bg Bb)wxx + Hl]mly
- - ) - ! f' ‘ v 3 t
. Bs Mai +(Ca Aa)wlx wlz +(w1z+NGBJ)w1x er
. . ' - . -
. +(Ab+Ag).(oz1wlz sinB1 cosB1 Bl wly sinB1 wlx wlz cosBl)

_‘. " '
+(Bg+Bb) ( oW, sinB1 cosB1 + W, o Bl cosBl)

+(Bb-Cb) mlywlz sin 81 +[(Bg+cb)w1x - H1]w1z cosB1
= ‘ — . ' — p—

B6 MBz (Bg+Cb+NGer)u2 wzy + [(Ag+Ab Bg Bb)wzy'+Hz]wzz
=' - ' ' Y '

B, Mm2 +(ca Aa) W, . wzy + (Ab+Ag) (oc2 w,. sin 82 cos 82

-p i - + :
Bz w,, sin 82 wzy wzx cosBz) + (Bg Bb) (waB2 cos Bz

i R
i

—— : ' - ‘
u2 wzx sin BzcosBZ) + (Bb Cb) wzz wzx sin Bz

— | + B [ ]
+[(Bg+cb) wzy H2] wzx cos Bz+ (wzx NG 82) wzy ot

= - - ' - -
B8 = MBa (Bg+Cb+NGer)a3waz + [(Ag+Ab Bg Bb)waz + Hs]w3x
= - ' ' : '
B, = Mua + (Ca Aa) W, way + (Ag+Ab) (a3 wsy sin_B3 cos 83
i . - \ 1 A '
Ba Wix éln Ba wszway cos Bs) + (w3y+NG83)m3z mr

- , 1 1 V ‘ 3
+(Bg+Bb),( o, wsy sin 83 cos 83 + waz'Ba cosBs)

+(Bb—Cb) wwaay sin Ba + [(Bg+cb) wsz - H3] wsy cos 83
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TABLE 2.1~5 (CONTINUED)

COMPUTE CMG OUTER AND ' INNER GIMBAL ANGLE ACCELERATIONS, VELOCITIES,'
AND ‘POSITIONS

é1(nTs) = (Bu'alué - a3uﬁ)/a““
al(nTS) = (Bs—alsé - azsé - assl.l)/a55 i
éz(nTs) = (Bs'a1sé - azsé)/auu
qz(nTS) = (37—a17§ - ""27(2 - a3713‘)/377
Bs(nT ) = (Be’azaé - azgR)/ay,
G3(nTg) = (Bg-ajgP - ap3Q - a3 R)/agg
-
B.(aT ) = B, ((n-1)T)) T
; (nT = n- + : . dt
i s i s (n-1)Tyg i
. . nTS o i
o.(nT. ) = a,((n-1)T,) + [ o, dt )
i s i s (n-1)Tg i “»)
& i=1,2,3
' nTg o
B,(nTg) = B, ((n-1)Ty) + S g, dt
(n-1)Tg *
( ) nTs .
o, (nT = a,((n-1)T.) + J o, dt
s . ° (n-1)Tg =+
J
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TABLE 2.1-6 TELESCOPE DYNAMICS - DETAILED
MATH FLOW ‘

Compute Estimated Angular Velocity Relativye to Inertial Space of
Telescope Quter Gimbal and Telescope

m“‘{=P+1lJ1
wq; =chos¢1 + Rsinl])1
u; = -—Qsim})1 + Rcoslp1
W, o = w“; cosy, - wu; siny,
w“y = wk; + Wé
w,, = wu; sinw2 + wu; cosu)2

Compute Inertias for Telescope Outer and Inner Gimbal Accelera-

tion Equations

a2 = (ET + BI) cos wl

2, = (ﬁT + BI) sin‘lll1

a,,, = &g+ A) cos? § + (Cp+ Cp) sin® ¢, + A
a;; , = (KT + AI - CT - CI) sin wl sin wz cos wz |
a,; 4 = (CT + CI - KT - AI) cos wl sin wz cos wz

Compute Cross—Coupling Torques Aéting Along Telescope Outer and

Inner Gimbal Axes

'+ (RT + AI - C.. - C.) w w ]

blO = [(BT + BI) lpl wuz T I 42z 1574

- _ t v _ _ S '
b11 {(Co Bo) waz wuy (CT + CI AT Al)wl muy
sin ¥, cos Y, + [(CT5+ CI) w, sin wz -
(AT + AI) qu cos wz]wz + [(CT + CI - ﬁT ---’BI)ool*z cos wz

+(BT + BI - AT - AI)m“x sin ¢21w9y}
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TABLE 2.1-6 (CONTINUED)

Compute Telescope Outer and Inner Gimbal Angles Accelerations,
Velocities and Positions

Y, (kT,) = [-alhzq—aloén - Ky, + MT2 + biglalmlo ]
¥y (kTg) = =P + [—allﬂQ—alhsk - Ky, + MT1 + bn]/an,1 .
. . kKIp
U, (kT =, ((k-1)Ty) + (k_{)TT b,de )
. . kTp
Yy (kTp) = ((k-1)Tp) + /7y at
(k-1) Ty
| KTy
Y, (kT) = ¥, ((k-1)T.) + ST, de
2 0T 2 T (k-1)T, 2
k§T .
(kTg) = ¢, ((k-1)Tg) + Y. dt
wl T w1 T (k-1)Tp 1
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TABLE 2.1-7 SPACECRAFT DYNAMICS -~ DETAILED
MATH FLOW

Compute Components in Body System of Inertia Dyad of CMG 1

AAl11 = [(Ag+Ab>C03251 + (Bg+Bb)si.n2§J + Aa]coszdl + (Bg+Cb+Ca)sin2a1
; AAl12 = (Ag+Ab - Bg-—Bb)sinB1 cosB, cosd1
i AAl13 = —[(Ag+Ab)c05231 + (Bg+Bb)Sin251 + Aa—-Ca - Bg-Cb]sinoc1 coso,
AAl,, = (Ag+Ab)sin261 + (Bg+Bb)co,s,2§1 + B
AAl23 = —(Ag+Ab - Bg—3b)sina1 sinB1 cosS1
AA1 =

2 .2 2 2
23 [(Ag+Ab)cos B1 + (Bg+Bb)51n B,1sin a, + (Bg+Cb)cos o,

+ A sin®o. + C cos?q,
a 1 a 1

Compute Components in Body System of Inertia Dyad of CMG 2

- 2 . 2 . 2 2
AA211 [(Ag+Ab)cos 82 + (Bg+Bb)31n 82]51n o, + (Bg+Cb)cos o,

+ A sin? + C cos?
a a, a o,

== - 2 i 2 - - - ‘
AA2 | [(Ag+Ab)cos B, + (Bg+Bb)51n B, Bg €, + A -C lsina, cosa,
AA213 = —(Ag+Ab - Bg—Bb)SinBZ COSBZ Slnaz

- 2 . 2 2 2
AA2 [(Ag+Ab);os B, * (B +B )sin®g,Jeos®a, + (B +C)sin®a,

+ A cos?a, + C_ sin?q

a 72 a 2

AA223 = (Ag+Ab - Bg—Bb)51nB2 cosB, cosa,
AA2 =

. 2 2
23 (Ag+Ab)51n Bz + (Bg+Bb)cos Bz + Ba

67



TABLE 2.1-7 (CONTINUED)

Compute Components in Body System of Inertia Dyad of CMG 3

AA3 = (Ag+Ab)sin283 + (Bg+Bb)_co'sZB3 + B,

AA3,, = —(Ag+Ab - Bg—Bb)sina3 sinB, cbsB3

AB3y; = (A +Ay = B -By)cos o, sinB, cosB, :
AA3,, = [(Ag+Ab)COSZB3 + (Bg+Bb)sinzB3]sin2u3 + (Bg+Cb)coszu3

2 + C cos?q -
,+Aa 8in %y a 3

4AA323= —[(Ag+Ab)c03253 + (Bg+Bb)siné§3 - Bg—C +Aa—Ca]sina3 coso,

b

‘= 2 ) 2 N 2 . 2
AA3,, [(Ag+Ab)cos 8, + (Bg+Bb)sin 8,lcos o, + (Bg+Cb)31n a,

+ A cos?0 + C sin?a
a 3 a 3

Compute Components in Body System of Inertia Dyad of Experiment
Package ‘ ' wd

AAL, = AO+(KT+AI)cos2¢2 + (cT+cI)sin2¢2

AMG = (B AL - Co=C )sinp, siny, cosy,
AAL = (CT+CI —"KT-AI)cosw1 siny, cosy,
AAL,, = B, coszlp1 + C, sinzlp1 + (BT+BI)COSZ¢1 +
[(IT+AI)sih2w2 + (CptCrcos?y,] siny,
AAL,, = [Bb—CO +B'T+BI - (KT+AI)sin2w2 - ('UT+CI)co.szw2]cosw1'sin\p1
AAL = By sin®y, + Co coszwl + (ET+BI)sin2¢1 + [CKT+AI)sin2w2'

' 2 2
+ (CT+CI)cos wz] cos Y,

S
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TABLE 2.1-7 (CONTINUED)

Compute Components in Body System of Generalized Inertia Dyad of
Spacecraft Plus All Parts

ay, = I__ + AAL, + AA2, + AA3, + AAL, + 2(8,07 + 8 p)H"?

a, = I+ AAL L+ AA2 .+ AA3 AL - (8 p)° ¥ § o))"
) a,, = -I_, + AAL . + AA2  + AA3 _ + AAL . - (éap? + 61p2°)ﬁ‘2
. a, = I, +AAlL,, + AA2, 4+ AA3,, + AA4, + 2(8 p)° + 6 p}°)W'?
) a,, = -Lg, 4 AAL .+ AA2, .+ AA3, + AL, - (8 00 + 5,000 ) #"

a,, =TI, + AAL .+ AA2Z__ + AA3 .+ AM4__ + 2(8 p° + 8 o)) W™

Compute Inertias for Inertial Reaction Torque of Experiment Package
on Spacecraft

= - 10 10 = 12
a1, 51(p2c05w1+-p351n¢1)ﬁ
- 10 10 _ 10 12 —
2, 1 +[(Glp1 + Sapa)cosw1 ézpa sinwllﬁ + (BT+BI)C°Sw1
i = - 10 - 10 104 . s 12
) a3 19 (,e, cosy (6101 +62p2)51nw1]ﬁ + (‘B'T+Bl)sin¢1

[

10 1045512 - 2 2,
a; +(5202 + Sapa)m + AO + (AT+AI)cos wz + (CT+CI)sin wz

?

_ 10 12 -
4 n 6201 b + (KT+AI CT

, —CI)sinw1 31n¢2 cosx[)2
-8 plM'? + (c +C. - K - i
Gspl ( r+Cy XT AI)coslp1 31n¢2 cosl[)2

fi

a
3,11

Compute Inertias for Inertial Reaction Torque of Each CMG Rotor
Plus Gimbals on Spacecraft

The required inertias are aj;,, ajs, 416, @17 A19, @25, Aogs

a a a a , a a a , and a . All were computed

> b E4 » b
27 28 29 3y 35 37 38 39
previously for the CMG dynamics.
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TABLE 2.1-7 (CONTINUED)

Compute Cross—-Coupling Torques Acting on Spacecraft Due to CMGs
and Experiment Package

Define functions F,, F,, F, by:
F,(CA, CB, SA, SB, A, B, C> cy, , X v

2 214 -
[(Ag+Ab)CB + (Bg+3b)SB 1A Dz CA [(Ag+Ab)CyCB +

cC,Dd.,D , D, H) =

F - - B, -B )C sB} C_ cA
(Bg+Bb)CXSB]B CA + {(Bb C )cy CB + [(Ab+Ag Bg) X+H] } .

b b
- A - ~B
+(A_ D_CA - C, D SAA+ [(Ba Ca)Dz CA + (A -B_)D_ SAID/

-(Bg+Cb)A DX SA + [(Ag+Ab - Bg—Bb)CX-}-H]Cy SA

F,(CA, CB, SA, SB, A, B, cx, Cos C,s Dyos Doy D, H)=

-{(Aa—ca)DX DZ + (Bb+Bg - Ab—Ag)A DZ SB CB

+[(A +A.)C SB - + B -
[( g b) v (Bg Bb)CX CB]B + (cb Bb)Cz cy SB

+ [(Ag+Ab - Bg—Cb)CX+H]CB cz}

“

F,(CA, CB, SA, SB, A, B, C_, Cys €5 Dy Dou D, H)=

Ll
+ A +A CB + B +B A - + :

+ + ; -
(B+B,)C, SBIB SA + (B,-C,)C_ C_ CB SA

- [(B +C, - A -A )C_ - A
[( ¢+ Ch . b) < H]Cz SA SB + (Bg+cb)A DX CA
+ - - ——
[(B_+B, Ag A)C H]cy CA}
Then
1 ' . . . !
Al = Fl(COSql, COS@J, Sln(xl, SlnBl, 0L13 51, w]X’ wly, wlZ’
] 1 1
Ll)lx’ wly, Ldlzs Hl)
A; = Fz(Argument same as A;)
A: = F (Argument same as Ai)
3
2 L ] L ]
AT = F- . .
) 3(cosaz, cosBZ, s;nuz, 51n62, a s 62, Wygs W, 00 s “

w, 'y w. 'y w !, H2)
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TABLE 2.1-7 (CONTINUED)

2
Az = F, (Argument same as A
2
A, = Fz(Argument same as Af)
3 ) [3
N A = Fz(cosaa, cosBa, sina,, 31n83, O, Ba’ W, W, way,
- 1 L ] 1 [ y
Wizs Yax wsy’ Ha)
- Az = F,(Argument same as A:)
v 3 _ 3
A, = Fl(Argument same as Al)
oo - ' t - - 9 '
A, = -{(c,-B o, | W,y (Cp+Cy ‘KT A, W,y sinp cosy,
+ [(C+Cw,  siny, - (E +Aw,, cosy, Ty, + [(CptCy —‘§T~BI)
w,, cosy + (3T+BI - KT—AI)whxsinwz]wqy}
o 1 ' 1 - 1 ’
A, = {(BO w, . cosx,b1 + C0 wuy sinwl)w1 + [(AO CO)qu cosx])1
- 1 t HAE |
) + (A, Bo)wuy siny lw o + (§T+B1)w, w o, cosy

+ (KT+AI - CT—CI)whz W

2 M 1 -
+ (CT+CI)cos wz]wl 0,y siny [(CT+CI)w4x cosxp2

wx cosy, + [('KT+AI)sin2 wz

+ (KT+AI)wuz siny ]y siny + [(KT+AI —3T—B1)wqx

cosy, + (CT+CI - gT—BI)wuz 51n¢2]wqy sinwl}

- - ' o _ 1 y PN
A = ﬁBO w, > suub1 C0 muy cosq;l)q)1 + [(A0 Co)mgz simp1

- 1 ' 9 ' s
+ (B, Ao)wuy cosy ] w i + (ETfBI)wl w, . siny,

- - { - 2
+ (KT+AI Cop CI)wuz w, . siny, (K&+Al)sin wz
2 3 '
+ (CT+CI)cos v, 1¥, w“y cosy, + [(CT+CI)w4x cosy,
+-(KT+AI)wqu31n¢2]¢2 cosy + [('ET-!-BI - KT_AI)wux cosy,

+ (§T+BI - CT—CI)wkz sinlpz]uob{y coswl}
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TABLE 2.1-7 (CONTINUED)

Compute Sum of Cross-Coupling Torques on Spacecraft Due to Spacecraft,
CMGs, Experiment Package, and CMG Torque Motor Rotors

4
i
S 2_q2 - -1 P} + T AT+ 3
b, ,{Iyz(R Q°) + (IZZ Iyy)QR + (IxyR sz) } iil . or
. . 1 * [ - * t Y . A4
{@+Na)w, ) = (0, N Jw, clcosa, [Q+(NG+l)a1]mlx sina )
+ [—(R+NG&2)w2; + (w2;+NGé2)w2;]sina2
- : t + . |+N A t -
[R+(NG+1)a2]wzy coso_ (w3y GBa)waZ}
2 52 4 i
b, =={1_ (P*-R®) + (L__-I )PR + (Isz—IxyR)Q} + 151 A, +
1 5 1 ‘ ¢ .
er{(wlz+NG81)wlx [R+(NG+l)qz]w2y 31ng2 +
¢ v t A 1
KR+NGa2)QZX (@2X+NGBZ)wzz]cosa2 +
1 ; v : ' o
[(w3y+NG63)wax (P+NG0L3)w3y]sin0L3
* '
[P+(NG+1)u3]wBz cosaa} B
4 )
= - 2_p2 _ _ i
b, = {Ixy(Q P°) + (Iyy I PQ + (I_.Q IYZP)R} + 151 A, +

er{[(Q+NG&1)w1; + (w1;+NGé1)w1;]sinal -
[Q+ (N +1)a Ju ! cosa  + (w2;+NGé2)w2;
+[(P+NG&3)w3; - (w3;+NGé3)w3;]cosa3
~[P+(Ngtle Ju ! sino }

Compute Components in Body System of Generalized Inertia Dyad of
Spacecraft Resulting from Elimination of CMG and Experiment Package
Angular Accelerations

5 :

a

' 19 2 2 2 2
a = a- 32 - a - a‘ /a - a® [a -(a + a /a
11 11 39 111 15" “ss 17" T 77 ( 14 16) By
. 2;58,5 439819 / / / /
a = a - - - a a fa - a a_la - a a a =-a a a
12 12 ass CEE 16 268 nh 17 27 T 77 110 10,2 1010 “1moai2’ 111
a a a a
1737 39 19
a a. -~ - -a a/a - a a J/a - a a a -a a a
13 13 77 Qg9 1 T3’ Ty 15 35/ 55 1.10 10)3/ 10,10 111 11,3/ 11,1

72



TABLE 2.1-7 (CONTINUED)

a = a' + a a [a + a a J/a - a
21 12 1,010, 2" 10 10 111712 111 211
J 2 / 7 J
azs o 2 2
' 2 2,
- - a - a__- a a
892 8y aeg (325 28 )/auu a27/ 77 29/ 99
- a la - a a a
az,lo 10 12/ 10 10 211 11 2/ 11,1
) ’ ) T2 )
. , A35855 Q57 3394 / /
= - - - a__ a a - a _a a
2s34 2,3 T ayy 28 238 /2y 29 397 %99
: -~a_.a._ Jla - a_ __ a /a
- 2,10710,3" “10 10 21171137 "1
! N a + a a a - a
a3 13 T A5 10810 3/ 10 10 111 %1 3/ i1 311
) / J ! ! ’ f
] 1 .
= a '+ (a a - a a a + (a a - a a )/a
a3 23 ( 2,107 10,3 3,10 10,2)/ 10 10 ( 2117113 1,230 11
iy
1 2 2 2 2
a = a - (a a a - a a - - a a
33 33 ( 34 + 38 )/ By 35 / 55 a.. 39/ 99
77
- a a -
3 1071 3/ 10 19 31191 3/a11 1
/ A /
) .
e Compute External Torques Acting on Spacecraft
M
EX
S 1 S 1
M = LY 4+ 122 = o2y [(M¥PF7 - (M-MDFE
EY -0 —0 M - -
12
" .
EZ

with moments and forces given by empirical astronaut motion data.

Compute Net Torque on Spacecraft Due to External Force, Products
of Angular Rates, and Interaction with Parts

a
= + - B + B 5.
B, Mpx bl {[alhru_r 216 s]/aguv+ Ay Bs

+a_ /a B + 2B +a /a (M

=K +b
17" “77 7 99 9 1,100 10,00 T, £V, 1)

0

+a /a (MT —wa1+bn)}
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TABLE 2.1-7 C(CONTINUED)

a
B, =M. b, ~-{3*> B_+ B+ B 1/a
2 Mgy P {355 5 [azs 6 2 28 a]/ uh
+a _/a B +a [/a B + a /[a M, =K.y +b )
27" 71 7 29 99 9 2,200 130 T, % "n

+aZ ll/all (MTI—de)1+b11) }

= +b ~{{a B + a B a + a J/a B
BS MEZ 3 {[ 3 4 38 a]/ A

L 4 35 55 $

37
+ B_+ a a B + a a M, ~K +b
a7 39 /2, By 3;0/ 10,10( A 10)

+a /a 1(MT - Kf¢1+bn)}

Compute Inverse of Spacecraft Generalized Inertia Dyad Matrix

) 1 1
ay, a, ajgril
- t 1 1
[APINV] = a,, a,, a,,
a' a' a'
31 32 33
Compute Angular Acceleration and Angular Velocity of Spacecraft \Mj
P(nTS) B,
QT (apinv) | B2
R(nT ) B,
nTS .
P(nT ) = P((n-1)T ) + I P dt
s s
(n-1)T
s
nTs .
Q(nT_) = Q((n-1)T_) + I Q dt
s s
(n-1)T
s
nTs .
R(nT_) = R((n-1)T_) + S R dt
s s
(n~1)TS
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OPTICAL SYSTEM MODEL

The laser telescope configuration assumed for the LASIM pro-
gram development is illustrated in Figure 2.2-1. This configura-

tion was taken from Perkin-Elmer Report No. 8631, dated 31 Decem~-
ber 1966.

Of importance to the tracking system simulation is the optics
model used for focusing the received light onto the coarse and

fine sensors shown in Figure 2.2-1, and the characteristics of
the sensors themselves. '

COARSE ACQUISITION

SUBSYSTEM
4-QUADRANT MULTIPLIER COARSE ACQUISITION
PHOTOTUBE FIELD DIVIDER
oL ALIGNMENT CUBE fl;iEl\!ECTROARCi;!NG
TECTOR 2 OF 4
16-INCH 7 CORNER PRISM
APERTURE :
£/15 TELESCOPE FILTER '
|
I ALIGNMENT 4-QUADRANT FINE
I3 SHUTTER GUIDANCE IMAGE
; i DIVIDER
. .
PV IRRY yaw 2-"-
/ [ gl oo i
19 N
/15 'l i I | :
: FOCAL : £/70 FOCAL PLANE
A PLANE
SECONDARY L
MIRROR MOTOR TRANSFER LENS L DICHROIC BEAMSPLITTER
DRIVE AND SERVO DRIVE :
FOLDING
FLAT
PTICAL £/70
WITH S\ODUL ATOR FOCAL RISELY PRISM SUBSY STEM
CENTRAL ; PLANE
APERTURE
He-Ne LASER

TRANSMITTER

FIGURE 2.2-1 LASER TELESCOPE CONFIGURATION

It has been assumed in the equation development representing
telescope optics that lenses L, and L, in Figure 2.2-1 introduce
no aberrations, nor do the teléscope primary and secondary mirrors.
Geometric Optics formulations are used to determine the image
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position in the fine and coarse focal planes from which the
sensor output signals are obtained. The following paragraphs
describe the optics formulations made and the sensor character-
istics used for the LASIM program.

2.2.1 Uplink Beam Input

From a determination of the relative positions of the ground
station and target satellite (discussed in Paragraph 2.7), a
vector is computed in inertial coordinates representing the
line~of-sight from ground to target. No atmospheric refraction
is considered in the calculation of the line-of-sight vector
since once the satellite laser telescope has acquired the beacon,
the refraction may be dignored (except for high frequency dynamic
refraction, discussed in Section 3). ; =

The line-of-sight vector is transformed into the telescope
coordinate frame and normalized prior to the optical calculations.
The normalized line-of-sight vector is designated as L. The
origin of the telescope or [T] frame is, for the optical calcula-
tions, assumed to be located at the center of a lens, equivalent
to the telescope primary and secondary mirror system. Figure
2.2-2 illustrates, in a plane, the geometric equivalent of the
telescope used for the optics calculations.

The angle which the normalized line-of-sight vector, L, makes
with the z,_, axis (telescope longitudinal axis) or 6_in Figure iy
2.2-2, 1is %he quantity used to determine whether or’not the ground NAQ
beacon 1s in the telescope fileld-of~view.

If 1 arc minute <6 < 30 arc minutes, it is known that the
ground beacon will be f8cused onto the coarse system photomulti-
plier tube, assumed to be located at an equivalent £/15 focal
plane. Generation of the coarse sensor output in this case is
described in Paragraph 2.2.2. )

If 8, < 1 arc minute, the image of the ground beacon will be
formed in the f/70 focal plane; and reflected from the "fine guid-
ance image divider" into the fine system photomultiplier tubes as
shown in Figure 2.2-1. The edge widths of the image divider
prisms are small in comparison to the size of the diffraction pat-
tern formed in the £/70 plane. For this reason it is assumed
that the plane is divided into the four symmetric quadrants separ-
ated by knife edge boundaries. It is further assumed that the fine
system detectors are located in the £/70 plane itself, rather than
being removed somewhat as they actually are. The optical calcula-
tions next proceed to a determination of the geometric image loca-

"tion in the f£f/70 focal plane. The y coordinate of the image is
designated as Py on Figure 2.2-2,
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To calculate p_, the vector B in Figure 2,2-2 is first deter-
mined. y -

B=DB_y + B, Z , where y and Z are unit vectors
= y 7 Z 1 1

(2.2-1)

From the geometry in Figure 2.2-2:

B. = |B|] cos A_ = t_ - A_,
y - y y y »
Bz = |§| cos A = 6 cm, where t_ = transfer lens y position
z ‘ coordinate
A = image y position coordinate

y in the £/15 focal plane.

from which

cos A = ( ty—AY) cos A (2.2-2)
y e z
6

The vector B defines the direction of a ray of light from the
image center in the f/15 plane through the center of transfer lens
Ly. The direction of the ray along B is parallel to all rays
between lenses L; and L, since, in this region, the light is col-
limated. A ray in this direction then passes through the center
of lens L,, establishing the focal point in the £/70 plane.

The vector p is a vector from the center of lens L, to the
focal point in the £/70 plane, in the direction of B. The compon-

ents, pyx and Py> of p define the image position in the £/70 plane.
From the geometry of Figure 2,2-2:

Z ; where y3 and Z3 are unit vectors,

Yy "3 z _ 3 i
(2.2-3)

P, = 'R’ cos Az = 28 cm, .
from which

lp] = 28

P cost,
and

_ _ .28 ' A _
py = lp! cos AY (cosll cos Ay. (2.2-4)
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Combining Equations 2.2-2 and 2.2-4:

Py = ( )(t - y)- (2.2-5)

To complete the derivation, A_ must be related to the com-
ponents L. and L_ of the normalized vector L. Again by geometry,
considerng the Yector A which is parallel to L and intersects
the £/15 plane:

. A = |A s 0O 2.2-6
y = Al cos al ( )
where
A ,
‘A{=__Z_ - 609.601 (2.2-7)
- L ,
cos 6 z
L
cos 0 =,— = L s
y |L| y L
from which is obtained: Ay = 609.601(El). (2.2-8)
z

Substituting into Equation 2.2-5 yields,

28
p, = (gty - (-)(609 601)(rl) (2.2-9)

In similar manner, the x coordinate of the image in the f/70
plane, Py, may be obtained as:

(g—)t - ( )(609 601)(——) : (2.2-10)
z

Equations 2.2-9 and 2.2-10 are of fundamental importance in deter-

mining fine tracking system operation. The manner in which the

image position coordinates, p_ and p_, are used to determine the

fine sensor output is shown in Parag%aph 2.2.3.

2.2.2 Coarse Sensor Model

The coarse optics sensor provides on-off signals in the x and
y telescope gimbal control system channels as a function of the
image location in the f£f/15 focal plane. Figure 2.2-3 depicts the
image plane divided into four quadrants with the orientation of
the telescope control axes indicated. The normalized line-of-sight
vector L is shown in the figure to illustrate the manner in which
the coarse sensor is simulated. For the situation shown in Fig-
ure 2.2-3, control signals should be generated by the coarse sen-
sor to allgn the Z_ axis with the L direction; that is, telescope
rotations (¥,and $ ) about the xq “and yT axes should be as shown.
The coarse sensor can be adequately simulated by simply providing
step position error commands (with the proper polarity to align

79
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FIGURE 2.2-3 COARSE SENSOR GEOMETRY

the telescope with L) to the telescope control system. The
appropriate polarity can be determined by testing the sign of
the L components, Ly and Ly. The following table defines the
simulation of the coarse sensor in the program. ‘

TABLE 2.2-1 COARSE SENSOR DEFINITION - Y
L - Image in Quadrant # in wl‘command wz command
y £f/15 focal plane
+ 1 + -
- 2 - _
+ 4 + +

Figure 2.2-4 illustrates the coarse sensor characteristic
which results from the simulation mechanization discussed above.
The abcissa of the curve shown in Figure 2.2-4 represents the
angular misalignment between telescope longitudinal axis and
line~of-sight, about either the x,, or vy, axes. The value af
e in Figure 2.2~4, representing tge output voltage of the photo-
multiplier tube and associated preamplifiers, is determined by

control system position gain requirements and is discussed in
Paragraph 2.4.1.
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. FIGURE 2.2-4% COARSE SENSOR CHARACTERISTIC

2.2.3 Fine Sensor Model

It is recognized that light focused onto the f/70 focal plane
will form an image, or diffraction pattern, rather than a point of
light. To a first approximation, the image will appear as the
classical Airy diffraction pattern. The intensity, for a clear
circular aperture, with the light source being an infinite point
source of quasi monochromatic or coherent 1light, is determined

as:
' 2
. r(e) = (2010 (2.2-11)
J £
where:

f = Kaw

w = sine of the angle of deviation

a = aperture radius

27

K = 3 A= wavelength

[
il

1 first order Bessel function of the first kind

H
1l

intensity at the center of the circularly symmetric
image.

Figure 2.2-5 illustrates the normalized intensity function
versus f.
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FIGURE 2.2-5 INTENSITY IN THE AIRY PATTERN FOR A
CLEAR CIRCULAR APERTURE

In the dynamic tracking situation, the image in the £f/70
plane will not remain centered exactly. The object of the track-
ing system is to maintain centering to an equivalent 0.1 arc sec-
ond or less, which means the center of the image must be kept
within 10-% cm of the center of the plane. Figure 2.2-6 illus-
trates the situation which obtains when the image is off center.

AIRY
ILLUMINATION
PATTERN

—E —» Ep

FIGURE 2.2-6 IMAGE IN THE f/70 FOCAL PLANE

The coordinates specifying the image center p_ and p, are
those derived previously. The quantities E, and E, on Figure
2.2~6 represent the actual light energy falling in the half
planes p, <0, py >0 respectively. It is assumed that the photo-
multiplier tubes collect all light falling in each quadrant of
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the plane and inhomogenieties across photomultiplier light sen-
sitive surfaces are ignored. The input signals from the &
photomultipliers located in each quadrant are combined in such

a way (see Figure 2.3-1, Paragraph 2.3) as to generate a control
signal, e _, which is proportional to the difference in energies
E, and E, shown in Figure 2,2-6. Thus, consideration need not
be given each photomultiplier tube; but only the difference
between energies E, and E, determined. Simulation of the fine
sensor becomes a problem of determining (E,-E,) as a function

of the image coordinates py and p To thgs end, the normalized

- intensity function of Equation 2. g 11 may be integrated over the

- f/70 focal plane, leaving the py coordinate implicit in the pro-
cess, to produce an energy fraction Y which represents the fraction

« of total energy falling in the py > O half plane as a function of

- the p, coordinate. This energy fraction is illustrated in Figure

2.2-7 as curve 1. - The energy Ep is determined as WEg, where Eg
is the total 1light energy incident on the plane.

BOUNDARY POSITION RELATIVE TO Y-AXIS, @ (RADIAN)

-2.44 A -1.22_ A 0 1.22 A 2.44 A

0.9 Efx) 2J| (Vx2+v2) . 4!5'6)” :
T_ / (XZ+Y2).I 2 d)’ dx\/’—-——_'———_—

~
\\
/ 0.7 7
0.62
0.6 —
APPROXIMATE NON-IDEAL CURVE |~
E(L) 0.5 .
u Er

0.4 : 7
| ' ///
0.3 7/
//
0.2

. . i -
" - — _/
-0.0106 -0.0053 0 0.001 0.0053 0.0106

BOUNDARY POSITION RELATIVE TO Y-AXIS, py(cm)

FIGURE 2.2-7 ENERGY FRACTION ON ONE SIDE OF A KNIFE-EDGE
BOUNDARY

83



The output signal from the combined photomultipliers, e,, is
determined as:

e = KQ(EP—EH) = Ko[uET-ET(l—u)] = KOET(Zu—l) (2.2-12)
where Ko = optical system gain,

Relations for the y channel output from the photomultipliers may
be expressed in similar manner.

Curve 2 on Figure 2.2-7 represents an energy fraction curve
which considers the central obscuration of the telescope aperture
and mirror surface anomalies. Curve 2 is approximate; however it
represents a more realistic relation than curve 1 and is used in
the LASIM program. A separate routine is used in the LASIM pro-
gram to compute U versus py-and Py> and with small modification,
any curve desired can be accommodated.

The relation of Equation 2.2-12, along with the curve of 1
versus p, and p,, is used in the LASIM program to simulate the fine
system optical sensor. A nominal value of Ep used in the program
is 10'! photons/second. (Ex is actually expressed in "power" units;
references to "light energy"” in this section imply energy per unit
time, or power.) The o?tical system gain K, in Equation 2.2-12 is
set equal to 7.92 x 10~ 0 volts/photons per second. This value was
derived from information contained in Perkin-Elmer Report No. 8387,
dated 29 April 1966 and assumes an operating current level for the
individual photomultipliers of 25 ya., Figure 2.2-8 illustrates
the elements combined in the optical system gain K.
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FIGURE 2.2-8 OPTICAL SYSTEM GAIN
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2.

2.

4

Downlink Beam

The downlink laser beam originates from the Ne-He laser
shown on Figure 2.2-1 and passes through two Risely prisms which
perferm the beam deflection, or "point ahead" operation, previ-
ously referred to. The Risely prisms are rotated independently
and beam deflection is accomplished in two directions as seen
in Figure 2.2-9. The angle 6, is the amount the beam is deflec-
ted, at the prisms, from the nominal beam direction. The nominal
direction corresponds to the line-of-sight. The angle 6y in Figure
2.2-9 determines the direction in which the beam will be deflected.
In terms of prisms rotation angles 0Op; and Opy shown on Figure
2.2-9, the relations: :

Op B
PO
R 2 (2.2-13)
6__.+6
., P1 P2
Opar = Msin(———) (2.2-14)
M = 10 arc minutes

define the beam deflection angles 08, and Oppi;. Thus the Risely
prisms deflect the downward beam, at the prisms, from the line-of-
sight direction by 10 arc minutes maximum.

The amount which the downlink beam is deflected from the line-
of-sight at the telescope aperature, 06_,,, (as opposed to © which
X , . X PA PAl
is wvalid at the prisms) is given as

PAl , '
0 = . (2.2-15)
‘ PA (Lllﬂl)
L1 = f/15 focal length of telescope = 609.601 cm
21 = focal length of lens L, = 6 cm

The angle g undergoes no change from prism location to telescope

aperture. Then, at the telescope aperture, the downlink beam deflec-
tion angles are:

0 0
ePA = 5.9055 sin(—gig—gg) (arec seconds), (2.2-16)
0 )
GR = (—El%~£2) 2.06 x 15 (arc seconds) (2.2-17)
The prism rotations © and 0p, are forced by the pointing control

system discussed in Paragraph 2.5.
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.3 FINE TRACKING SYSTEM

Definition of the fine tracking system hardware was obtained
from Perkin-Elmer Report No. 8387, dated 29 April 1966. Figure
2.3~1 illustrates the model used for the fine tracking system.
Both the x and y channels of the system are assumed to conform
to Figure 2.3-1. No dynamical coupling between channels 1is con-
sidered.

~ 1 -
! | -
i k7\95 =(e]+e2+e3-le4) R 10 g
E i v " DEMODULATOR]
‘ .
: SEAM . ;‘Z‘\ ex = -(e2+e3—e]-e4L X SERVO g
11]2 i " g
g £/70 \L }2_' eq v , CHANNEL
FOCAL N > [ = ~(ete 6.~ I
PLANE _ IS 32 7¢1%2) v sevo I
: s B ~cunna |
‘ |
L' PMT + PREAMP GAIN ;
-
IMAGE POSITION IN ‘
/T0PLANE ()~ _____ W
r 1 DRIVE
: 1 MOTOR
[¢'4 .
™ L'G}_) - 7{4 —’lK‘oH‘*l- il » KO > A3
'l N Px | L1+T15 . 1+BS
i !
[ PMT + PREAMP GAIN 1A
(12 > AK3$ VELOCITY
- SENSOR
) A SR y
i 1 t [K
4 1
2
ST+K
Ly = f/15 FOCAL LENGTH Ky 2
£, = FOCAL LENGTH OF L, 14155
£, = FOCAL LENGTH OF L,
t, = TRANSFER LENS POSITION COORDINATE l

TO TELESCOPE GIMBAL SYSTEM

FIGURE 2.3-1 FINE TRACKING SYSTEM BLOCK DIAGRAM
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The fine tracking system operates to position the transfer
lens so as to center the beacon image in the f£/70 focal plane
of the telescope. The x coordinate of the image center, p,, is
related to the transfer lens position, t as described by
Equation 2.2-10, repeated here.

X2

L :
&% t -2 609.601) X ) (2.3-1)
zZ

Py =

From the geometry of Figure 2.2-2 (Paragraph 2.2), it can be seen

. that the quantity (Lyg/L,) is equal to tan 0y, which, for small
angles, is approximately equal to 0Oy, or the misalignment angle

. between telescope x axis and line-of-sight. The quantity a, is

- shown on Figure 2.3-1 as representing the input to the control

system for illustrative purposes. (In the actual program the *

approximation is not made and the quantity Ly/L, used in the com-

putation for px.)

One element shown in Figure 2.3~1 is not directly a part of
the fine tracking system. A position sensor is used to pick off
the transfer lens position, tygx, to serve as an error signal for
the telescope gimbal system, during the time the system operates
in the fine-field-of-view, (0, < 1 arc minute). This was men-—
tioned in Paragraph 1.1.2.1. From Equation 2.3-1 it is seen that
if p,=0, then:

L
\ X
‘/} tX = (609.601)(3—)

z

~

2

609.601&X (2.3-2)

L
using the approximation oy ~ EE.

z

Thus, the transfer lens position is linearily related to the mis-
alignment angle, 0y, and may be used to provide a linear region
of control input for the coarse system. This is possible only

if py is equal or approximately equal to zero. Because the fine
tracking system operates much faster, in the linear region, than
does the gimbal system, py will be quite small and this procedure
will work.

Of importance to the success of the method just described is
the sensitivity, linearity, and saturation of the transfer lens
position sensor. No information on this device, except a linear
model, is known. Consequently a linear representation has been
used in the LASIM program, as shown on Figure 2.3-1.

2.3.1 Fine System Equation Development

The elements comprising the fine tracking system shown to the
right of section A-A in Figure 2.3-1 are characterized as linear
elements which allows transfer function representation. The
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elements in Figure 2.3-1 to the right of section A~A may be com-
bined, using block diagram manipulations, to give a single trans-
fer function, G(s), which relates transfer lens position ty to
the error signal e,. Figure 2.3-2 illustrates the resulting fine
tracking system block diagram. Formulation of G(s) is straight-
forward and will not be illustrated. The resulting G(s) has the
form,
Tx(s) a +als+a252+a333 ;
G(s) = = 2 (2.3-3)

2 3 4 5 b
Ex(s) b0+bls+b3s +b3s +bés +bSS +b6s

where the coefficients a , ..., ag; bo’ «iey, b, are functions of
the gains and time constants in Figure 2.3-1. "These relations are
shown in Table 2.3-1 at the end of this section.

e

PMT X OPTICAL GAIN
2
(—2*> 6(S)

|
}
1
N v P BT N D
|
|

Py
}—-l

FIGURE 2.3-2 FINE TRACKING SYSTEM EQUIVALENT BLOCK DIAGRAM

Digital simulation of the fine tracking system requires
solving the system equations in the time domain, rather than the
frequency domain in which Equation 2.3-3 is written. There are
various methods of accomplishing this as indicated in References
[10, 11, 12, 13, 14]. The method selected for the LASIM program
is the most straightforward and has proved to work satisfactorily.
The method chosen is called the Tustin Method [14] and proceeds
as follows. The variable s in Equation 2.3-3 is replaced by

2,1-A
s = 3l (2.3-4)
where: T = sampling time = .002 sec for fine .equations only and
1 -ST
A = Z— £
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Higher powers of s in Equation 2.3-3 are replaced by the corres-
ponding power of the "Tustin Substitution" indicated in Equation
2.3-4, The variable T equals 1/f where f is the sampling fre-
quency, or the number of times the equations will be solved per
second in the simulation. Solution of the fine system equations
is performed 500 times per second. The value of f is dependent
upon the bandwidth of the networks being solved. In general,

for good accuracy £ is 5 to 10 times the highest frequency of
significance in the network. In the linear region, the fine
tracking system has a bandwidth of approximately 30 cps. Because
of the extreme accuracy desired in the LASIM program, f was chosen
500, or approximately 17 times the break frequency of the system.

Making the substitution of Equation 2.3-4 into Equation
2.3-3, results in a ratio of polynomials in A, shown as G(A).

T (A) ¢ +e¢, Adc A2+c A3+c A4+c A5+c A6
x _ Coteyfte 3 4 5 6 (2.3-5)
E ) q a+d A%4d. 034d, A%+ A0+d A '
otd Atd, 3 4 5 6

G (A)

The coefficients ¢ , ... Cgs d , are functions of the a's
and b's in Equatlog 2. 3 3 and afte tabulaged in Table 2.3~1. Sol-
ution of Equation 2.3-5 for the time domain, transfer lens position,
ty(t) at time t=t1=nT is made by recalling the definition of A,

(A= 75T

and taking the inverse Laplace transform indicated in Equation
2.3-6.

: 1 -1 6 -isT
tx(tl) = H-' &f .Z CiE(A)E -
o i=0

i Mo

d, T(p) ¢ 38T
j=1 ‘

(2.3-6)

The inverse transform of the 1nd1v1dual terms of Equation
2.3-7 such as 1i=3 yields:

-1
&i [c3EX(A)€

ELLE T c e (£ =3T). (2.3-7)

t=tl

The equation which results from performing the indicated
operations on Equation 2.3-6 yields a difference equation ideally
suited to mechanization on a digital computer.
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6

6
L c,e [(n-i)T]= Z
=0 % j=1

[N} ol
o}

tx(nT)

djtx[(n—J)T] (2.3f8)
i

The notation t_(nT) denotes the time domain value of the variable

t (t) at t=nT.> The quantity ey[(n~3)T] denotes the time domain

value of e, (t) at t=(n-3)T, or a past value of e, . Equation

2.3-8 is evaluated 500 times per second in the LASIM program to

determine a train of impulses for the transfer lens position,

tx, which approximates the continuous response of the fine track- ‘
'ing system. The foregoing applies also to the solution of the y
transfer lens position coordinate, ty.

Pdragraph 2.3.2 discusses the sequence of mathematical opera-
tions implemented in the LASIM program to solve the equations
derived in this section and thereby simulate the fine tracking
system.
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TABLE 2.3-1

COEFFICIENT AND PARAMETER DEFINITION FOR FINE TRACKING SYSTEM

a, = KOK A AK,
a, = KOK,A A(K,T, +1+T,K,)
a = KOK A A[T +T (14T K )]
2 1 3 2 & 2 4
: a = KOK A AT T
~ 3 1 3 k2
b =K K
0 2y

- by = T,K,K +K,K B+K, (1+T K, )+K A AK,
b, = K,*+K,B(L+T K, )+K,T +T,[K,K, B+K, (1+Tg K, )+K AA K, ]+K A AK,T,
by = BKy+1+TeK, +K BT +T K [K +K,B(1+T K, )+K,T +K AA K, T ]
by = B(1+TeK,)+T +T, (BK,+1+T K, +K,BT¢)

bs = BT +T [B(L+T K )+T ]

6 1 6
) - 2ay bap | 8aj
e CO - ao+ T ,12 “" "’”,i"?
- 8a: . 8az
'.'l1 = 6 + T + Tz—
~ . 10ay _ 4ap  24as
C2 = 15n0+ T T2 T3
cy = 20 —1222
_ 10a; bas 24 a4
Cu = 15aO T ) + T3
T
_ 8ai 8az
c, = 6aO 7 + T2
_ _2a; bas _ 8ags
¢e = a5, T T T3z T3
_ 2b1 4b o 8bs 16by 32bs 64bs
T A I A T ST
_ 8b, 8ba _ 32by 128bs _ 384bg
d]_ = 6b0 + T + T2 Tl}' T5 TG .
_ 10b;  4b,  24bs  16by . 160bs 960bg
dz N leO + T T2 T3 T4 + T5 + T6



i

W

TABLE 2.3-1 (CONTINUED)
16b2 64by  1280bg

20b - ot 4 St - S
_10b; _ 4b, 24b 4 16by 160bs 960bg
15by T T2 t T3 T T B s T TS
8b, 8b, 32by 128bs 384bg
6bo ~=p~ + ST - T ot T T6
2b, 4b, 8b, 16by, 32bs 64D ¢
bo =5~ * Tpp g3t T TTps f Ty
1/R. = 1/2 .4 x 10°
in
.
2m(7)
N
27 (.466)
3.3 x 10 8
1068
= 5 -8 = ”’_—‘—-—"‘l
RC (2.4 x 10°)(3.3 x 10~%) T30, 1)

AC + T

1/250

35.4 x 10°
250

.0167 = 1/60

= 141.4

240T

2.67 x 10*%

2 x 10"
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2.3.2 Fine Tracking System Math Flow

This paragraph will summarize the equations derived previ-
ously, which are solved in simulating the fine tracking system;
and indicate the sequence of solution necessary for simulation.
Figure 2.3-3 illustrates the order of the indicated computations
mechanized in the LASIM program.

The equations solved in each block of computations indicated
in Figure 2.3-3 are illustrated in Table 2.3-1.

- TABLE 2.3-2 FINE TRACKING SYSTEM MATH FLOW

. - Compute Image Coordinates in the f/70 Focal Plane -
L
- _ .28 _ _ .28 x(nT)
p (a1 = Gt [(-1T) <g~)(609.601>(LZ(nT)

Py (nT) (%—g—)txl(n*l)T] - (—2—8—)(609.601) EXf.f.‘P)

L (nT)
4
-~ Determine Energy Fractions -

ux(nT) f(px(nT)) As determined from the function
illustrated in Figure 2.2-7,

uy (nT) = o (1))

\} ~ Determine Error Voltages -~

eX(nT) KOET(Zux(nT)—l)

]

ey(nT) KOET(Zuy(nT)—l)

- Compute New Transfer Lens Position -

L j 6 ’ 6 .
tX(nT) = d; ]150 CiCx[(n"l)T]* jzl djtx[(n‘J)]
. 1 )8 . 5 .

y(nT) = g; iEO CiCy[(nﬂ)T]‘—jEl djtx[n-J)T]



FINE-

6z £ 1 ARC MINUTE

COMPUTE IMAGE
COORDINATES (px,p-y)
IN
£/70 FOCAL PLANE

FIGURE 2.3-3

l

DETERMINE
ENERGY
FRACTIONS

!

DETERMINE
ERROR
VOLTAGES

COMPUTE
NEW
TRANSFER LENS

POSITION

END

FINE TRACKING SYSTEM MATH FLOW
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2.4 TELESCOPE CONTROL SYSTEM

The telescope control system hardware was described in
Paragraph 2.1. The mathematical representation of the hardware
will now be developed.

2.4,1 Equation Development

Figure 2.1-2 depicts the telescope control system, with in-
. puts and outputs for both outer (pitch) and inner (yaw) gimbal
control. As indicated by the figure, the control hardware is
functionally the same for both Y31 and wz control,

In the coarse mode, the yt and =Xgq éomponents of the line of

- sight, L, and L,, feed into the coarse sensor. The idealized
coarse sensor, as discussed in Paragraph 2.2.2, can be modeled as
follows:

( -~
0 if Oz < 1 min
TN
POSEX = ( O if © > 30 min
AN
0.96 sgn (L) if 1 min < ©_ < 30 min
y —
0 if @Z < 1 min
g POSEY = 0 if 0 > 30 min
SN o
\0.96 sgn (—Lx) if 1 min < @z < 30 min
where POSEX and POSEY are the position error commands from an dideal
sensor. In the fine mode, a position sensor is used to pick off
the transfer lens positions, t, and t , for use by the telescope
control system. An idealized sensor is modeled as follows:
0 if Gz > 1 min
POSEX =
Klty/L1 if OZ < 1 min
0 if OZ > 1 min
POSEY =
—Kltx/Ll if @z < 1 min

The position sensor lag, shown in Figure 2.1-2 and discussed in
Paragraph 2.1, is simulated, using Tustin's Method, by the dif-
ference equation
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POSEX((n—l)HC)

POSXL(an) = Tao POSEX(nHC) + Tat

-T_, POSXL((n-1)H ), | (2.4-1)

where HC = time step for telescope control equations = .01 seconds,
for the x channel with an analogous equation used for the y channel.
Coefficients T , T_., and T are defined in Table 2.4-1.
ao ai az

For program implementation the OR gate of Figure 2,1-2 is )
replaced by a test on cos 0,. If |cos® ‘ is greater than the cosine
of 1 arc minute, the coarse sensor modef provides POSEX for use in
Equation (2.4-1)., If cos® is less than the cosine of 1 arc
minute, the fine sensor modé&1 provides the required input.
.  The rate gyros used to measure the telescope rates, &x and
o_, about the xp and yr axes are represented as second order sys-
téms. The difference equation used for simulation of the x channel
rate gyro is:

RATEX(nH ) = T &x(nHC) + T &X((n—l)nc) +

do d1
Ty, &X((n—z)ﬂc) - T_, RATEX((a-1)H ) -
TC2 RATEX((n—Z)HC) | (2.4-2) ‘$>

with coefficlents defined in Table 2.4-1. The y channel rate gyro
is simulated analogously. The gyro output, given by Equation
(2.4-2), must be limited to 38.4 volts/degree/second.

The position minus rate signals are used to drive the gimbal
torque motors. For use in LASIM, it has been shown that the dynam-
ics of the motor are negligible. Thus the motor is represented as
2 KaKm, with the motor output limited to 18.98 n-m (14 ft. 1bs.)
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TABLE 2.4-1 TELESCOPE CONTROL DIFFERENCE EQUATION
COEFFICIENTS

L]
]

ao Hc/(Hc + Tlc)
N Tal = Hc/(Hc + Tlc)
: Taz = (HC—TIC)/(HC+TIC)
T = 2 ‘ 2
co 4/HC + ACwO/HC + W,
T = (~ 2 2
Cc1 ( 8/HC + zwo)/Tco
= 2_ 4,
T, | (4/Hc lu;wo/Hc +w0"")/’1’co
= 2
Tdo (1800)O Ka/ﬂ)/TCo
le = 2 Tdo
Td2 = Tdo

‘‘‘‘‘
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2.4.2

Math Flow

Figure 2.4~1 illustrates functionally the calculations per-
formed in the LASIM program every H, seconds to simulate the
telescope control system., The detailed simulation equations are
shown in Table 2.4-2. Difference equation coefficients are defined
by Table 2.4~1, with nominal control system parameters given in

Figure 2.1-2,

The telescope control equations are solved at 100 cycles per
second (i.e., H, = 0.01 seconds).
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TELESCOPE CONTROL
COMPUTATIONS

X COMPUTE IDEAL POSITION
SENSOR OUTPUT

'COMPUTE ACTUAL POSITION
SENSOR OUTPUT

A

COMPUTE ESTIMATED TELESCOPE
ANGULAR RATES

1

S

COMPUTE MEASURED. TELESCOPE
ANGULAR RATES

A

COMPUTE TELESCOPE GIMBAL
TORQUE MOTOR OUTPUTS

END

FIGURE 2.4-1 TELESCOPE CONTROL MATH FLOW
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TABLE 2.4-2 TELESCOPE CONTROL - DETAILED MATH FLOW

Compute Ideal Position Sensor Output

If |cos Ozl 2 cos(l min),

POSEX (nH ) Klty/Ll
POSEY(nH ) = -K;t_/L, | .

If cos(30 Quin) < |cos ezl< cos(l fin),

POSEX(nH ) = 0.96'sgn(Ly) .
POSEY(nHC) = 0.96 sgn(—Lx)
' —
If |cos(ez)| > cos (30 min),
POSEX(nH_) = 0
POSEY(an) = 0

Compute Actual Position Semnsor Output

POSXL(nH ) = T POSEX(nH ) + T, POSEX((n-1)H ) N
-T_, POSXL((n-1)H ) ”
POSYL(nH ) = T__ POSEY(nH ) + T_, POSEY((a-1)H )

—Ta2 POSYL((n—l)HC)

Compute Estimated Telescope Angular Rates

. ]

Y, (el ) = P, ((a-1)E ) + B § ((a-1)H))

b,(aB) =, ((a-1)H) + H_ §,((a-1)H )
wnH ) = w((a-1)H) + H_ Qﬁ(n—l)uc)
Y, (E) = ¥, ((a-1)H) + H_ P (nH )
Y, (aE ) = ¥, ((a-1)H) + H_¥(nH )
o (nH ) = [P(nnc)+@1(nﬁc)]cos¢2 + [Qak )siny; - R(nH_)
cosy,] siny,
&y(nHC) = Q(aH_)cosy; +R(aH_)siny, + ¢z(nﬁb)
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TABLE 2.4-2 (continued)

Compute Measured Telescope Angular Rates

RATEX(nHC) T ax(nhc) + T

do da

-T,, RATEX((n-1)H ) - T , RATEX ((n=2)H )

&X((n—l)ﬂc) + T, &x((n—Z)HC)

RATEY(nH ) = T, ay(nHC) + T,

- : -TCl RATEY((n—l)HC) - TC2 RATEY((n—Z)HC)

&y((ﬁ-l)ncz +Ty, &y((n—Z)HC)

RATEXI(nH_ ) = sgn[RATEX(nH )] min{38.4, fRATEx(nHC)]}

1

. RATEYI(nH ) = sgn[RATEY(nH )] min{38.4, [RATEY(nHC)l}

Compute Telescope Gimbal Torque Motor Qutputs

' = -
MTl(an) 2KaKm[POSXL(nHC) RATEXI(nHCI]

' =v -
MTZ(an) ZKaKm[POSYL(nHC) RATEYI(HHCI]
— 1 . 1
MTl(an) = sgn[MTl(an)] min { 18.98, MTJ(an)}
: = 1 ; 1
MTz(an) Sgn[MTz(an)] min { 18.98, MTz(an)}
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POINTING CONTROL SYSTEM

Definition of the pointing control system was obtained from
Perkin-Elmer Report No. 8631, dated 31 December 1966. As mentioned
previously, the pointing control system implements deflection of
the downlink beam from the actual line-~of-sight in order that the
ground station receiver be illuminated.

In simulating the pointing control function, two distinct
groups of calculations are required. The amount and direction of
the beam offset is computed on the ground and telemetered to the
spacecraft, Then the spaceborne hardware implements the offset
commands through the Risely prism servos, in conjunction with a
vehicle mounted sun-sensor. These two separate operations must be
represented in the LASIM program to simulate the dynamic perform-
ance of the pointing control system.

Figure 2.5-1 illustrates the hardware representation used in
the LASIM program for the Risely prism servos. The servo elements
themselves are characterized as linear elements as seen in the
figure. Bias or dc type errors associated with the control trans-
former (CT) and tachometer have been ignored in representing the
pointing control system, since dynamic performance analysis is the
desired objective of the LASIM program. 1t is assumed that bias
errors can be compensated for.

The ground command input indicated on Figure 2.5-1 is computed
in the LASIM program and discussed in Paragraph 2.5.1., The other
system input, the sun sensor roll gimbal angle, is also computed
in the LASIM program and discussed in Paragraph 2.5.1. The mech-
anism of accomplishing the actual downlink beam deflection by
actuating the Risely prisms was discussed in Paragraph 2.2.4.

2.5.1 Pointing Control Equation Development

2,5.1.1 Risely Prism Servos

The block diagram of Figure 2.5-1 is easily combined into a
single transfer function, G_(s), relating @Pl(s), or the resul-
tant prism rotation angle, go ©1¢(s), the prism command angle.

"0, (s8) a
GP(S)’= OPl(s) - wsz+b p:;b (2.5-1)
16 pl po
Coefficients a o> b o» and byy are functions of network
parameters and are Eabulated in Tagle 2.5-1. The solution of

Equation 2.5-1 is obtained digitally by solving a difference equa-
tion formed by using the Tusin substitution discussed in Paragraph
2.3.1. The resulting difference equation is:
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- L |
dop €op lC(nT)+c 1p 0,0 (n-1)T] + czpelC[(n—z)T]V_

d),0p; [(a-1)T1=d, 0, [(a-2)T] - (2.5-2)

0 l(nT)

Coefficients Co s e e c o ay are functions of the a_ and
bp coefficients in EquatioB 2.5-1 ana are listed in Table 2.5PB1,

2.5.1.2 Ground Computation and Sun Sensor Gimbal Angle Equation Develop-
ment

In order to point the down-going beam so that the ground
receiver is illuminated, compensation is required for the apparent
change in position of the ground station during the time interval i
required for the laser beam to travel from ground station to sat- -
ellite and return. The apparent change in position of the ground
station is a function of the component of relative velocity, between
ground station and satellite, normal to the line-of-sight. The
phenomenon is most easily considered from a coordinate frame whose

origin 1s at the satellite. Figure 2.5-2 illustrates the quantities
under discussion.

SPACECRAFT

'3 DOWN BEAM ARRIVES
2 UP BEAM ARRIVES DOWN BEAM STARTS

”’/QE,,/4’ 1 LIGHT STARTS UP

RELATIVE VELOCITY OF GROUND STATION NORMAL TO Ls
= UNIT VECTOR IN DIRECTION OF Ls
OFFSET, DOWNLINK POINTING' VECTOR

et b
o0

FIGURE 2.5-2 TRANSIT TIME EFFECTS
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TABLE 2.5-1 POINT-AHEAD DIFFERENCE EQUATION COEFFICIENTS

w = ijp ngp K, K4
p p
’ Not calculated in
- + K K. K Pointing Control
r = 3p 2p _3p 4p program
2w
- a = mz
- PO
b = w?
- po
. bpl = 2CWw
4 4
A= TI?[ 4 TCM + (.02
4
B = 723
4
’Y o= .-T___c.o.{
_ .2
) Cop/dop = w /A
e = 2
clp/dOp 20/
_ .2
CZp/dop = we/A
—dlp/dop = 2B-w2/A
-d. /d = 2y~-1
2p” “op
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The time required for light to travel from the ground at
position 1 to the spacecraft is:

e - sl

Y (2.5-3)
L = line-of-sight vector from ground to spacecraft at position
8
— 1 on Figure 2.5-2,
c = speed of light

the ground station has
The angular offset is:

During time t,
Figure 2.5-2.

moved to position 2 on

e = -L.ﬂ—t’-

T ‘ (radians), (2.5-4)
Vs
where 5 is the component of relative velocity normal to Ls or
|5l= L X Ll
L s =
is = line of sight rate or total relative velocity wvector,
L = unit

vector in direction of LS.

It is considered that the downgoing beam leaves the satellite
when the uplink beam arrives. If it is assumed that ]LS{.does not
change during time t and continues to remain constant, and that
'RI remains constant, the time required for the return beam to

travel from satellite to position 3,

on Figure 2.5-2, is also t

as given by Equation 2.5-3.
above assumptions are valid,

Since t is about .1 second, the
and the total angular offset from

"apparent line-of-sight" L, to "desired pointing direction" P

is 20¢ or, . =
22|
GPA = Pl (2.5-5)

where Opp is called the "point-ahead angle". The pointing control
system offsets the downlink beam from the line-of-sight by ePA
radians.

In Figure 2,5-2, it is indicated that the beam deflectign is
made in the plane formed by the relative velocity component p and
the line-of-sight vector Lg. Since the spaceborne system cannot
determine the orientation™®f this plane, a means is required by
which the proper direction of the beam offset will be assured.
Figure 2.5-3 illustrates the quantities used to provide a refer-
ence, from which the pointing control system can determine the
correct orientation of the pointing vector P.

108



(7]
A

Xps Vo 2 = UNIT VECTORS
P” P DEFINING ORIENTATION
OF [P]FRAME

FIGURE 2.5-3 POINT AHEAD GEOMETRY

From spacecraft and sun ephemeris, ground computations are
made to establish the components of a vector (S) from the satel-
lite to the sun (or other stellar reference) in an orthogonal
coordinate frame shown as the [P] frame in Figure 2.5-3. The ([P]
frame has one axis (2,) along the line-of-sight vector, Lg, and
the other axes normaIRto Lgs The desired pointing vectoT P is also
computed in this frame. The angle g in Figure 2.5-3 is determined
between S, and Pp, the components of the sun vector S and pointing
vector P respectively, which are normal to the line-of-~gight direc~-
tion. The angle Oy establishes the "roll reference angle" of the
downlink beam offset from the sun vector component Sn'

By using a telescope mounted sun sensor in the spaceborne
system, the angle Gm between the wvector Sn and the telescope Y
axis, may be determined as shown in Figure 2.5-4. This angle
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TELESCOPE

FIGURE 2.5-4

SUN SENSOR ORIENTATION
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provides rotational information from a physical reference on the
telescope, to the sun line projection Sp, from which the pointing
control system can effect the downlink  beam roll offset GR' It is
seen that the sun vector, which can be computed on the ground and
also detected in space, provides the necessary reference link to
allow correct pointing. It should be noted that detailed hardware
simulation of sun sensor operation is not represented in the LASIM
progranm. v

Figure 2.5-5 summarizes the information combined to generate
the Risely prism servo command angle 03¢ as shown on Figure 2.5-1.
The roll angle, with reference the z; axis, which the Risely prisms
are commanded to produce, is denoted B¢ in Figure 2.5-5. The [T]
coordinate frame shown in the figure is that defined earlier where
zy points down along the telescope longitudinal axis and the yqg
axis is aligned with the telescope inner gimbal axis.

To summarize the preceding, 0p, and 6y shown on Figure 2.5-3
are computed on the ground and the following combinations of these
angles are telemetered to the spacecraft:

]

8. + sin~l(6 /m)

egl R

PA1 (2.5-6)

5} = 0_ - sin~l(6

g2 R /m)

PAl

where 0 is in priesm units as opposed to "aperture units."
PAL p pp P

The sun sensor mounted to the telescope measures the angle
@ shown on Figure 2.5-4 and 2.5-5. This angle is combined with
Og1 and ng to produce the servo commands,

Glc = egl + Gm (2.5-7)

Bpe = Oy *+ O,

indicated on Figure 2.5-1,

It is to be noted that the frame in which 8, is measured
([T] frame) is not exactly aligned with the [P] frame in which
R and 8p, are determined. The degree to which the [T] frame
is:parallel to the [P] frame is a function of how well the
telescope gimbal control system works to align the z; axis with
the line-of-sight. The pointing error calculations in the LASIM
program reflect the contribution of this error source.

The actual ground computations which will be made in support
of the LCSE mission are not defined; however the basic quantities
illustrated in the foregoing will be determined. The simulation
of the ground computations used in the LASIM program is intended
to provide an input for the pointing control system only.  For
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frame ;
X7

fpc = Og + Om

FIGURE 2.5-5 ROLL REFERENCE ANGLES FOR POINT AHEAD

112



this reason, consideration has not been given to refraction of
the actual line-of~sight and other non-ideal effects. Also, the
accuracy with which the satellite's position and velocity may be
determined, from tracking data, will affect the overall accuracy
of the pointing operation. <Consideration of these effects is
beyond the scope of the current LASIM development effort.

The basis for determination of the various angles required
to generate the Risely prism servo commands has been illustrated
in this paragraph. These angles are determined by solving straight-
forward vector equations in terms of the vectors illustrated on
. Figures 2.5-2, 2.5-3, and 2.5~4. The actual equations solved, and
the solution sequence, are indicated in Paragraph 2.5.2.

The final calculations made in the LASIM program related to
the pointing operation determine the "pointing error" or the
angular difference, in telescope aperture space, between the desired
pointing direction and the actual pointing direction. Since the
accuracy with which the tracking system can align with line-of-sight
affects the pointing error, the final error calculations reflect
the combined errors of the tracking and pointing systems. These
pointing error equations are also shown in Paragraph 2.5.2.

2.5.2 Pointing Simulation Math Flow

Figure 2.5-6 illustrates, functionally, the calculations per-
formed in the LASIM program to simulate the following pointing
i operations:

Ground computations to determine 0 ,, O
gl’ "g2

1.

2. Generation of the sun sensor gimbal angle, Gm

3. Risely prism servo operation

4., Final pointing error evaluation.
A brief word is given here to explain the sun vector, S, used in
the LASIM simulation. Since the sun vector Temains essentially

constant during the period of time for which a simulation runm will
be made, and since the sun vector is used only as a reference quan-

tity, an arbitrary vector is chosen., Further, since only the orien-
tation of the sun wvector is of interest, a unit vector is selected
for S. The sun vector is defined such that it has the following
components in the [T] frame initially:
1 1
[ —_ funil
S = - %+ ’
—~{T] i T 2 Yo + (0) ZT. (2.5~8)

The wector §'is next transformed into dinertial coordinates and
remains fixed in dinertial space. Notice that as the [T] frame
axes move with the telescope during the course of a simulation,
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the components of the vector $ in the [T] frame will change from
the initial values indicated in Equation 2.5-8.

The equations solved in each block on Figure 2.5-6 are illus~-
trated in Table 2.5~1. Paragraph 2.6 discusses the various coor-
dinate transformations and the manner in which they are determined.

TABLE 2.5-2 POINTING CONTROL MATH FLOW

Initialize Sun Vector in Inertial Coordinates -~ R

§_ = [TZI][§_[T]] _ . : )

Compute [P] Frame Orientation -

4

=P =m£s/|L

Lel
yp=Lg *¥"Lg/|Lg x-Lg

IS

- Compute Point Ahead Angle -

2 e
Opa = ¢ l}‘__ﬁ X }il
- Compute Unilt Vectors in Pn’ Sn Directions =~ -/
Pn
P,= 2 = x
N =
Zal
b =5 xL
S =-L x b
i -
Sy
Su 5
| =]
Compute Roll Reference Angle -
S P
B, = cos"l _u . = -
R [ Su Pu 1 cos (E_ . EH)
=] (2]
~ Compute Sun Sensor Gimbal Angle ~
§| = {127T] §' = Sx fz + SYZI + SZ Zo
[T] frame [I] frame —_ ™
-1 Sy o
@m = tan (E—')
y
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TABLE 2.5-2 (CONTINUED)

Compute Risely Prism Servo Commands -~

, - 09.60 )
@éA = Sin l(OPA ° 6M l) (conversion to prism rotation)
— " 1
egl = OR + OPA
= - {
egZ = Op ~ Opy
OlC = @m + @gl
GZC = em + egz

Simulate Risely Prism Servo Operation -

Op, (nT) = © (aT) + c. O [(n-1)Tlic. O, [(n-2)71-
op Cop 1c Clp 1cC + 2p 1€ T]

S
dlp Pl[(n—-l)T] - dzpePli(n—Z)Ti}

OPZ(nT) = E;; COPGZC(HT) + clpezci(n~l)T] + CZPGZC[(n~2)T] -

d1,0p, [ (=1)T] - dzpopzun—zm}
Compute Actual Pointing Vector -

0 0
= .00291 Sin(—fl—%;—fz

8] (in prism units)

PA actual

o =OP1—OP2 -0
R actual 2 Ra

P =P x. + P yT + Paz ZT

—— — —

. 1
ax [tx + 6 cos @Ratan ePAa] 609.601

]
Aa’ 609.601

a~]
it

2]
it

i tan
[ty + 6 sin eRa a OP

Compute Desired Pointing Vector -

P
e = 0 : 0 - - s . . R
IEI L cos PA + Xp31n PA Pl unit vector in P direction
[I] frame [I] frame
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TABLE 2.5-2 (CONTINUED)

P = [121] Py =B, X, + Piy ¥p + P

[T] [1]

Compute Total Pointing Errors -

€

P, /609.601 - P (radians)
X 1x ax

i

€

y Ply/609°601 u‘Pay (radians)
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MATRIX TRANSFORMATION FORMULATION

Two problems are to be addressed here., First, the equations
which must be solved to determine the transformation matrix from
telescope to inertial coordinates [T2I], as a function of time
will be derived. The basic equations are differential equations
relating derivatives of elements of [T2I] (direction cosine rates)
to the inertial rate of the telescope, w+w’ ‘wu The other problem
addressed is that of computing the initial attitude of the teles-
cope and body, given initial values for §31, Y3, and the p1tch and -
yaw telescope offset angles, Oy and Qy -

2.6.1 Equation Development .
2.6.1.1 Computation of [T21] !

Let B=[bij] be the matrix which transforms components of vec-
tors from some  rotating coordinate frame to an inertial frame; i.e
if vector V has components [x ¥y z]T in rotating coordinates and
{u v wlT in inertial coordinates, then

*

u <
v =B y
W z
Let §§ be the angular velocity of the rotating coordinate system  ~>
with respect to inertial coordinates. Let {J have components

[y wy w,]T relative to the rotating system. Then it is known
X Yy Yz g
that,” for i=1,2,3,

big = wybypmwsby g
byy = webyg-w byy (2.6-1)
big = 0ybi1mubyy

These are the basic equations needed to find [T2I] as a function of
time.

Equations (2.6-1) can be written equivalently as

b, = 9b, ' (2.6-2)

ZZsre hi is a row vector of B with components [bil biz b13]
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A numerical technique must be employed to solve the differ-
ential equations (2.6-1) or (2.6-2) on a digital computer. For
LASIM the standard fourth order Runge-Kutta method was chosen.
It was assumed that 8} the angular velocity vector, was constant
over each time step, H,. Under this assumption the Runge-Kutta
method yields, for i=1, 2, 3 and n=0, 1, ...,

b, ((a+1)H,) = b, (nH.) + (1‘-11+2-1512+2ki3+l‘~i4)/6 (2.6-3)
where
kyy = Hglb; (nHo), . (2.6-4)
1 C
lc-i2 - HCQ[Ei(nH)+§kil] - Eil+§; Qkiln (2.6-5)
= 1 - Y _
‘liiB - HCQ[Bi(nHC)-’—z}SiZ} = Ei1+2 QEiZ’ (2.6-6)
ky, = Helilby (aH)+k, 51 =k, +H Gk, 4. (2.6-7)

The above method can be applied to computation of [T2I] by
replacing bi; by T2I (i,j) and 2 By wy. To improve the accuracy

of the method, the evaluation of Equations (2.6-3) through (2.6-7)

for Ei((n+l)HC is made using .
[w‘*x((nH)HCH‘“x(an)]/2’ [wuy((n+l)HC)+w“y(nHC)]/2,

and [w ((n+l)HC)+w”z(nHC)]/2 for w_» wy, and w, (recall that

bz

wx’ wy, and wz were assumed constant over each time step).

A new value for [T2I] is computed every H_ =0.01 seconds
using the Runge-Kutta method. However, [T2I] must be updated
for each fine step, T, where T = .002 seconds. Satisfactory
results have been obtained by using a first order extrapolation
procedure within the 0.01 second intervals.

119



That 1is,

[T21]((m+1)T) = [T2I](mT)+T g—t— [T21] (nH) (2.6-8)

where (n+l)H <(m+l)Ti(n+2)H . Each time [T2I] is recomputed using
the Runge-Kufta method, [T2f](mT) is reinitialized. Finally, from
Equations (2.6-2) and (2.6-4) it is seen that kjj/Hc is a row of

%?[TZI](nHC). Thus a special computation fof %E[TZI] is not
required. -
2.6.1.2 1Initialization of Body and Telescope Attitudes -

The initial body and telescope attitude orientations are deter-
mined in the LASIM program by computation of the telescope to
inertial matrix, [T2I], and the telescope to body matrix, [T2B].

In order to provide flexibility to the user, these matrix computa-
tions are based upon input values for the telescope gimbal angles,
Y1 and Y2, and pitch and yaw telescope offset angles, oy and Oy -

The additional degree of freedom (in roll) is removed by assuming
that the xg and xp axes '"nominally" are along V x Ly, where V is

the vehicle inertial velocity vector and Ly is the normalized line-
of-sight from ground to spacecraft. .

To derive the required initialization equations, it is first
necessary to find the nominal [T2I] matrix, [T2IN], which specifies
the telescope attitude for ay = o, = 0. TFor this case zq is along
Ly, xp is along V x Ly, and yp 158 perpendicular to x¢ and zrg.

o

It is known that the columns of [T21IN], €15 Loy and C3 must be

given by:
Oy = Ly
Cp = ¥ x Ly/|V x L]
EZ = C3 x El'

Then

[T2IN] = [El 92 93]
where it is understood that, in Equation (2.6-9), €y, €5, and Cj
stand for the 3 x 1 matrices made up of components of C;, C,, and

. C3 relative to the [I] frame.

(2.6-9)
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The angles, and oy» are defined in Figure 2.6-1. It is
seen that their ef?ect is” to misalign the z; axis in pitch and yaw
from the line of sight,.

X
) NMHNN_ZT
Vap 4 S
’ -L /1
) |
|
(s
y |
Vo - -5y
T Oy \\ // | > T
\j |
O N N |
N
NOMINAL Yoo /4 _ _ _ __ _N

FIGURE 2.6-1 DEFINITION OF TELESCOPE OFFSET ANGLES

Based on the definition of ax and o_, the matrix, [OFF],
which relates the actual telescope frame  to the nominal frame
is given by:

— -

cos O 0 -sin o 1 0 0
y y
[OFF] = 0 1 0 0 cos O sin a
X X
sin o 0 cos o 0 =-sin o cos O
v v B X be

Moreover, from the definitions,
[T2T] = [T2IN]{OFF].

The body attitude matrix can now be specified, given Y7 and
Yy, by computing:

cos wz 0 sin wz
[T2B]= sin wl sin wz cos wl ~sin wi cos wz
> ~COS§ wl sin wz sin wl cos wl cos wz‘

J -

121



The body to inertial matrix can be computed as [B2I] [TZI][TZB]T.

2.6.2 Math Flow
2.6.2.1 [T21I] Computation Math Flow
Figure 2.6-2 i1llustrates functionally the calculations per-
formed in the LASIM program every HC seconds to compute [T21]
((n+1)HC)
and §€ [T21](aH_) given [T2I](nH_) and [wy((n+1)H;) +u.(aH )1/2. .

It also illustrates the calculations performed every T seconds to -
compute [T2I]((m+1)T) given [T2I](mT) and -

%?[TZI](nHC). Detailed mathematical éxpressions, corresponding

to the descriptioné of Figure 2.6—2; are found in Table 2,6-1. The
notation of Table 2.6-1 is defined as follows:

k = [C D E,.]

Ky g5 Dy Byglos =1, 2, 35 551, 2, 3, 4.

%?[TZI](nHC5=[DTZI]‘

[T21] = [B] - o
(w,, ((A+LH) +ws (nB)1/2 = o
[wuy((n+l)HC) +m“y(an)]/2 = wy
[qu((n+l)HC) +wuz(nHC)]/2 =W,

2.6.2.2 Attitude Initialization Math Flow

The computations which must be performed to initialize the
telescope and body attitudes are indicated generally in Figure
2,.6-3 and in detail in Table 2.6-2.
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COMPUTE [T2I1]
EACH HC SECS
COMPUTE

INTERMEDIATE
PARAMETERS

l

COMPUTE
COMPONENTS OF
Kil  =1,2,3

|

COMPUTE THE ith ROW

OF = dt [T21] (nHe)
i=1,2,3

l

COMPUTE COMPONENTS
OF Ki2, i=1,2,3

Y

COMPUTE COMPONENTS
OF Ki3, i=1,2,3

\

COMPUTE COMPONENTS
OF Ki4 , 1=1,2,3

l

COMPUTE THE ith ROW
OF [T21}, i=1,2,3

l
(:ﬁ RETURN i:)

FIGURE 2.,6-2

PDATE [T21]
EACH T SECS

COMPUTE [T21]
USING LINEAR
EXTRAPOLATION

l
<i7 RETURN AA:)

[T21] COMPUTATION MATH FLOW
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TABLE 2.6-1 [T21] COMPUTATION-DETAILED MATH FLOW

Compute Intermediate Parameters

T, = w H
T2 = wy Hc
T, = w, H_ -
Ty = Tl/2 ‘
Ty = Ty/2
Tas = T3/2

Compute Components Of«gil’ i=1, 2, 3

Ciz = BjaT37B43T,
Pi1 7 BisTrBiaTs )
Eip = Bi1To BTy

Compute the ith Row of %z[TZI], i=1, 2, 3

DA;; = Cyq/Hg
DA, = Dy /Hg
DAj4 = Ey, /H

Compute Components of EiZ’ i=1, 2, 3

Cio = Ci1*Dy1 T3~ Ey1 Ty
Dyg = Dy B 1Tu17C31 y3
E.. = E,.+C..T

12 = Bi1%Ci1Te27 P41y
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Table 2.6-1 (Continued)

Compute Components of EiB’ i=1, 2, 3

Cig = Ci1%PioTu3 " EioTny
Dig = Dyp * EioTu17CioTns
3 Eig = By1%CinToPioTyy
i Compute Components of &14’ i=1, 2, 3
Cig = Cy1tPy3T37E;3T)
Digf = Dyg+E; 3T17Cy37 3
Big = E11%Cy3T27Pi3T

Compute ith Row of [T2I], di=1, 2, 3

Bil((n+l)HC)=Bil(nHC}KCi1+2(C12+Ci3+Ci4)/6

i

Biz((n+l)HC)=Bi2(nHC)+(Dil+2 (D12+D13)+Di4)/6
BiB((n+1)HC) = Bi3(nHC)+(Eil+2(E12+E13)+Ei4)/6

Compute [T21] Using Linear Extrapolation

[T2T] ((m+1)T) = [T21](mT) + T[DTZI](mHC)
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FIGURE 2.6-3

INITIALIZE
SPACECRAFT AND

BODY ATTITUDE

COMPUTE TELESCOPE
TO BODY MATRIX

- FROM ?i, ¥,

COMPUTE NOMINAL
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INERTIAL MATRIX

COMPUTE TELESCOPE
OFFSET MATRIX

COMPUTE TELESCOPE .
TO INERTIAL MATRIX

<: END j)

ATTITUDE INITIALTIZATION COMPUTATION
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TABLE 2.6-2 ATTITUDE INITIALIZATION ~ DETAILED MATH FLOW

Compute [T2B] from wl, wz;

T2B(1,1) = cos wz

T2B(1,2) 0

i

T2B(1,3) = sin §,

T2B(2,1) = sin wl sin wz

T2B(2,2) = COS'wl
T2B(2,3) = -sin wl cos wz
T2B(3,1) = -cos wl sin wz

T2B(3,2) = sin ¥,

T2B(3,3) = cos ¢1 cos wz

Compute Nominal [T2B], [T2IN].

)

i
1
[

T2IN(1,3)

Mx
T2IN(2,3) = —LMy
T2IN(3,3) = ~Ly,

T2IN(1,1) = (V. L, -V L,.)/ v x L

T2IN(2,1) = (V L, - V. L )/ |V x L

TZING3,1) = (V. Ly = V. Ly )/ v x L

T2IN(1,2) = L, T2IN(2,3) - Ly, T2IN(3,3)
T2IN(2,2) = Ly T2IN(3,3) - L,  T2IN(1,3)
T2IN(3,2) = Ly T2IN(1,3) - Ly T2TIN(2,3)
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TABLE 2.6-2 (CONTINUED)

Compute Telescope Offset Matrix, [OFF]

OFF(1,1)

|

cos -0

0FF(1,2) = sin o sin ay

OFF(1,3) = ~-cos o sin ay - -
OFF(Z,l) = 0
OFF(2,2) = cos a
OFF(2,3) = sin o
OFF(3,1) = sin o
OFF(3,2) = =-sin o cos ay

OFF(3,3) = cos 0O_ cos q
X y

¢ ;
M

Compute [T21]

[T21] = [T2IN][OFF]
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2.7,

ORBIT GENERATION

The LASIM program, at the user's selection, will determine
the line-of-sight and line~of-sight rate between a ground station
and the satellite in an actual, specified earth orbit. These
quantities serve as inputs to the tracking system simulation and
the poining control computations. For the synchronous orbit
mission, the line-of-sight rate is slow relative to the tracking
system capability. For purely dynamic response evaluations with
the program, a fixed line-of-sight vector may be used, eliminat-
ing the requirement to determine the satellite's motion in orbit
relative to the ground station. The capability to use actual
orbit data is included in the program primarily to provide the
flexibility for evaluations in other than synchronous orbits where
the line-of-sight rate may not be small.

The so~called orbit generator determines satellite and ground
station position in inertial space and from these, the line-of-

sight and line-of-sight rate as functions of time. The satellite
position is determined by solution of the translational equations
of motion of a point mass in a central force field. Only earth's

gravitation is considered; drag and other effects are neglected.
The gravitational potential model includes the effects of the
second through fourth zonal harmonics. The earth is modeled as an
ellipsoid, giving a more realistic estimate of satellite altitude
over a ground station than would result from a spherical model.

Initialization quantities are required to define trajectory
peometry and ground station location. The following quantities
are required to permit solution of the system equations.

) Satellite Orbit Parameters:

Longitude of the ascending node, Q
Argument of perifocus, w'
Inclination, i

Semimajor axis, a

Eccentricity, e

Time of perifocal passage, T.

o Ground Station Parameters:

Latitude of ground station
Longitude of ground station.

1 fquation Development

The assumption is made that only gravitational attraction
acts on the satellite point mass in the development of the orbital
equations of motion. The earth's gravitation potential function



is modeled as:

' K K K
_ 1 2., %2 :
$rg, 2 = %) 1+ =, a-ahheR eseh) 2, (3-30r k4350t
s R R R
s S s
(2. 7"1)

where: Rs = gatellite radius vector magnitude.

Zs = 7 component of satellite radius vector (along North
polar axis). , )
5 -
3
HR 3
K, = E
2 5
4
= ~“DRp
K3 = 35
RE = earth equatorial radius.
J, H, D -~ are the coefficients of the zonal harmonics
Z
S
r = — = gin ¢ oy
Rg o
¢ =

geocentric latitude.

The spacecraft vector equation of motion is:

(2.7-2)

where the right hand side of Equation 2.7-2 denotes the gradient

of with respect to

R, Expanding Equation 2.7-2 by performing
the indicated differen%iation produces the following:

__ux 3K 2, . 5K 2
Xg = e | 1+ Bhasse®) + K2 ra-ne?) - 2 eanr?resct)
R R R_3 s
s s S
(2.7-3)
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2. 5K, 2. .. &
WYs Lo+ 3K (1osefy+ 2¥2 0 p(3-70%)-223 (3-4207 4630 )

— 7 R
s RS3 Rs v RSB s
(2.7-4)
: s | 3K1 (q_5:2y.5K2 L (6-7r2)-9%83(15-70r24+631") ]
ZS = R {Zs 1L + — (3-5r )+__§ T ( r) >
- s R R R
s 8 s
3K
_ 3K,
(2.7-5)
| =1

These constitute the spacecraft orbital equations of motion. The
~coordinate system in which the Xs, Yg and Z, parameters are defined
and computed is an inertially fixed, polar-equatorial frame with Z
along the north polar axis and X, Y in the equatorial plane. The
X axis points toward the vernal equinox and Y completes the right

hand system.

The position and velocity of the ground station in inertial
space is simply calculated from knowledge of the station location
on the earth's surface and earth rate.

From the position and velocity vectors of the satellite and
ground station and their differences, the line-of-sight and line-
of-sight rate are easily determined.

2.7.1.1 Cowell Integration

In this section a brief discussion of the method employed for
determination of the orbit by numerical integration is presented.
To integrate from current time t_ over a time step At using Cowell
integration one first calculates™a set of first points x

- l>y13
z;> Ty given by:

_ o he oAl

1 *n 2 *n 8 *n A

o=y sbto o acl

1 n 2 ‘n 8 n g (2.7-6)

- At A2 ¢

2y T, E Y T 2y,
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where XKoo Yoo 2, are current vehicle position coordinates in

inertial space, LI &n, z ~are current vehicle velocity coordinates

in inertial space, X0 Yo 2z are current vehicle acceleration

coordinates in inertial space.
Using the vehicle acceleration coordinates x, y, z, corre-
sponding to an intermediate time step

At
t t + 2

n ? ’

a set of second points Xogs Yos Zgs r2 is calculated.

. 2. . -
xp = x_ + At x_ + A% Xy .
2
. At
Yy = ¥y At Y, T Yy
N ) (2.7-7)
z, = 2z + At z + AL,
2 n n 2 1
2 2 2 2 /
r = ﬂv/xz + y2 + z2
. s . )
The updated vehicle position coordinates X410 Ynt1® Zp+1° are I
then calculated by
X = x + At[x. + (A (X + 28]
n+1 n n 6 n 1
\
y o=y, +atly. + B G+ 25 )]
n+1 n 7 n 6 n 1
> (2.7-8)
2 .=z + At[z + BB G+ 257
n+1 n n 6 n 1
/

2 2 2
Tatl = -\/ *nt+l + Yn+1 t Zn+l

Using the vehicle acceleration coordinates x,, y,, 2z, COrre-
sponding to the time t =-tn + t, the updated”vehiIcle " velocity
coordinates X +1° Yp+1° Zpe1° 2Fe given by
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o
+
7~~~
lt>
Nt
St
P
=
o]
+
=~
b
H
+
tadk}
N
~

n+l
\
. At . .
Yoe1 = Y ¥ =) b, + 4y, F Y,)
> (2.7-9)
— s At - -
Z.4q = 2 + ( 6) ( + 421 + ZZ)
/
. .2 .2 .2
Ta+l va X1 ¥ Y41 T %o
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2.7.2 Orbit Generator Math Flow

Figure 2.7-1 illustrates the sequence of calculations performed
in the orbit generator subroutine. Table 2.7-2- enumerates the

equations evaluated in the blocks shown in Figure 2.7-1.
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< ORBIT GENERATOE;)

INITIALIZE MATH CONSTANTS

y

CALCULATE GROUND STATION
POSITION VECTOR AND MODULUS
IN EARTH ROTATING FRAME

; - ;

CALCULATE ORBIT PARAMETERS

CALCULATE INITIAL SPACECRAFT
POSITION AND VELOCITY
IN INERTIAL FRAME

1

EVALUATE SPACECRAFT ACCELERATION

vl

o

COMPUTE GROUND STATION POSITION AND
VELOCITY IN INERTIAL FRAME

¥

COMPUTE LINE OF SIGHT AND RATE
IN INERTIAL FRAME

END

FIGURE 2.7-1 ORBIT GENERATOR MATH FLOW
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TABLE 2.7-1 ORBIT GENERATOR MATH FLOW

Calculate Ground Station Position Vector and Modulus in Earth
Rotating Frame

(ERP) (ERE)

ERV

v (ERE)?(sin Ag)z + (ERP)?(cos xg)z .
Rpy = (ERV) (cos kg)(cos ¢g) N
Rpy = (ERV) (cos Ag)(sin ¢g)
RTZ = (ERV) (sin Kg)
- 2 2 T
RTM =/ RTX + RTY + RTZ

Calculate Orbit Parameters

2
a = (lﬁi’? v,
2T . }
3
= 2maz
vV
R, + Ry Ry Ry
e = 1 -~ or e = -1
a
\ e
w'= Arcsin (E%Eifil for launch directiom North
sin (i)
w'= (n-|w'|)sign(w') for launch direction South
Q = Arctan (cos(w') cos(As) sin(%s)-sin(w') cos(i) cos(rs) cos(?s)
~ cos(w') cos(Ag) cos(¢s)+sin(w') cos(i) sin(¢g)
6 = w'-w
s
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TABLE 2.7~1 ORBIT GENERATOR MATH FLOW (CONT.)

'sin(Os)/l-ez

Sin(Es) T 1+e cos(0g)
_ etcos(9s)
COS(ES) " 14e cos(Og)

Arctan(ﬁi&igﬁl) modulo 27 radians

=i
it

s cos(Esg)
T = t -5 [(E -2m) - e sin(0,)]
M = [(t-T)Vu/al/a
El = E0 - (EoliesizgigigM Iterate to obtain
N e e

Calculate Initial Spacecraft Position and Velocity in Inertial
Frame

X = a(cos(E)-e)(cos(w)cos(R)~sin(w)cos(i)sin(R)) +
a/i-e? sin(E)(—sin(w)coscg)—cos(w)cos(1)sin(95)
Y = a(cos(E)~e) (cos(w)sin(R)+sin(w)cos(i)cos(Q))+
avl-e? sin(E) (-sin(w)sin(R)+cos (w)cos(i)cos(Q))
Z = a(cos(E)~e) (sin(w)sin(i))+a/I-e” sin(E) (cos(w)sin(w))

137



TABLE 2.7-1 ORBIT GENERATOR MATH FLOW (CONT.)

/1-e? cos(E) (-sin(w)cos()-cos(w)cos(i)sin(Q)

(1-e cos(E))Va/u

sin(E) (cos(W)cos(R)-sin(w)cos(i)sin())
(l1-e cos(E))/§7ﬁ

J/1-e? cos(E) (-sin(w)sin(2)+cos(w)cos(i)cos(f)) B ;
(1-e cos(E))a/u

sin(E) (cos(wW)sin(Q)+sin(w)cos(i)cos (1))
(1-e cos(E))Ya/u

/1-e? cos(E)cos(w)sin(i)-sin(E)sin(w)sin(i)
(1-e cos(E))vValu

R = /X2 + Y2 + z°

v = /X2 + Y2 + 22

F

Evaluate Spacecraft Acceleration

ZZ

.r =.}‘-l_. 2 _ z°
X [1+IR % (1-5 25

RS y/R? +

2
3¢q_9L N2 _
HRp (3-727) 5%

4 VA z* 4
DR, (3—42£7 + 63£T)/7R 1x
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TABLE 2.7-1 ORBIT GENERATOR MATH FLOW (CONT.)

Compute Ground Station Position and Velocity in Inertial Frame

. o = wEtmod 27

’ Rrix = Rox cos (o) - Ry sin(a)

L RTlY = RTX sin(a) + RTY cos (Q)
Rriz = Rpg
Viix = —wE RTY cos(0) - wE RTX sin(0)
VTlY = —wE RTY sin(Q) + wE RTX cos (O)
VTlZ = 0.0

‘‘‘‘‘‘ } Compute Line of Sight and Velocity in Inertial Frame

Iy = Rppg = %
Ly = Rpyy 7 ¥
Lz 7 Rpyg ~ %
I.‘x = Vpix X
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e bde

Ns

n+1
n+i
n+1
n+1
n+1
n+1

n+1

TABLE 2.7-1

]

(1]

]

2 2 2
YXT + Y7 + Z]

. Ac?
X+ Atk + S5 .
v o+ Ary o+ A2 §
n n 2 1
. 2 (1)
7z o+ Atz o+ A 3
n n 2 1

VX2 4+ Y2 + 22
2 2 2
X +At[X +AE(X 42X )]
n n 6 n 1
v +Ae[Y +RE(F +2¥ )]
n n 6 n 1

» _A_t_ - *»
Zn+At[Zn+6 (zn+221)]

=}
oy (>
rr

X +55(X + 4% + X )
) n 1 2

Y
n

>
ol

(Y +4Y + 7))
[ ]

Z +
n

GWE

(Zn + 4Zl + Zz)

3 ; 3 7
/Xn+1+ Yn+1+ Zn+1

L 2 i 2 5 2
+
/Xn+1 Yn+1+ Zn+1.
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TABLE 2.7-1 ORBIT GENERATOR MATH FLOW (CONT.)

o F
it

. 72
- %? [l+JRE2(l—5£7)/R2 +
3 (3~ 7“7)£T -
R

4 z?2 z" 4
(3—42§7 + 63Er)/7R 1Y

p R 2 q_cZ2y 02
VA = R3{[1+JRE (3 SRZ)/R +
3
(6~ 7 )—r
2

v (15-7055 =7 T 63—T)/7R 1z -

3 2
HR, /5R*}

Compute Spacecraft Position and Velocity for Next Time Step

- At . A‘E TS
X, = X #5 X+ X
. 1 2 ..
v, = y +AE ¢ 4%y
1 n 2 n 8 n
2 = 2 +At 7 4Ot
1 n 2 n 8 n
Ly = Vpiy = ¥
Ly = Vpyg — 2
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SECTION 3

LCSE ANALYSIS

In the course of the LASIM program development effort, cer-
tain analysis tasks have been undertaken to:

1. Define portions of the spacecraft control system to
allow simulation thereof,

2, Modify existing ATM Experiment Package (Telescope)
Control System gains to produce compatibility with
the Fine Tracking System. -

3. Use the developed LASIM program for investigation of
system performance for selected inputs. *

This section will summarize the analysis effort undertaken and
present the results obtained. This section will also present
areas for further study which have bearing upon the ultimate
feasibility of LCSE operation. {

SPACECRAFT CONTROL SYSTEM SYNTHESIS

Contained within the ATM rack are the CMG devices discussed
extensively in Paragraph 2.1. The attitude control system, util-
izing the ATM CMG's, was originally designed for a solar observa-
tion experiment consisting of solar telescopes which are gimbal
mounted to the ATM rack, which, in turn, is attached to an S-IVB
workshop, cluster-~configured spacecraft [1]. For the solar obser-
vation mission, the telescope gimbal control system, and the
spacecraft attitude control system (employing the ATM CMG's), were
designed to operate independently. By this is meant, the space-
craft is oriented to point at the sun by using so-called coarse
sun sensors mounted on the vehicle to provide position errors to
the spacecraft control system. The gimbal mounted experiment -
package, consisting of the solar telescopes, is oriented more
precisely in the direction of the sun through the gimbal control
system using fine sun sensors mounted on the gimbaled structure
to provide position error signals for the gimbal torquers. In
this way the spacecraft is oriented toward the sun independent
of telescope orientation; and the gimbal system orients the
telescopes in the direction of the sun within the deadband of the
spacecraft system to accomplish the precision pointing required
for the experiment.

The Laser Communications System Experiment differs from the
solar observation experiment in the important respect that the
observation reference is a relatively low power laser beam eman-
ating from a luminescent earth background. Only through the pre-
cision optics of the laser telescope, mounted om the gimbaled
structure, can this laser beam be detected. Furthermore, the
coarse sensor of the laser telescope does not provide proportional
output signals which might be used to provide position reference
for the spacecraft attitude control system.
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Thus, to provide independent spacecraft and telescope gimbal
system control, as in the solar mission, requires mounting a
laser telescope on the spacecraft, with a coarse detector which
provides linear position error signals,

The series approach requires that the telescope gimbal system
utilize the telescope coarse and fine sensors to provide error
signals to the gimbal torquers, which then drive against the
spacecraft inertia to orient the telescope in the line-of-sight
direction. The spacecraft system derives position error signals
from resolvers mounted on the gimbal pivots, which sense the
telescope gimbal angles. The spacecraft is then oriented to
align itself with the telescope. In other words, the spacecraft
control law requires that the spacecraft operate only to null the
telescope gimbal angles, which indirectly orients the spacecraft
toward the observation reference, since the telescope will orient
itself in the direction of the uplink laser beam. The spacecraft
system in this case is said to be in series with the telescope
gimbal system.

In the course of the LASIM program development, it became
necessary to conceptualize the series coupling approach discussed
above, in order to have a feasible system which could be simulated.
The reason for this was, and is, that a firm decision has not been
reached on the spacecraft configuration for the LCSE mission nor on
the complete control system design to be employed for spacecraft
control. Thus, the approach taken on the LASIM project, prior to
any digital simulation, was to postulate a control system configura-
tion which would work, using the basic hardware elements of the
existing ATM rack and experiment package. After this step, the
system as postulated was simulated. Paragraph 2.1 defines, explic-
itly, the spacecraft control system arrived at in the design effort.
No attempt was made to optimize the response of the spacecraft
system in the design effort which preceded the simulation. How-
ever, in subsequent simulation of wvehicle rigid body response with
the LASIM program, the design parameters selected appeared adequate.

TELESCOPE CONTROL SYSTEM PARAMETERS

Initially, it was assumed that the telescope gimbal control
system as designed for the ATM solar observation experiment could
be used in the LCSE mission. This system is basically a second
order system with 3db bandwidth of approximately 5 cps, damping
ratio () of 1.35, and is rate limited at .25 degree per second
(900 arc seconds per second). Figure 3.2-1 illustrates the basic
ATM experiment package (EPS) or telescope gimbal control system
as defined to IBM. The system of Figure 3.2-1 is used for both x
(outer) and y (inner) gimbal axes control.
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A two axils simulation of telescope dynamic response to a
step input, in both channels, using the control system of Figure
3.2~-1, was made during early LASIM development efforts. Figures
3.2~2 through 3.2-6 illustrate the results; where the initial errors
were Afp, = 900 arc seconds, A6py = -500 arc seconds. From the
results shown, it appears that tKe system is somewhat underdamped.
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Thus, it was deemed necessary to modify the system parameters to
produce a more stable telescope control system for the LCSE. In
addition to the damping question, consideration was given to the
maximum angular rate to which .the fine tracking system could res-
pond. The fine tracking system as defined in Paragraph 2.3 is-

rate limited at an equivalent of approximately 380 arc seconds per
second. Since the fine system must lock on the uplink beam to pro-
vide the telescope system with a linear region of control, it is
necessary that the gimbal system not swing through the fine field-
of-view at a rate to which the fine system cannot respond.

It was decided, as a trial design, to set the gimbal system
rate limit at 90 arc seconds per secand (versus 900 arc seconds
per second for the original ATM EPS system). To produce this limit-
ing, the position loop gain of the EPS system was reduced by a
factor of 10. These parameter changes are illustrated in parenthe~
sis on Figure 3.2-1, The system response 1is indicated in Figures’
3.2~7 through 3.2-11, : :

An alternative method for increasing the damping of the orig-
inal EPS system was tried which amounted to increasing the rate
gain K. by a factor of two to 96 v/°/sec:. This action produced
increased stability in the non-linear region, but caused a small.
amplitude oscillation in the linear region.  Figures 3.2-12 through
3.2-16 indicate the behavior of the parameters illustrated for the
previous cases. Figure 3.2-17 illustrates the angular rates G
and 6 from which the small oscillation in the linear region is
observable. This oscillation was not apparent in Figures 3,2-12
through 3.2-16 because of the scale used in the plots shown.

151



AGTX CRADIANS)

]

~, D004

et

*. 0000

~+00AR

o
)

- 2018

-1 0600

s

~.0084 [

TIME (SECONDS)

FIGURE 3,2~7

X CHANNEL STEP RESPONSE

152




“oo4

«003

Ty

Ag

,008

CRADIANS)
g

FIGURE 3.2-8

TIME (SECONDS)

Y CHANNEL STEP RESPONSE

153

g

14




Y

v

rid

g o N T =Lagig [ Loy =081 BT TS P L0081 080 =]

o

<

1%

(4

&

o] = Jos
i =4
|
faim ]

AGTX(RADIANS)

FIGURE 3.2-9 X CHANNEL PHASE PLANE PLOT

154

£



N

eTy(RADIANS PER SECOND)

~.00004

-.00008

= ghose

~ 40018

R 6D sw o> 2%

~.Boozo

~.00024

-.00028

T

L 44§94

T

|
ABTy(RADIANS)

FIGURE 3.2-10 Y CHANNEL PHASE PLANE PLOT
155



ABTy(RADIANS)

1,003

-,0084

“:00R0  =.0018  +.0088

FIGURE 3.2-11

~i0014 - ~~,0012 - =,0000  =(0008 - - =,0008

AGTXCRADIANS)

POSITION ERROR TRAJECTORY
156

- =40004

© =000k




i

ASTXCRADIANS)

3

T o NG

~.0004

oS

~. 0008

———-
Pt ]

Seue
i

«.0012

B

-+ 0018

]
Pt

-. 0080

*-_~_‘

-, 0084 I

FIGURE 3.2-12

TIME (SECONDS)

X CHANNEL STEP RESPONSE
157




(RADIANS)

AeTy

13117

003

002

<001

ot

-",

L1

]

N ey

TIME (SECONDS)

FIGURE 3.2-13 Y CHANNEL STEP RESPONSE

158




\\15.\1.\\ T
TET aaag
At Yot
oi\d 1 ~ -l e - 9
== o o =] o
3 Sur 2 I3 2
- R h t 1
i
T
y
n \
=
[ -
!
B
Y
I}
r
=
= .
)
~
i!
i
!
i
™ 41
= i
' r
1
l
i
H
b H
= ¢
¢ H
7 i
i i
) e
X
|
o
d
1
7
A
b
d

S

(GNOD23Ss ¥3d

-l

X1
SNYIQY¥) g

AGTX(RADIANS)

X CHANNEL PHASE PLANE PLOT

FIGURE 3,2-14

159



GTchADIANS PER SECOND)

s

.op2 i .on3

- BOUR

~. 004

- 5008

~. 0008

~.00%0

-. 001

~. 0014

- 0038

-.0010

——
T S, ol

b

FIGURE 3.2-15

AGTX(RADIANS)

Y CHANNEL PHASE PLANE PLOT

160




,«”i}@

AGTyCRADIANS)

oha
nl
™
P
N
o,
\'\
™)
N
S Lohs
N
™.
\\
-~
\"\
™
e
\ .

ope
Y
4

\

P
. R
4 e

~. 0024 -, 0020 ~. 00186 -.0048 : Xy 1131 ) -, 0004 [y

AOTXCRADIANS)

FIGURE 3,2-16 POSITION ERROR TRAJECTORY
161



4!010‘

1 3%

L6008 Tx

.0bos

Tt
bt
] et

.8 \

GTy(RADIANS PER SECOND)

~.0004

Tx?*

D |

Ty

oD

-+0008

-.0052

~+ 0030 i

TIME (SECONDS)

FIGURE 3.2-17 RATE RESPONSES

162




5 :
N

In summary, simulation of the original ATM EPS (telescope
gimbal) control system revealed an incompatibility between this
system and the fine tracking system as defined for the LCSE
mission. Changes were made to parameters of the telescope gimbal
system in order that the system work with the fine tracking system.
Paragraph 2.4 enumerates the set of parameters used for the teles-—
cope control system which produced a stable and compatible system.
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3.3 PERFORMANCE ANALYSIS

The LASIM program has been used to investigate LCSE tracking
system operation for several input conditions as part of the pro-
gram development effort. The following will present the results
of these investigations.

3.3.1 HNominal System Performance

The operation of the combined tracking systems in response to
an initial position offset between the telescope and the line-of-
sight of 30 arc minutes, and between the telescope and spacecraft
of 2° is regarded as the nominal case. Figures 3.3-1 through
3.3-6 illustrate the significant system parameters observed. The
following describes the parameters shown in the figures.

GX, 0 = Angular misélignment between line-of-sight and
y optical downlink direction about the x or y teles~-
cope axis.

0 or Oy equals the amount the system must be
rotated about the Y or X axis to track the uplink
beacon exactly. These quantities are driven to
zero primarily by the fine tracking subsystem, and
it is these quantities which must be controlled
such that:

VG; + 6; i_.l arc~second

Because of the range of magnitudes of these quan-
tities which are considered, log plots are shown.
This necessitates plotting absolute magnitudes
since the quantities take on both positive and
negative values.

wx’ Y. = Telescope gimbal angles; essentially the misalign-
ment existing between telescope and spacecraft
about the indicated telescope axis (driven zero

by spacecraft attitude control system)

P = Spacecraft inertial angular rate about x axis
Q = Spacecraft inertial angular rate about y axis
® = Angle between telescope geometric longitudinal

axis and line—~of-sight.. This quantity reflects
the accuracy with which the telescope gimbal
system operates.
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It is to be noted that the initial pointing errors are input in
the x axis only. The cross coupling into the y axis may be observed
from ® and Q. The oscillations.observed on Q prior to entry into
the fifie field-of~view (at approximately 22 seconds) are a result
of the non-linear position loop in the telescope control system.
The y gimbal angle ¥ _, while not illustrated, is oscillating in a
manner similar to that shown on Q. This oscillation feeds into
the spacecraft control system causing oscillatory torques to be
generated in the y channel until the system enters the fine field-
of-view. Upon this entry, a linear region of control is provided
- the telescope control system and the oscillations cease.

3.3.2 Gimbal Angle Resolver Error

The multispeed resolvers used to pick off the experiment pack-
age gimbal angles, which serve as position error signals for the
spacecraft control system, display certain systematic error char-
acteristics. It was desired to determine the dynamic and steady
state tracking errors resulting when the resolver error was intro~-
duced. The tracking system was initially misaligned such that the

ground beacon was just in the coarse field-of-view (g, = 30 arc
minutes) and the spacecraft was offset from the telescope by 2°
(gimbal angles = 2°)., The resolver outputs were modeled as:
Ry = ¥, + By + M, SIN(32y,) (3.3-1)
3
B R, = ¥, + B, + M, SIN(32y,), (3.3-2)
where
R1,2 = resolver output
wl 2 = true gimbal angle
]
Bl 9 = constant bias error term = 85 arc seconds
’
M1 9 = magnitude of sinusoidal component = 60 arc seconds
3 .

The resolver error model is reasonably standard., IBM Report No.
65-208-007H, 1 April 1965, discusses in some detail the systematic
error characteristics of multi-speed resolvers.

The resolvers used on the ATM experiment package gimbals are
16:1 resolvers. Using cross-over detectors to sense their output
and convert the analog signals into digital words provides an
additional 2:1 multiple, so that the resolver system is essentially
a 32:1 system. The argument of the sinusoidal error term is equal
to the number of electrical degrees through which the resolver
has been rotated, or 32 times the mechanical rotation.
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In general, tracking system operation is affected only slightly

by the resolver errors for the input considered,

Operation of the

coarse and fine tracking systems is virtually unaffected. The
only noticeable effect is that spar gimbal angles are not nulled

to zero by the spacecraft control

system. This is the expected

result, in that there exists a null offset in the gimbal angle

equal to the resolver error.

3.3.3 Astronaut Motion and External Disturbance Torques

As has been mentioned previously, astronaut motion in the
spacecraft will produce torques on the vehicle which will tend to

degrade tracking system performance.

The torque profile shown

in Figure 2.1-9 was applied to the spacecraft and the resulting

tracking efrors observed.

No other error sources were included

for this investigation and the line-of-sight vector was not

allowed to move during the simulation.

3.3-12 illustrate the significant
this investigation.
in Paragraph 3.3.1.

Figures 3.3-7 through
system parameters observed in

The quantities illustrated are those defined

It is seen frém the figures that the tracking systems remained
"locked on" to the fixed line-of-sight direction to well within the

.1l arc second requirement.

Also 1t can be seen that while the spar

gimbal angle (wy) moved as much as .8 arc seconds, the telescope

remained aligned with the line-of-

second (GZ).

sight to within about .1 arc

From these rather encouraging results, it was decided to apply
a sinusoidal disturbance torque about the spacecraft y axis, vary-

ing the magnitude and frequency of the disturbance.

From this, the

torque amplitude at the various frequencies at which the system
would not maintain tracking accuracies of .1 arc second would be

determined.

, " Time has not permitted this investigation to consider all the
combinations of frequencies and amplitudes of disturbance torques

which are desirable.

(Example:' consider frequencies in the range

from .0l cps to 5 c¢ps, allowing magnitude to vary from 50 nm to

10" am).
results are quite interesting.
plot of:

Maximum fine tracking errors and
resulting gimbal angles

In generating the data shown
was run for a total of 20 seconds
sinusoidal disturbance torque was
with the form:
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However, three frequenciles have been considered and the
Figure 3.3-13 shows a composite

Disturbance torqué peak
amplitude at the 3 frequen-
cles .1, .5, 1 cps.

VsS.

on Figure 3.3-13, the simulation
real time for each case. The
applied about the spacecraft axis
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T = ASIN(2Tft), (3.3-3)

for the first 10 seconds of the simulation, then removed to allow
the system to recover over the last 10 seconds. (It is suggested
in the future this exercise be repeated with the disturbance torque
applied for the same number of cycles at each frequency.)

To illustrate the system response under the input just dis-
cussed, consider the gy curve for £ = .1 cps on Figure 3.3-13.
This curve represents the maximum fine tracking system error ob-
served over the 20 second real time interval for a disturbance
torque at frequency £ = .1 cps, where the peak amplitude (A in -
Fquation 3.3-3) was allowed to take on values from 100 nm to 10"
nm. A new run was made for each peak amplitude shown in this range.
The P_ curve illustrates the y gimbal angle for the same distur- ¥
bance” input.

It may be observed that the tracking system error (0,)
remained small throughout the range of torque amplitudes.” However,
it is seen that the gimbal angle reached its maximum of 2° when the
torque amplitude was approximately 2500 nm. When this happens the
telescope will be turned with the spacecraft and the line-of-sight
lost from the field of view of the telescope. As presently modeled
in the LASIM program, the gimbal is not limited to a +2° range.
Thus, both curves must be observed to determine the effect of the
disturbance input.

The other curves in Figure 3.3-~13 illustrate the same quanti-
ties as above but for disturbance frequencies of .5 cps and 1 cps.
It can be seen that the effects are less pronounced at the higher
frequencies.

The original purpose in performing the exercise leading to the
data shown din Figure 3.3-13 was to establish some threshold values
for disturbance torques, above which the tracking systems could
not maintain the .1 arc second tracking accuracy. However, rather
than providing meaningful values for thresholds, the results
obtained raise several questions concerning the manner in which
the combined tracking systems operate. For example, it is not alto-
gether clear why the lower frequencies of excitation produce larger
tracking errors than the higher frequencies at the same amplitude
of disturbance torque. It was found that after several cycles of
disturbance input at the large magnitudes (for the case of £ = 1
cps), the control torque provided by the CMG system gradually moved
in phase with the disturbance torque. The manner in which the posi-
tion error signal for the CMG control system is related to the space-
craft dynamics and the telescope control system operation is not
adequately explained by the single axis diagrams illustrating the
hardware coupling.

172



-

3.4.1

In summary, results from the exercise described in this
paragraph raise some questions concerning the stability of the
combined telescope-spacecraft control system combination and
point to a continuation of these- analyses with the LASIM program
to better understand the dynamical coupling involved.

FUTURE INVESTIGATIONS

The LASIM program as developed constitutes a flexible tool
which can be used to investigate various aspects of the LCSE
tracking and pointing systems' performance. The program consti-
tutes the very necessary '"nominal system" model, from which the
effects of innumerable non-nominal conditions and influences may
be determined. However, the program, of itself, is no panacea
for accomplishing performance analysis. In all cases where par-
ticular dinvestigations, mot addressed already, are desired,
adequate mathematical description of the related extermal phenomena
must be made and incorporated into the program.

The following paragraphs present some illustrative examples of
investigations which are relevant to the success of the LCSE misg~-
sion and which can be made by using the present LASIM program with
suitable modifications.

Noise Effects

Because of the extremely accurate operation required of the
combined LCSE tracking and pointing systems, low level noise gen-
erated within the hardware components and noise resulting from
laser beam scintillation and refraction will assume significant

importance in determining minimum system error. As shown by the
results of Paragraph 3.3, system parameters can be selected such
that adequate operation results in the nominal <case. Indeed,

noise effects along with component non-linearities, such as hys-
teris in the flexure pivots and possibly the transfer lens motor,
will set the minimum errors. These effects are not modeled in the
present LASIM simulation.

The following enumerates some of the noise sources or noise-
like effects which can be modeled within the LASIM program, once
adequate definition of the effects themselves has been accomplished-

1. Photon noise within the photomultiplier detectors =

Reasonable statistical description of this noise
is available.

2. Detector signal noise resulting from beacon intensity
scintillation by the earth's atmosphere -

Comprehensive statistical description of this noise
is not readily available but sufficient description may be
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deduced from works of Fried, Tatarski and others to allow
some analysis.

Detector signal fluctuations produced by dynamic refraction
of the uplink beacon -

Comprehensive statistical description of this effect is
not readily available.

Detector noise produced by extraneous objects within the
telescope field-of-view - :

Analysis of the extent of this occurrence must first be
made, then description of the resulting noise formulated.
This item includes such things as particle reflectance of
sunlight, earthshine, etec; the particles in question being
foreign matter ejected from the spacecraft and drifting
in the vicinity of the telescope aperture.

Gyro noise -

General statistical descriptions of most types of noise
associated with rate gyro operation are available.

Quantization noise -

In all probability the gimbal resolver output and the
iead compensation for the spacecraft control system will be
processed in a digital computer within the ATM rack itself.
Because of the finite word length operation of the computer
and the D*A and A*D conversions attendant to the digital pro~
cessing, certain random components and quantization noise
will be introduced into the spacecraft control system. No
quantitative description of these effects for the specific
hardware to be used is available at present.

Tracking Data Inexactness -

Determination of spacecraft position, the true line-of-
sight and the line-of-sight rate in the pointing control
ground computations introduce errors in formulating the
point-ahead commands. Statistical description of these
errors should be obtainable, from which analysis of the
resulting pointing errors may be made.

In summary, the effect on laser pointing and tracking produced

by noise introduced at various places in the system is a critical
factor affecting the success of the LCSE mission. Several of the
obvious noise sources have been enumerated, the effects of which
should be considered. The LASIM program may be used, with suit-
able additions, to investigate the effects of the noise sources
discussed.
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3.4.3

Disturbance Torques

Very little information has been made available to describe
the disturbance torques arising from astronaut motion in the LM/
CSM/ATM spacecraft. For the one disturbance profile used as a
test input (Paragraph 3.3), the tracking system performed within
the desired limits. It should be pointed out, however, that the
profile used considered only an astronaut raising and lowering his
arm in the LM. More energetic movements by the astronauts will
produce more severe disturbance torques which will tax the capa-
bility of the tracking system.

A comprehensive determination of the torques produced by
typical astronaut movements should be obtained. These distur-
bance torques may be input to the LASIM program and the resulting
tracking performance determined. This may be done with very minor
program modification.

Structural Dynamics Effects

An extremely important area of investigation, which is not
modeled in the present LASIM program and which effects the pointing
and tracking performance of the LCSE, is the structural dynamics
of the telescope-spar structure and the LM/CSM/ATM spacecraft.
Vibratory motion through elastic deformation of the spacecraft and
telescope—-spar structure affects both control system stability, and
pointing and tracking of the laser telescope. Propagation of higher
frequency excitations, arising from system noise or astronaut motion,
is not completely predicted from the rigid-body model incorporated
in the present LASIM program. Consideration of the propagation of
disturbances and, in fact, nominal system response should include
the contribution of structural dynamics. '

A detailed closed-loop simulation of the structural dynamics
model of the spacecraft and telescope~spar structures, included
with the present model of the control systems, is an extremely
complicated simulation problem. This type simulation essentially
constitutes a closed loop, elastic body simulation of a multi-part
satellite, It would be virtually impossible to construct such a
simulation which would not require excessive amounts of computer
time to analyze the small scale efifects required for the LCSE.

A more realistic approach to consideration of the structural
dynamlcs effects is to consider the natural, structural vibratory
motion as a perturbation input to the rigid body model containing
the sensor devices and predict the resulting disturbance. This
approach assumes that by some means the natural modes and fre-
quencies of structural deformation may be obtained.

175



The analysis approach envisioned consists of reflecting
spacecraft vibration to the experiment package gimbals. This
will produce oscillatory motion of the gimbals which will serve
as a disturbance input to the coarse and fine control systems.
In addition, a structural dynamics analysis of the telescope
secondary mirror supports may be undertaken to determine the
image motion resulting from vibration of the mirror in response
to telescope-spar structure motion.

In summary, structural dynamicg effects will impact opera-
tion of pointing and tracking of the LCSE. More data on the vehicle
and spar elastic deformation characteristics are required in order
to formulate a specific approach to detailed analysis and simulation
of these effects.
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