Surveillance Satellite Attitude Control Design Using
RCS Jets and Reaction Wheels

Figure 1 Surveillance Spacecraft with Reaction Wheels and a Rotating Telescope

The spacecraft in this example is a typical satellite with a pair of solar arrays and an optical instrument
attached. The instrument can rotate in two directions (azimuth and elevation) relative to the spacecraft.
The spacecraft includes 3 wheels for attitude control which are mounted as shown in figure 1.1. Two of the
wheels, RW#2 & RWH#3, are reaction wheels. Their spin axes are tilted 20° from horizontal and they can
provide control torques only in pitch and yaw directions. Wheel #1 is a momentum wheel and it spins at
constant rate. It is not actively used for attitude control but it provides a constant momentum of -40 (ft-lb-
sec) in the pitch direction to provide passive roll/ yaw stabilization. The momentum bias provides a
stiffening effect in the out-of-plane directions but it produces a nutation resonance that couples the roll
and yaw axes. The lateral RW control law takes advantage of this dynamic coupling and dampens the
nutation resonance. By stabilizing the roll axis, it also stabilizes yaw due to the gyroscopic coupling between
the two axes. The spacecraft also includes 7 RCS jets for attitude control and momentum desaturation.

For attitude measurements the spacecraft uses horizon sensors which provide accurate pitch and roll
attitude with respect to the local vertical local horizontal (LVLH) axes. The attitude control error
requirement in pitch and roll is +1.5 (deg). Yaw control is allowed to be more relaxed during RW control, up
to 7 (deg) of yaw error. Yaw attitude data are not required for attitude control purposes. There is, however,
a slow and less accurate derived yaw estimate which is used to correct yaw drifts during momentum de-
saturations. External disturbance torques cause the RW momentum to build up and the accumulated
momentum stored in the two reaction wheels is taken out by firing the reaction control jets. During
desaturation the RCS jets control also the spacecraft attitude.



The following analysis focuses in a variety of typical satellite control design issues:

Designing a Reaction Wheel Attitude Control System for a Momentum Biased Spacecraft

Designing an RCS Attitude Control and Momentum Desaturation System

Designing a Telescope Gimbal Positioning Control System

Creating a Multi-Body Spacecraft Model, Controlling it, and Analyzing Jitter

Modeling and Stabilizing Structural Flexibility Modes, and

Creating Linear, Multi-Body, Flexible, Spacecraft Models and Analyzing Stability and Jitter Sensitivity
to External Disturbances.
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The ACS design and control analysis are presented systematically by separating them into seven sections.
The complexity of the models and the analytic details increase from section to section. Different tools,
models and simulations are employed to analyze various control and performance issues.

In Section 1 we derive the RW control laws for the momentum biased satellite that maintains an LVLH
attitude as it orbits around the earth. In Section 2 we develop a rigid-body simulation model in Matlab for
the orbiting spacecraft in LVLH attitude. The model includes both: reaction wheel and RCS control modes,
and the loops are closed. The simulation includes a logic to switch between the two modes of operation.
We simulate a pitch attitude maneuver using the RW control mode, followed by RCS control with
momentum desaturation using the jets. We also analyze the RW stability of this rigid-body model.

In Section 3 we use the Flixan “Flexible Spacecraft” modeling program to create state-space systems for the
flexible spacecraft structure from a Finite Element Model (FEM) which includes the rigid-body modes
implemented as structure modes. The FEM also includes data to combine the spacecraft with the gimbaling
telescope. We create a simple Simulink model to simulate this flexible spacecraft system using closed-loop
RCS control. We also create gimbal controls for the telescope to position it in elevation and azimuth angles
and we analyze its sensitivity to spacecraft disturbance.

In Section 4 we use Simulink to combine the non-linear rigid body model of Section 2 which is implemented
as a Matlab function in parallel with the flex structure model created in Section 3. We simulate its response
to environmental disturbances and analyze the combined system stability. We also design flex filters to
attenuate some of the structural modes. In Section 5 we focus on linear analysis. We begin with the linear
equations of motion which are implemented in a Simulink block. The linear block is connected in parallel
with a flexible structure block and we analyze this system’s stability and performance as in Section 4.

In Section 6 we introduce the dynamics of the gimbaling telescope which rotates in two directions
(elevation, and azimuth) relative to the spacecraft bus. A non-linear 3-body dynamic model is created in
Matlab to simulate the spacecraft dynamics and the relative motion of the 3 bodies (spacecraft, telescope,
and telescope yoke). The Solar Arrays are not gimbaling but they are assumed to be rigidly attached to the
bus. Translational orbital motion of the spacecraft in the ECI frame is included in the simulation. The 3-body
rigid spacecraft model is also combined with a flex model and the previous Section-4 analysis is repeated
using the multi-body vehicle model. A simple position control system for the telescope gimbals is included
and the stability and sensitivity of the telescope gimbal loops (elevation & azimuth) are analyzed.

In Section 7 we create a different state-space system for the spacecraft using the Flixan “Flight Vehicle
Modeling” Program. This is a linear model in the LVLH attitude. It includes the RWs, the two telescope
gimbals, the RCS jets, Gravity-Gradient, disturbance torques, plus flexibility. We also used this model to
validate previous models by analyzing stability and Line-of-Sight (LOS) sensitivity to spacecraft disturbances.



1.0 Spacecraft Attitude Control System

The surveillance satellite is in circular orbit around the earth and it is maintaining a local vertical, local
horizontal (LVLH) attitude, which is the z-axis pointing towards the center of the earth and the x-axis along
the velocity vector. The orbital rate is ®,=0.00113 (rad/sec) so the spacecraft has a steady negative pitch
rate equal to (-wo). There are three wheels mounted on the spacecraft for attitude control and stabilization.
Wheel #1 in the middle is a Momentum Wheel (MW). Its spin axis is horizontal and it is rotating about the
spacecraft -y axis in negative pitch direction, maintaining at a constant rate -500 (deg/sec) by a motor
speed controller that provides -40 (ft-lb-sec) momentum bias to the spacecraft. This is in addition to the
momentum due to negative spacecraft rotation at orbital rate. Wheel #1 is not actively used for attitude
control but it provides passive roll/yaw stabilization. The other two are reaction wheels (RW#2 and RW#3).
They are tilted +20° with respect to the spacecraft y axis and they provide active pitch and yaw control by
additive and differential wheel accelerations. There is no RW momentum component in the x direction for
controlling roll directly, but the spacecraft is stabilized gyroscopically in the out of plane directions by the
pitch momentum bias that couples the rotations in roll and yaw. The purpose of the attitude control system
is to control the spacecraft attitude close to the LVLH attitude and to allow small pitch maneuvers. The ACS
allows up to 1.52 error in pitch and roll and up to 72 in yaw. The spacecraft is excited by environmental
disturbance torques in pitch and yaw, which are both cyclic with a steady bias component (secular) and
they create attitude errors. They are due to aerodynamic and gravity gradient torques. Secular disturbances
require steady torques which increases the RW momentum and need frequent desaturation when the
momentum approaches saturation levels. There are 7 RCS jets of 0.05 (Ibf) thrust each, used for attitude
control and RW momentum desaturation. There are 3 jets thrusting in the velocity (+x) direction used for
pitch control and orbit re-boost. There are also 4 jets pointing in the ty direction for roll and yaw control. In
addition to attitude control the RCS jets are mainly used to desaturate the reaction wheel momentum
which is only in pitch and yaw since there is no RW component in the x direction.
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Figure 1.1 Momentum Wheel and 2 Reaction Wheels Configuration



1.1 Attitude Control Design

The attitude control system (ACS) operates in two modes: the RW mode and the RCS mode. In the RW
mode the RWs are used to control attitude until the RW momentum exceeds a certain amount relative to
the nominal bias level, and when it happens, jets are fired to desaturate the wheels. In fact, the attitude
control system switches to the RCS mode and it is stabilized by the RCS while the wheels are torqued in the
direction that zeros the RW (#2 and #3) momentum. The duration of the RCS operation is much shorter
because there is more torque availability. Telescope operations occur only during RW control periods
because the jets generate jitter that corrupts the image quality. During RCS control RW #1 is continuously
driven to maintain the -40 (ft-Ib-sec) bias momentum. The attitude control system is designed based on the
attitude equations of motion of a spacecraft in the LVLH frame. The linearized equations of motion about
the spacecraft principal axes are:

Ix¢.5'|'a)o Huw ¢+H"w v —a,Hy; +HWX =T +Tex
1,6 +302 (1, —1,)0+H,, =T, +T,,

I,y +oy H" v + HWY'|I¢+w0 Hux +sz =Ty + T
where:

H'\w = 4w, (IY _IZ)+HB

H"w = @, (IY _IX)+HB

H”IWY =, (IY _Ix _IZ)+HB

($,0,y) attitude angles in the LVLH frame about (X, y, z), respectively
(m0) is the spacecraft orbital rate (rad/sec)

(He) is the bias momentum in the pitch axis (positive along —y)
(Ta) are the environmental disturbance torques

(Te) are the reaction wheel control torques

The pitch equation which is in the orbital plane, is decoupled from the roll/ yaw (out-of-plane) dynamics
allowing the three-axis control problem to be reduced to two separate systems: a pitch axis and a lateral
axis. The control system attempts to minimize the attitude perturbations produced by the environmental
torques. The gains are designed directly from the equations of motion.

Pitch Control

The pitch axis is a standard PID reaction wheel attitude control system designed to provide a bandwidth of
0.02 (rad/sec), and damping zeta=0.8. The rate of change of pitch wheel momentum is commanded as a
shaped function of the measured pitch attitude in order to remove the pitch attitude errors and to dampen
the pitch motion.



Out-of-Plane Control Law

Roll and yaw control in this spacecraft is accomplished gyroscopically by virtue of the pitch momentum
bias. From the roll and yaw equations, assuming only pitch momentum bias and ignoring the slow orbital
rate, we can obtain an open-loop solution for the roll and yaw rates which are coupled by the nutation
frequency (on). Passive damping is used to attenuate the nutation oscillations amplitude after being excited
by jet firing (not shown).
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By taking advantage of the gyroscopic coupling between roll and yaw, the yaw momentum is commanded
as a function of the measured roll attitude error. After combining the yaw and roll equations together and
ignoring the small orbital rate we obtain
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Controlled damping of the roll and yaw nutational motion can be accomplished by commanding the yaw
momentum Hwz as a function of roll rate. In addition, to reduce the roll attitude offsets in response to
external disturbances, the yaw momentum is also commanded as a function of the integral of roll attitude.
Finally, since the roll rate is not measured directly but it is derived by lead shaping of the measured roll
attitude, a roll attitude error term will also be present in the control law for commanding yaw momentum
as a function of roll attitude, that is
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After substitution the characteristic equation can be simplified to a third order in the following form
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The complex pair of roots can be characterized by a natural frequency and damping ratio
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The objective in gain selection is to achieve the desired nutation damping by the proper choice of K; gain.
The nutation frequency increases with K. The integrator root should be more than 1/10 the real part of the
complex root pair. A good choice of gains is
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2.0 Rigid Body Simulation

In this Section we will develop a non-linear simulation model of an orbiting spacecraft that is maintaining a
local-vertical local-horizontal (LVLH) attitude and we will linearize this model to analyze stability. We begin
by describing the non-linear rigid-body equations, the vehicle dynamics, the control system, the Simulink
models that implement these functions, and present simulation and stability analysis results. The Simulink
files for this example are in “\Examples\10-Surveillance Satellite React-Wheels\1-Rigid-Body Sim”.

2.1 Non-Linear Dynamic Equations

The linearized equations of motion in Section 1 are used for the derivation of attitude control gains. The
attitude control system attempts to keep the spacecraft at constant attitude with respect to the LVLH. The
LVLH frame rotates at orbital rate. The spacecraft x axis is towards the velocity vector, the z axis is pointing
towards the center of the earth, and the y axis is perpendicular to the x-z plane towards the right solar
array. The following equations describe the non-linear dynamic motion of a spacecraft with Reaction
Wheels with respect to the LVLH frame.
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If we assume that the reaction wheel torque Trw consists of the control torque plus a term that cancels out
the gyroscopic torque (ox H,, )

Tew = Twe — (a) X H gy )estim (2.2)

Then the equations simplify in the following form
low= _<Q X ﬂsys)+ 35"5(9 x| 9)+IRCS +T4+Tuc

ﬂRW = _IWC (2.3)
ﬂsys = o+ ﬂRW
Where:

Twc  is only the control part of the RW torque, excluding the gyroscopic torque
Hrw  is the reaction wheel momentum, and
Hsys  is the system momentum

o is the spacecraft body rate and o, is its circular orbit rate (0.0011 rad/sec). In the top equation, the first
two non-liner terms on the RHS of the moment equation are the gyroscopic and gravity gradient torques
respectively. Trcs, Twe and Tp are the RCS torques, the reaction wheel control torques, and the disturbance
torques respectively applied in the body axes. The state-vector is initialized in the LVLH attitude, which has
an initial pitch rate equal to (-wo). The attitude kinematics equation calculates the Euler angles (¢, 6, y)
with respect to the LVLH frame by integrating the transformed body rates . The bottom equation in
equations 2.1 calculates the rate of change in the reaction wheel momentum in body axis as a function of
the RW torque Trw. The spacecraft attitude control system is designed by taking into consideration the
constant pitch bias in the system momentum. The 3 wheels are initialized at Hrw= (-40, 0, 0)’ (ft-Ib-sec).
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The Matlab simulation model is in folder “..\Examples\10-Surveillance Satellite React-Wheels\1-Rigid-Body
Sim”. The Simulink model is “NonLinear_Sim.mdl”, is shown below in Figure 2.1. The non-linear equations
2.1 are coded in Matlab function “NonLin-Vehi-Dynamics.m” which is implemented in the subsystem block
“Spacecraft Non-Linear Dynamics” in the Simulink model, Figure 2.1. There is a pitch attitude command on

the left side. The roll and yaw commands are zero.

Spacecraft with Reaction Wheels, RCS Jets
and Pitch Momentum Bias, Non-Linear Simulation
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Figure 2.1 Rigid-Body Simulation Model in file “NonLinear_Sim.slx”



Non-Linear Spacecraft Dynamics
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Figure 2.2 Spacecraft Dynamics block that includes Matlab function “NonLin_Vehi_Dynamics.m”

Figure 2.2 shows the spacecraft dynamics block that includes the vehicle equations of motion implemented
as a Matlab function “NonLin-Vehi-Dynamics.m”, see Fig.2.2b. The inputs to the spacecraft model are: 9
state updates, 3 reaction-wheel control torques (Trw), the first one is a small torque against friction to
maintain a steady rate. There are also 7 RCS jet forces, and an external aero disturbance torque (Tq) in pitch
and yaw. The dynamics block calculates the derivative of the state-vector (9 states) which is updated by an
integrator loop around the Matlab function. The gravity-gradient torques are calculated internally as a
function of the LVLH Euler angles. There is a mechanical feedback loop that calculates the RW friction
torque as a function of the wheel speeds. It consists of viscous plus coulomb friction components. The
motor torque for each wheel must exceed the Coulomb friction before the wheels begin to accelerate. The
state vector consists of spacecraft body rates, LVLH attitude, and momentum for the 3 reaction wheels.
There are additional outputs used in the simulation, such as: rates with respect to the LVLH, combined
spacecraft and RW system momentum, individual wheel rates relative to spacecraft, and the reaction
wheel momentum resolved in body axes. The transformation matrix CB2L is used to transform the vehicle
attitude and rate from body to LVLH coordinates and it is included in the equations of motion. The vehicle
parameters and integrators are initialized by the Matlab script “run.m”.



function out= HonLin Vehi Dynamics (x,Twi,L,Td)

glokbal J Jdir CBZL w
% State

%3 x(1-3) (rad/sec)

% x(4-8) s/c (wWr)

5 x(T-9) Momentuam

% Inputs

% Twi(3) = Reaction Wheel (i) Torgues (fr-1b)
% finc) = RCS5 Forces (1lbf)

% Td(3) = Disturbance Torgue

¥dot=zeros (9,1) wr=zeros(3,1):

wh = ®x(1l:3):

the = x(4:8)

hwi = x(7:9);

Hsys= J*wb + CwZk*hwi;

cphi= cos(the(l)):
cthe= cos(the(2)):
cpsi= cos(the(3)):

sphi= sin(the(l)):
sthe= sin(the(2)):
spsi= sin(the(3)) !

c= [-sthe * cpsi;
cphi * sthe * spsi + sphi * cthe;
-sphi * sthe * spsi + cphi * cthel:

CBZL= [cpsi, -cphi*spsi, sphi¥*spsi:
o, cphi, -sphi;
o, sphi*cpsi, cphi*cpsi]/cpsi;

% Thruster Forces and Moments
Tr= zeros(3,1):
for i=l:nt
ma= Jloc({:,i) - cg:
Tr= Tr + f(i)*cross(ma,Jdir(:,i}):
end

xdot (1:3)= JI* (Tr +Td -
+ 3*wo™2*cross(c,J*c) - cross(wb,.Hsys) )

CwZb*Twi

wlv= CBZL*wb + [0, wo, 01':

xdot (4:6)= wlv;

xdot (T:9)= Twi;

for i=1:3; wr(i)= (hwi(i)/Iw) -dot(Cwikb(:,i),wb): end

out=[xdot; wlwv,; Hsys; wr]:

Figure 2.2b Spacecraft Dynamics Function “NonLin_Vehi_Dynamics.m”
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The spacecraft motion is also excited in pitch and yaw by an external aerodynamic disturbance torque Tg,
which consists of secular and cyclic components. The cyclic components are mainly due to the rotation of
the solar arrays at orbital rate (wo) and the variation in atmospheric density between the bright and dark
sides of the earth. There is also disturbance torques occurring at twice the orbital rate (2w.) because the
satellite has less aero drag when the arrays are horizontal and more drag when they are vertical. There are
secular disturbances in both pitch and yaw due to lack of aerodynamic symmetry (the satellite center of
pressure is above the CG, and there is also an optical instrument on the right side). This biases the RW
control torque which eventually saturates the RW momentum and a regular momentum desaturation with

the RCS jets is needed.



2.2 Reaction Wheels

A simplified model of a reaction wheel is shown in figure 2.3. The torque applied to the spacecraft is equal
to the torque generated by the RW motor minus the friction torque. The friction torque consists of two
components: viscous friction which is proportional to the wheel rate plus Coulomb friction which opposes
the motion at a constant magnitude. The wheel does not accelerate until the applied torque exceeds the
Coulomb friction which is represented by a small dead-zone. This model is implemented in the Simulink file
“RW.mdI”. The momentum wheel device is almost identical to the reaction wheels. It has the same
moment of inertia as the RW and its speed is maintained at constant rate 4770 (rpm). It does not accelerate
and does not produce any torque about the spin direction but only gyroscopic torques in the orthogonal

directions due to (wxH) coupling with the spacecraft rate.
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2.3 Attitude Control System

The combined attitude control and momentum desaturation system is shown in Figure 2.4. It includes both,
RW and RCS control laws operating in two separate modes. There is a mode switching logic that turns on
the RCS attitude controller when the RW momentum approaches saturation. During RCS control the wheels
are torqued in the direction that nulls the RW momentum while the RCS maintains the desired attitude.

RCS RCS and RW Attitude Control System
Attitude Error  Phase-Plane RW Steering and Mode Switching Logic
atter f(nt) ACS Mode
atter Switch
—p»| Frcs
RW Control RCS Jet Forces Frcs
Fres
o—P| atti Tc—»Trw
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Reaction Wheel
Torque Comds

(2) P wr(1) Trwi

wr(i) RW Steering

Trw

RW (i) Rates wr(i)

. —p Trwc
relative to s/c

Figure 2.4 Combined Reaction Wheel plus RCS Attitude Control System

2.3.1 Reaction Wheel Control System

The derivation of the reaction wheel control law was described in Section 1.1. The inputs are roll and pitch
LVLH attitude errors and the outputs are pitch and yaw torque commands to the reaction wheels. Roll is
controlled gyroscopically by yaw commands by taking advantage of the pitch momentum bias. The coupling
between roll and yaw also provides some degree of yaw stabilization.

Reaction Wheel Control Law
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Figure 2.5 Reaction Wheel Control Law
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2.3.2 Reaction Wheel Steering Logic

The RW steering logic performs two functions. The first function is to transform the pitch and yaw torque
commands from the RW attitude control system into RW#2 and RW#3 torque commands. As we described
earlier the average momentum in RW#2 and RW#3 should be zero and they provide pitch and yaw control
torque to the spacecraft. An electric motor accelerates or decelerates the wheels about their spin axis and
it produces a torque. The max torque magnitude that each RW produces is approx. 0.05 (ft-Ib). There is a
limiter in the steering logic that saturates the commanded wheel torques magnitude, so that their torque
does not exceed the max torque capability. During torque limiting, the maneuver maintains the
commanded eigenaxis direction. The steering logic subsystem also regulates the speed of wheel #1 by
providing the necessary torque to overcome RW#1 friction and to maintain constant rate -500 (rad/sec)
relative to the spacecraft. Wheel #1 provides momentum biasing to the spacecraft in the pitch direction for
passive roll/ yaw stabilization. The total pitch momentum of the spacecraft system consists of wheel plus
spacecraft momentum and they are both in the negative direction.
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Figure 2.6 Reaction Wheel Steering and Wheel #1 Speed Control
function out = RW_Steering(Tc)
global ChZw Tmax
% Converts the Torgue Commands from s/c Body t heel torgues
£ Tc = Torgque Command (ft-1k)
Twc=zeros(3,1);
Twe= ChZw*Tc:; % Wheel(2,3) Torgue command= Ch2w* (Tc + cross(wb,Hsys))
Twm= sgrt (Twc'*Twc) ; % Magnitude of torgue commd
if TwmeTmax; Twoe= Tmax*Twe/Twm; end % e Command
out= [Twc; Twm]: % Torgue Commands for wheels 2 & 3, Torg magn

2.3.3 RCS Phase-Plane/ Jet Selection Attitude Control System

Figure 2.7 shows the RCS attitude control system (orange block in figure 2.4) which is a phase-plane with jet
selection logic operating on the attitude and rate errors. It is implemented in the Matlab function “Phase-
Plane.m”. The inputs to the phase-plane logic are spacecraft attitude and rate errors. Since only attitude
measurements are available and not rates, the rates are obtained by differentiating the LVLH attitude
errors in the z-domain. The phase-plane calculates the ideal direction of rotation eigenvector and calls the
jet-selection logic (implemented in function “Jet_Select dot.m”) to determine the jets to be fired. The jet-
selection logic fires either one or two jets in order to rotate the spacecraft about an axis that is close to the
commanded direction. The selection of jets is determined by calculating the dot-product contribution of
each thruster in the commanded direction. Then, either one or two jets are selected to fire in order to
provide maximum acceleration in that direction. The outputs of the phase-plane block are the 7 jet thrusts
and the unit vector direction of the vehicle rotation.
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Figure 2.7 Phase-Plane and RCS Jet Selection Logic

2.3.4 ACS Mode Switching Logic for Momentum Desaturation

The ACS mode switching block (the yellow block in figure 2.4) is shown in Figure 2.8. It is used to switch
between the RW and RCS attitude control modes of operation. When the magnitude of the combined
RW#2 and RW#3 momentum is below 10 (ft-lb-sec). the spacecraft remains in the RW mode and it does not
fire any jets. Pitch and roll attitudes are controlled more accurately than yaw. Yaw errors can drift to larger
magnitudes due to greater yaw aero disturbances but they are maintained below 7° due to the stiffening
effect of momentum biasing. The surveillance system can tolerate large attitude errors because the
telescope is able to gimbal. When the RW momentum exceeds the threshold the logic switches to RCS
attitude control in order to maintain the commanded LVLH attitude, and the yaw attitude error is reduced
by the RCS to within the RCS dead-band. The two reaction wheels are then torqued in the direction that
reduces the accumulated RW momentum. The commanded RW torque during desaturation is maintained
below max torque and the torque is applied in the direction that reduces the accumulated momentum in
order to bring it to zero in both directions in unison. The jet forces are stronger and they overpower the RW
desaturation torques. When the magnitude of the RW momentum drops below (1 ft-lb-sec) the logic
switches back to RW control. This logic is implemented in Matlab function “Mode-Switch.m”. In Section 6
we replaced it with a Matlab/ State-flow switching logic.
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functi

Reaction Wheel/ RCS Mode Switching Logic

on out= Mode Switch(atter,wr, f£i,Tci)

global CwZ2k Jw Mode r2d Hmax Tmax nt
% atter = Attitude Errors (rad)
% wr(2) = Wheel rates (2,3) relat to s/c (rad/sec)
% fi(nt)= RCS Forces (lbf)
% Tc(2) = Torgue cmd (pitch,vaw) (fr-1k)
wi=zeros(2,1):
for i=1:2

wi(i)=wr({i)., F+dot(Cwib(:,1i+1),[0,—wo,0]1"):
end % Imertial wheel rate (wheel+s/c)
hrwa=CwiZk (2:3,2:3)%Iw(2:3,2:3) *wi;
hmag=sgrt (hrwa'*hrwa) ;
if hmag==0, Mode=0; end

aterm=sgrt (atter'*atter) *rad;

if

else,

end

if

else,
end

out=[M

& hmag<Hmax,

f=zeros(nt,l): Tc=Tci;
f=fi;

Mode=1;
if hmag>Hmax/10; Tc= -hrwa*Tmax/hmag;
Ic=[0 0]': end

else;

Mode==1 & hmag>=Hmax/10,
Mode=1; £=fi:
if hmags=Hmax,10; Tc= -hrwa*Tmax/hmag;

elze; Tc= [0 0]1": end
Mode=0; f=zeros(nt,l):; Tc=Ici:
ode; aterm; hmag; £; Tc]:
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2.3 Simulation Results

The following results are obtained from the rigid body simulation model described using the equations of
Section 2.1. The simulation is commanded to maneuver to 10° in pitch attitude and it achieves this attitude
using reaction wheel control. The spacecraft does not maneuver in roll and yaw and the commands are
zero. Cyclic aerodynamic torques are applied as inputs in pitch and yaw. Gravity-gradient torques are also
included in the equations. The reaction wheels are reacting against the external torques and it causes the
RW momentum to increase. When the RW momentum exceeds the desaturation threshold the logic
switches to RCS control and uses the jets to maintain the LVLH attitude while at the same time it torques
the reaction wheels #2 and #3 to de-saturate the accumulated momentum. The desaturation periods are
short in comparison with the RW control periods and they occur approximately every 1.5 hours. During RW
control the spacecraft maintains good pitch and roll control within 1.5 (deg) of attitude error. The yaw error
in the RW mode can drift as high as £8° and it is corrected when it switches to the RCS control mode.
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Spacecraft with 3 React-Wheels & Pitch Momentum Bias
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2.4 Reaction Wheel Stability Analysis

The Simulink model “Lin_Anal.sIx” is used for analyzing the Reaction Wheel control system stability in the
in-plane (pitch) and in the out-of-plane (lateral) axes, one axis at a time. One of the loops is closed (pitch
loop shown in this case) and the other out-of-plane loop is opened. The Matlab script “Linanal.m” linearizes
the Simulink model and calculates the frequency response across the opened loop. The out-of-plane loop
has a strong nutation mode at 0.055 (rad/sec) caused by the pitch momentum wheel #1 biasing and the
control system bandwidth is 0.18 rad/sec. The bandwidth of the in-plane loop is 0.035 (rad/sec). Both loops
have plenty of phase and gain margins.



Linear Analysis Model

Spacecraft
Non-Linear
Dynamics RW Control
RW Steering
att-lv —p» atti Tc ou
= >
®_ Twi —P{ Twi
in -1
wr(1
—»wr() wr
For Out-of-Plane Analysis
The In-Plane Loop is Closed
wheel rates wrt s/c
run
[ARo,Bo,Co,Do]=dlinmod ('Lin Anal',Ts); % Discrete Open-Loop Analysis Model
[nr,nc]=size (Ao); E=diag({ones(nr,1l)):
sys=dss (Ao,Bo,Co,Do,E,Ts) ; % Prepare discrete 55 model for
w=logspace (-2.4,1.6,30000); % frequency response analysis

figure(2); bode(sys,w); grid on

figure(3):; nichols{sys,w)

% for stability margins

Figure 2.9 Linear Model “Lin_Anal.slx” used by Script “Linanal.m” to Calculate the Frequency Response of the

Reaction Wheel System for Stability Analysis
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3.0 Flexible Spacecraft Modeling Using Modal Data

This section describes the construction of flexible spacecraft state-space systems which are entirely derived
from a finite elements model (FEM) of the spacecraft mechanical structure by means of mode shapes and
frequency data. The modal data from the finite elements program consists of a huge number of mode
frequencies and mode shapes at multiple locations, also known as structural nodes. The linear dynamic
models are created by processing the modal data using the Flixan Flex Spacecraft Modeling program. The
FEM contains many flex modes and most of them are not included in the analysis model. Only the strong
modes are selected based on a mode selection process and the original FEM data set is reduced to a
smaller modal data file for the Flixan program. In this example, the state-space system created consists of
67 modes from which the first six are rigid-body modes at zero frequency that define the rigid-body
behavior of the spacecraft and the rotating appendages. The remaining 61 modes are structural flexibility
modes associated with structural oscillations. The files for this analysis are in directory “/Examples/10-
Surveillance Satellite React-Wheels”.
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Figure 3.1 Some Important Node Locations on the Spacecraft Bus



The reduced modal data file is “Surveillance-Sat.Mod” and it contains only the first 100 modes at 28 useful
locations or nodes. From the 100 modes in this file, we will use the “Mode Selection” process of the Flixan
program to select 67 modes (6 rigid and 61 flex) that will be included in the spacecraft state-space system.
The 28 nodes which are included in the modal data file are listed in a nodes map file “Surveillance-Sat.Nod”,
see Table 3.1, that includes a title, a short description of each node, node numbers (1-28), the FEM id
numbers, and the location coordinates of each node. Figure 3.1 shows the locations of some of the nodes
on the spacecraft bus. By using mode selection, we remove the mode resonances that do not participate
much in energy transfer between certain excitation points (such as actuators and disturbances) and
measurements points (such as measurements or sensitive locations) on the spacecraft. The mode selection
process displays the nodes file in menus to help the user to select the desired locations.

Table (3.1) Nodes Map “Surveillance-Sat.Nod”

NCDE IDENTIFICATICN TAELE FOR SUREVELLANCE SATELLITE WITH SCOLAER ARRAYS AND CPTICAL SENSCE
Node Description Node No FEM ID Location X,¥,2 (fest) cg=[-0.05, 0.1, 22.625]
Moving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Moving Antenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors & 31001 -0.747 0.114 25.572
BAccelerometers 7 31002 0.338 0.648 25.57
Cryo Cooler Pump a 40101

Second Mirror 9 40102

Sensitive Instrument 2 10 40103

Sensitive Instrument 3 11 40104

Sensitive Instrumsnt 4 12 40105

Sensitive Instrumsnt 5 12 40106

Right Solar Array Attachm 14 £2131 -0.37 1.832 17.075
Left Solar Array Attachm 13 62231 -0.37 -1.832 17.075
Left Horizon Sensor lg lo001 1.0 -1l.446 21.6€04
Reaction Wheel #1 CG 17 28041 -0.7%92 0.045% 21.594
Reaction Wheel #2 CG 18 S8042 0.354 -0.71 21.594
Reaction Wheel #3 CG 19 58043 0.438 0.661 21.594
Right Horizon Sensor 20 10002 0.907 1.57 21.142
RS J=t £1 (+x) 21 Sg001 -2.362 0.0 18.075
RS Jet £2 (+x) 22 98002 -2.362 0.0 24.6753
RC3 Je=t #2 (+¥) 23 980032 1.271 -1.433 24.802
RIS Je=t f4 (-¥) 24 58004 1.271 1.4323 24.802
RZ3 Je=t #5 (-¥) 25 S8003 -1.787 0.708 24.&675
RC3 Jet #6 (+¥) 26 Q98006 -1.787 -0.708 24.&75
R3S Jet #7 (+x) 27 Q98007 -2.362 0.0 21.45
RS J=t #8 (+3) 28 Sg8008 —2.34 0.0 21.783

The spacecraft configuration and its flex mode properties are specified by a set of data in the Flixan input
file “Surveillance-Sat.Inp”. The title of the spacecraft dataset is “Flex Spacecraft with Gimbaling Telescope
and Reaction Wheels (67-modes)”. Parameters such as input forces, torques, measurements and other
sensors, locations and directions are defined in that dataset. The preparation of this dataset is an
interactive process during which the modal strengths of all modes are calculated and a selected set of
modal data is extracted and it is included at the bottom of the input dataset. After creating the spacecraft
dataset in the input file, the Flex Spacecraft modeling program reads the dataset, processes it, and it
creates the state-space model in file: “Surveillance-Sat.Qdr”.



3.1 Gimbaling Appendages

The rotating appendages increase the complexity of the dynamic model. The surveillance spacecraft in this
example includes four gimbaling bodies that can be rotated with respect to the spacecraft by applying
torques at the corresponding hinges. There is an optical sensor that gimbals in two orthogonal directions,
and two solar arrays that rotate about the y axis. The mode shapes and frequencies are initially created in
the FEM by assuming that all gimbals are locked and they do not rotate. The relative motion between the
spacecraft and the rotating appendages is captured in the equations by means of the inertial coupling
coefficients, or otherwise known as H-parameters. The H-parameters is a matrix of data that is also created
by the finite element modeling program and it is extracted from the mass matrix. They provide dynamic
coupling between the flex equations and the rotational equations of the gimbaling bodies, as shown in
equations 3.1. They are included in a separate file “Surveillance-Sat.Hpr”. This file begins with the vehicle
title, the number of modes (100), which should correspond to the number of modes in the modal data file
“Surveillance-Sat.Mod”, and also the number of gimbaling body degrees-of-freedom (4). The H-parameters
matrix has 100 rows of and 4 columns that correspond to the four hinges (telescope rotations in elevation
and azimuth, left solar array, and right solar array rotations respectively). If the original modal data in file
“Surveillance-Sat.Mod” had to be rescaled during mode selection (fortunately they did not have to be
modified in this example), the units in the H-parameters file should also be scaled to match the modified
modal data. At the bottom of the H-parameters file, the (4x4) moments of inertia matrix of the four
appendages is also included in the corresponding order. Each element in the H-parameters matrix couples
with a bending mode. The modes are excited with the rotational acceleration of an appendage. The H-
parameters data also determine the relative rotation at a hinge, which is due to both: rigid-body motion
and flexibility. The flex spacecraft modeling program reads the H-parameters file and it introduces the
additional DOFs and the equations to unlock the gimbals.

With H-parameters, the flex spacecraft dynamics is represented by three sets of equations 3.1. The first set
of equations describes how the structure modes (n) are excited by the external forces and torques (F and
T). The modes are also excited by the relative rotational accelerations at the hinges (&) via the H-
coefficients. The second set of equations calculate the relative rotational acceleration (& ) between the two
bodies at the hinge as a function of the control torque T, at the appendage gimbal. Structural flexibility (77)
also affects the relative gimbal acceleration via the same H-coefficients. The third set of equations
represents the measurements for both, translation and rotation sensors. The interaction between the
modes and the rotating appendages is defined by the inertial coupling coefficients matrix (H). This linear,
multi-body model is very useful for servo control design and stability analysis purposes, and also for
evaluating sensitivity and attitude control system performance with respect to commands and disturbances
(jitter analysis, payload pointing, etc.). It can be used for to up to 5° of gimbal rotation and not intended for
large angle slewing.

F

M (i +2¢ Qi+ Q%)+ Ha =o' -

(3.1)



Where:

n is the modal displacements vector of dimension (n) where (n) is the number of modes

Me is a (n x n) diagonal matrix of the modal masses (from FEM)

Q is a (n x n) diagonal matrix whose elements are the mode frequencies in (rad/sec)

C is the modal damping coefficient of each mode, typically (¢=0.005)

a is a vector of dimension (m) representing the relative rotations of the appendages relative to the
spacecraft, where (m) is the number of gimbaling bodies

H is the Inertial Coupling Coefficients matrix of dimension (n x m) that couples the motion of the
gimbaling bodies with modal displacements vector (1)

o7 is the mode shapes matrix of size (n x 6) containing the generalized displacements at the nodes

where control forces, torques, and disturbances are applied to the structure.

E is a vector of the externally applied forces along the vehicle x, y, and z axes

T is a vector of the externally applied torques about axes x, y, and z

lo is an (m x m) moments of inertia matrix of the (m) gimbaling bodies about their axis of rotation in
(ft-If-sec?)

Ta is a vector of size (m) representing the control torques in (ft-Ib) at the payload gimbals.

The moments of inertia matrix (lo) and the coupling coefficients matrix (H) are extracted from the mass
matrix of the finite elements model. The measured displacement or rotation vector Xs at a sensor point (s)
on the structure is a linear combination from all the modes, that is, rigid body modes plus flexible modes.

X,=0,7

Where:

Xs is a sensor measurement vector of dimension (6) representing three translations and three
rotations at point (s)

Ds is a (6 x n) modal matrix containing the mode shapes and slopes for (n) modes at the sensor location

(s)

During the preparation of the input dataset, the flex spacecraft modeling program interacts with the user
who defines the spacecraft configuration and it saves the spacecraft parameters in file “Surveillance-
Sat.Inp”. In the absence of an H-parameters file the program ignores the gimbals. It assumes that the
appendages are rigidly attached to the spacecraft and the state model will not include inputs for the gimbal
torques and gimbal rotation outputs, like in our Space Station example, where we did not include an (.Hpr)
file. The H-parameters file “Surveillance-Sat.Hpr” should match the modal data file “Surveillance-Sat.Mod”.
The H matrix should have 100 rows that correspond to the 100 modes in the modal data file, and 4 columns
for the 4 hinges. When fewer than the max number of modes are selected (as in this case) the program will
read only the H-parameters that correspond to the selected modes and it will ignore the unused modes
data. When the dataset preparation is complete the program saves the spacecraft data and the selected
modal data in file “Surveillance_Sat.Inp”. The flex spacecraft modeling program will then process the
spacecraft dataset from the input file and generate the state-space system in file “Surveillance-Sat.Qdr”.
The last statement in the input dataset includes the following line that references the H-parameters
filename “Surveillance-Sat.Hpr” to be also processed by the program.



Inertial

Surveillance-Sat.Hpr

Coupling Coefficients (H-Parameters) File Name for the 4 gimbaling bodies:

If this line is not included, but the spacecraft data set ends with the selected modal data, the program will
assume that the spacecraft hinges are locked and the appendages are not rotating. In this case the state
model will not include the additional states, inputs, and outputs associated with the gimbaling bodies.
Note, that the modal data created by the FEM must have all the gimbals locked. The presence of H-
parameters unlocks the gimbals by introducing additional state variables in the model.
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Table 3.2 H-Parameters File “Surveillance-Sat.Hpr”
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3.2 Generating the Flex Spacecraft State-Space Model
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The flex spacecraft modeling program can process an already existing flex spacecraft dataset from an input
file. However, if the “flex spacecraft” dataset is missing from an input file, the program will create a dataset
from the existing modal data files (.Mod, .Nod, .Hpr) and the user guidance via an interactive utility. The

block diagram below highlights this process and the data files involved.



(D) Performs Mode Selection
_) and Saves the Selected
XXX.MOD M d Modes and the Inertial
0dc Coupling Coefficients in
: Input Data File
XXX.NOD Selectlon nput Data File
Program
XXX.HPR
(C) Reads Modal
Data from T
Modal Data, Node  NASTRAN Files
Definitions and
Coupling Coefficient XXX NP |
Files

(L) Uses the Selected Modes

(B) Saves Actuator
and Sensor Data and Coupling Coefficients to

Generate Spacecraft State-
. Space Model
> Flexible
Spacecraft XXX .ODR
USER |j———| Modeling | XXXQ
Program
(4) User Enters g State-Space

Actuator and Sensor
Types and Locations

Systems File

We will now present step by step instructions on how to create the input dataset for the flexible spacecraft
including the process of selecting a set of strong modes. This is an interactive process of defining the inputs,
outputs, flex modes, and the rotating appendages of the flex spacecraft model. That is, locations and
directions of the RCS jets, reaction wheels, and disturbance

inputs. We must also define locations and directions of
sensors, such as, attitude control gyros, accelerometer sensors
and other locations on the structure that determine
instrument sensitivity to jitter. Start the Flixan program and
select the project directory “C:\Flixan\Examples\ 10-
Surveillance Satellite React-Wheels” as shown. Then go to
Flixan main menu, “Program Functions”, “Flight Vehicle/

Select a Project Directory =

| C:'Flixan\Examples\10-Surveillance Satelite React-Wheels

W 10-5urveillance Satellite React-\ ~
3_Body+Flex_MLSim
Coupled Models
Docs
Flex Model

Spacecraft Modeling Tools”, and select the option “Flexible
Spacecraft from Modal Data”, as shown below. You must also
select an input filename that will contain the spacecraft

Linear Anal-2
Linear Flex Anal
Linear Flex Anal Fy

dataset to be created and a systems filename for saving the fg‘f{md“ Sim
(==

state-space model. . . v
Cancel




% Flizan, Flight Vehicle Modeling & Control System Analysis

Litilities  File Management = Program Functions = View Quad  Help Files

Flight Vehicle/Spacecraft Modeling Tools H Flight Vehicle, State-Space
Frequency Control Analysis » Actuator State-Space Models
Reobust Contrel Synthesis Tools ¥ Flex Spacecraft (Modal Data)

Creating and Modifying Linear Systems Create Mixing Logic/ TVC
Trirn/ Static Perform Analysis
Flex Mode Selection

Select Input and System Filenames

Introduction

Cancel Flexible Spacecraft Dynamic Modeling ‘ |More Infol Continue Select a File Name containing  Select a File Name containing
The Flight Vehicle Modeling program creates a linear model of a flight vehicle. The vehicle the Input Data Set (x.Inp) the State Systems (x.Qdr)
is controlled by r‘qcke‘r engines, control surfaces, and reaction CEII’I.TI"EI! Jets. Its motion can Surveillance-Sat.Inp Surveillance-Sat.Qdr
be measured by different type of sensors. The program reads the vehicle data, such as
mass properties, frajectory, basic aero, engine and control surface data, bending, slosh Surveillance-Sat.Inp Surveillance-Sat.Qdr
parameters, etc, from an input file. The dynamic model can vary from a simple rigid body Surv_Sat RB+Flx.Inp Surv_Sat_RB+Flx.Qdr
model to a complex multi-axis model including fuel slosh, bending, and tail-wags-dog NewFile.Inp NewFile.Qdr
dynamics. The state-space model is saved in a systems file "xxx.qdr", and it can be used by
other programs. Other options generate actuator models, bending mode preparation, and
mixing logic for the effectors.
| Create New Input Set | Exit Program Process Files

The following menu shows the titles of the flexible spacecraft data-sets which are already saved in the
input file. There are four flex spacecraft sets already there but in this demo we will create a new dataset, so
we do not select any, but click on “Create New” to create a new dataset from scratch.

Select a Set of Data from Input File

Select a Set of Input Data for "FLEXIBLE SPACECRAFT" from an Input File: Surveillance-Satinp |pyn Input Set

MNew Data *
Flex Spacecraft with Gimbaling Telescope and Reaction Wheels b St o FLEBLE OACECRAET D
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Flex Spacecraft with Gimbaling Telescope and Reaction Wheels
_ ) ) i Create New
Flex Spacecraft with Gimbaling Telescope and Reaction Wheels

Exit Program

In the next dialog you must enter the new spacecraft title and the number of inputs and outputs that define
the spacecraft configuration. In this case we have 8 input RCS forces, 6 torque excitation inputs, that is: 3
reaction wheel control torques and 3 disturbance torques.

Input Data for the Flexible Spacecraft System

Enter the following info |Flex Spacecraft with a Gimbaling Telescope and Reaction Wheels

Mumber of Input Force Excitation Poirts Select a Modal Data File Select a Modes Map File Select an H-Parameters File
_— g Surveilance-5 at.Mod Surveilances at.Mod SurveilanceSat H

Mumber of Input Torque Excitation Points II'

Mumber of Tranzlation Measurement Points Cantinue

Mumber of Rotation Measurement Points

Ernter zome comments regarding the new Flexible Spacecraft system

Thiz iz a Multi-Body Surveilance Satellite that conzists of a core body, bwo rotating Solar Arays, and an Optical papload sensor that iz able to gimbal in bwo Directions,
Azimuth and Elewation.




We also define 2 translational acceleration measurements and 13 rotational measurements, that is: control
measurements plus other sensitivity measurements. Use the 3 menus on the right to select the necessary
file names: the modal data file “Surveillance-Sat.Mod”, the nodes file “Surveillance-Sat.Nod”, and the H-
parameters file “Surveillance-Sat.Hpr” that includes the 4 gimbaling appendages. We may also enter a short
paragraph in the orange field at the bottom that describes the flexible spacecraft model that will appear as
comments in the data files, below the title.

After defining the configuration inputs and outputs the next step is to define structural locations for the
input and output points specified. That is, to associate the 8 RCS jet forces, the 6 torque application points,
the two accelerometer measurements, and the 13 rotational sensors defined in the above dialog with
structural locations in the modal data file. The next two dialogs show how to select nodes and directions for
the RCS jet forces. The excitation locations are defined by the node number, and the direction is defined by
a unit vector. Node numbers #21 through #28 are chosen to correspond to RCS forces 1 through 8. Node
#21 is selected for force excitation #1, corresponding to RCS #1, where the force direction is along x, that is
unit vector: (1, 0, 0). Similarly, force excitation #2 is RCS jet #2 corresponding to node #22 which is also
along x: (1, 0, 0). Force excitation #5 is RCS jet #5 that corresponds to node #25 which is along y: (0, -1, 0).
Force excitation #7 is RCS jet #7 that corresponds to node #27 which is along x: (1, 0, 0), etc.

“w Define Locations and Directions of the System Inputs >
Ciefine a Direction Yector for Force Excitation : 1 | -|_|:||:|| | |:|_|:||:|| | |:|_|:||:|| 0K
along =.y.2

Select a Location [Mode] for Force Escitation 1
Mowving Mirror 1 2101

Fixed Mirror 2 210z

Focal Flane 3 2103

Mowving Antenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors [ 31001 —0._.747 O.114 2
Eccelerometers 7 31002 0.338 0.848 =
Cryo Cooler Pump a2 40101

Second Mirror b 40102

Sensitive Instrument 2 10 40103

Sensitive Instrument 3 11 40104

Sensitiwve Instrument 4 12 40105

Sensitiwve Instrument 5 13 4010&

Bight Sclar Array Attachm 14 62131 -0.37 l.832 1
Left Solar Array Attachm 15 E2231 -0.37 -1.832 1]
Left Horizon Sensor 1le 10001 1.0 -1l._44& =
Reaction Wheel #1 C& 17 58041 —-0.792 0.045 :
RBeaction Wheel #2 CG 1s 58042 0.354 —-0.71 Z
Beaction Wheel #3 C= 15 58043 O.438 O.ecl 2
Bight Horizon Sensor 2a 10002 a.5%07 1.57 2
RBCS Jet #1 {+X) 21 S8001 -2_3e2 0.0

RCS Jet #2 {+E) 22 S8002 —2_362 0.0 2
BRCS Jet #3 [+X) 23 52003 1.271 —-1_433 2
RCS Jet #4 {—X) 24 S2004 1.271 1.433 =
RCS Jet #5 {—X) 25 S2005 -1.787 0Q.708 =
RCS Jet f#6 {+¥) 26 S800& —-1.787 —-0_.708 :
RCS Jet #7 {+E) 27 92007 —2_.362 0.0 Z
RCS Jet #82 {+E) 28 S8008 -2 _34 a.a Z




“wr Define Locations and Directions of the Systemn Inputs

>

Drefine a Direction YWectar for Force Excitation : 2 1_|:||:|| | |:|_|:||:|| | |:|_|:||:||| oF, I

along w2

Select a Location [Mode] for Force Excitation : 2

Mowving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Mowving Antenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors [ 31001 —0.747 0.114 Z

Aocelerometers 7T 21002 o.32382 O.s42 2

Cryo Cooler Pump 2 40101

Second Mirror = 40102

Sensitive Instrument 2 10 40103

Sensitiwve Instrument 3 11 40104

Sensitive Instrument 42 1z 40105

Sensitiwve Instrument 5 12 4010%

Right Sclar Array Attachm 14 62131 -0.37 1.832 1]

Left Solar Array Attachm 15 62231 —-0.37 -1.832 1]

Left Hori=on Sensor 1& 1000l 1.0 —1_.44¢ Z

RBeaction Wheel $1 C= 17 58041 -0.792 0.045 =

Beaction Wheel #2 C= 1l 58042 0.354 -0.71 Z

Reaction Wheel $3 C= 15 58043 0.4322 0.€el 3

Right Horizomn Sensor 20 10002 a._.5a7 1.57 z

RCS Jet #1 {+X) 21 52001 —2_3€2 0.0 ]
2002 4

RCS Jet #3 +¥) 23 52003 1.271 —-1.433 3

RCS Jet #4 (=X} 4 2004 1.271 1.433 &

RCS Jet #5 (=) 25 52005 -1.787 0.708 =

RCS Jet #¢ (+¥) 26 S800& -1.787 —-0.708 =

RCS Jet #7 {4+ 27 S2aa7 —2_3€2 0.0 2

RCS Jet #8 (+E) 23 S8008 —Z.34 0.0 Z

4w Define Locations and Directions of the System Inputs bt

Define a Direction Yector for Force Excitation : 5 | |:|_|:||:|| | .-|_|:||:|| | |:|_|:||:||| Ok I

along «.p.2

Select a Location [Mode] for Force Excitation : &

Mowving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Mowing Antenna 4 2104

Fixed IAZntenna 5 2105

Inmertial Attitude Sensors & 21001 —0.747 0.114 2

Accelerometers 7 31002 0.338 O.&48 Z

Cryo Cooler Pump 2 40101

Second Mirror =] 40102

Sensitive Instrument 2 10 40103

Sensitiwve Instrument 3 11 40104

Sensitive Instrument 4 12 40105

Sensitive Instrument 5 13 4010&

Right Solar ARrray ARttachm 14 €2131 -0.37 1.832 ]

Left Solar Array Attachm 15 62231 —0.37 —1.832 ]

Left Horizon Sensor 1l& 10001 1.0 —1_44%¢ 2

Beaction Wheel #1 CG 17 58041 -0.792 0.045 =2

Beaction Wheel #2 CG 1 58042 0.354 -0.71 Z

RBeaction Wheel #32 CG 15 58043 0.432 0.€€l I

Right Horizon Sensor 20 10002 a._.5a7 1.57 2

RCS Jet #1 {+) 21 S2001 —2_362 a_a 1

RCS Jet #2 {+E) 22 4520032 -2_.362 0.0 2

RCS Jet #3 [+X3) 23 58003 1.271 —-1.433 2

RCS Jet #4 =¥ 24 52004 1.271 1.433 3
3005 4

RCS Jet #& [+X) 26 S200c —-1_787 —0_708 2

RCS Jet #7 {+E) 27 2007 -2_.362 0.0 2

RCS Jet #8 {+E0) 28 58008 -2.34 0.0 2




In the next three dialogs we must select locations and directions for the first 3 torques which are the
reaction wheel assembly torques. Nodes #17, #18, #19, correspond to roll, pitch and yaw RW torques which
are all centrally located. The torque directions in body axes are about x, y, and z respectively. The dialog
below is used to select the first torque excitation on wheel #1 about x-axis. The next two are selected from
similar dialogs in wheels #2 and #3 in pitch and yaw respectively. The wheels are very near to each other
and mounted inside a solid structure. A single node is therefore sufficient for the RW array, but in this
example we may select 3 separate nodes to apply the roll, pitch, and yaw torques.

4 Define Locations and Directions of the System Inputs X
Define a Direction Yector for Torque Excitation: 1 1 100 0.0 0.0 0K
along ..z

Select a Location [Mode) for Torque Excitation: 1
Mowving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Mowing Antenna 4 2104

Fixed Entenna 5 2105

Inertial Attitude Sensors L= 31001 -0.747 0.114 &
Locelerometers T 31002 0.338 0O.g48 =
Cryoc Cooler Pump b= 40101

Second Mirror 5 40102

Sensitive Instrument 2 1ad 40103

Sensitive Instrument 3 11 40104

Sensitive Instrument 4 12 40105

Sensitive Instrument 5 13 40106

Right Solar Array RAttachm 14 62131 —0_37 1.832 1
Left Solar RArray RAttachm 15 62231 —0_37 -1_832 1
Left Horizon Sensor le 10001 1.0 -1_44¢ :
Beaction Wheel #1 CE 17 58041 -0._.7%2 0.045 J
Beaction Wheel #2 CE 1g 58042 0.354 -0_.71 :
Beaction Wheel £3 CE 15 52043 0.433 0.88l :
Right Horizon Sensor 20 10002 0_.907 1.57 :
BCS Jet #1 {+ 21 S2001 -2_.362 0.0 ]
BCS Jet #2 {+ 22 Sg2002 -2_.362 0.0 :
BCS Jet #£3 (+X¥] 23 SE2003 1.271 -1.433 :
BCS Jet #4 e 24 SE2004 1.271 1.433 :
BCS Jet #5 e 25 S2005 -1.787 0.708 :
BCS Jet #¢6 (+X¥] 26 S2008 -1.787 -0_.708 2
BCS Jet #7 {+ 27 Sg007 -2_.362 0.0 :
BCS Jet #8 {+ 28 Sg008 -2_34 o.ad :

We must also select 3 structural locations for the cryo-cooler disturbance torques. The cryo-cooler is
located at node #8. The disturbance torques, (4, 5, and 6) are applied at the same node #8 in roll, pitch, and
yaw respectively. The roll and pitch disturbance torque definitions are shown below. The roll vector is (1, O,
0), pitch is (0, 1, 0) and yaw is (0, O, 1).



g Define Locations and Directions of the System Inputs

Define a Direction Yectar for Tarque Excitation: 4 | -|_|:||:|| | |:|_|:||:|| | |:|_|:||:|| 0K
along #.y.z

Select a Location [Maode] for Torque Excitation: 4
Mowving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Mowing Antenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors [ 31001 -0.747 0O_.114 =
Bocelerometers 7 31002 0.332 0_s48 3
Second Mirror =} 40102

Sensitive Instrument 2 10 40103

Sensitive Instrument 3 11 40104

Sensitive Instrument 4 1z 40105

Sensitive Instrument 5 13 4010

RBight Soclar Array Attachm 14 £2131 —-0._.37 1.832 1
Left Solar RArray Rttachm 15 82231 -0.37 -1.832 1]
Left Horizomn Sensor le 10001 1.0 -1.44&€ :
Reaction Wheel $#1 C= 17 52041 —-Q.792 0.045 2
Reaction Wheel #2 C&= 1ls 58042 0.354 -0.71 i
Reaction Wheel $#3 C&= 15 58043 0.4322 0.&&l 3
Bight Horizon Sensor 20 10002 a.%07 1.57 i
RCS Jet #1 (+2) 21 92001 -2.362 0.0 1
RCS Jet #2 {+3) 22 8002 -2_362 0.0 i
RCS Jet #3 {+%¥) 23 52003 1.271 -1.433 2
RCS Jet #4 (—X) 4 2004 1.271 1.433 3
RCS Jet #5 {—-X) 25 98005 -1.787 0oO.708 2
RCS Jet g#€ {+¥) 26 S200& -1.787 —-0.708 2
RCS Jet #7 {+3) 27 S2007 -2_.382 0.0 i
RCS Jet #2 {+3) 28 S2008 -2_34 a.d i
*w [efine Locations and Directions of the Systermn Inputs =
Lrefine a Direction Wectar for Torque Excitation: 5 |:|_|:||:|| | 1_|:||:|| | |:|_|:||:||| 0k I
along =.p.z

Select a Location [Mode] for Torgue Excitation: &
Moving Mirror 1 2101

Fixed Mirror Z 2102

Focal Plane 3 2103

Mowving AZntenna 4 2104

Fixed Antenna 5 2105

Inmnertial Attitude Sensors e 31001 —-0.747 0.114 z
Accelerometers 7 31002 0.338 0.s48 z
Second Mirror =] 40102

Sensitiwve Instrument 2 10 40103

Sensitiwve Instrument 3 11 40104

Sensitive Instrument 4 12 40105

Sensitiwve Instrument 5 13 4010&

Bight Solar ARrray Attachm 14 62131 -0_.37 1.832 1
Left S5olar Array Attachm 15 eZ2231 —-0.37 -1_.832 i |
Left Horizon Sensor 1& 10001 1.0 —-1.448 2
Beaction Wheel $1 CG& 17 58041 -0.792 0.043 2
Beaction Wheel $£Z CE 18 58042 0.354 —-0.71 z
Beaction Wheel $3 CG&E 15 S28043 0.438 0.88l =2
Bight Horizon Sensor 20 10002 a.5a7 1_.57 z
BCS Jet £1 (+E) 21 98001 -2.382 0.0 bl
BCS5 Jet #2 {4300 2Z 98002 -2 .36Z2 a.a Z
BCS5 Jet §3 {+%) 23 98003 1.271 —-1_.433 Z
BCS5 Jet #4 {(—¥) Z4 S2004 1.271 1.423 2
BC5 Jet §5 (=X} 25 98005 =-1.787 a_708 Z
BCS5 Jet & {+%¥) Z2& S9B800& -1_.787 —-0O_708 2
BC5 Jet §7 (430 27 98007 —Z2.362 a.a Z
BRCS Jet £8 (+E) 28 98008 —-Z2_.34 .0 z




The sensor locations are also defined by their node number, the direction of measurement (roll, pitch, yaw
for rotational) or along (x, y, z for translational), and also the type of measurement (position, rate, or
acceleration). For the translational sensors (1 and 2) we select node #7 to define the location of two
accelerometers measuring along the x and y axes respectively. The selection of the first accelerometer
measuring in the x direction is shown below. The second accelerometer is measuring along y.

Define Lecations and Directions of the Systern Qutputs
Select a Location [Mode] for Tranzlation Sensor 1
Mowving Mirror 1 2101
Fixed Mirror 2 2102
Focal Plane 3 2103
Mowing Antenna 4 2104
Fixed Antenna 5 2105
Inertial Attitude Sensors [ 31001 -0.747 0.114 2
Cryo Coocler Pump =} 40101
Second Mirror 5 40102
Sensitive Instrument 2 10 40103
Sensitive Instrument 2 11 40104
Sensitive Instrument 4 1z 401405
Sensitive Instrument 5 13 40106
Bight Solar Array Attachm 14 82131 -0.37 1.832 1
Left Solar Array Attachm 15 62231 -0.37 -1.832 1
Left Horizon Sensor l& 10001 1.0 —-1_44%
BEeaction Wheel #1 C= 17 58041 -0.75%2 0.045 2
Beaction Wheel #2 C= 1z 55042 0.354 -0.71 2
BEeaction Wheel #3 C&= 15 58043 0.438 0.8l :
Bight Horizon Sensor 20 10002 a.907 1.57 z
BECS Jet §#1 {+3) 21 52001 -2_32&€2 0.0 ]
RC5 Jet §2 {+3) 22 52002 -2.382 0.0 2
BRC5 Jet §3 [+¥] 23 92003 1.271 —-1.433 :
BECS5 Jet §#4 [—¥) Zz4 S2004 1.271 1.433 :
BCS Jet £5 [—X) 25 S2005 -1.787 0O.708 :
BRC5 Jet #& [+¥] 26 92006 -1.787 —-0.708 2
RCS5 Jet §7 {+E) 27 52007 -2.382 0.0 £
BEC5 Jet §#8 {+3) 28 Sa008 -2 _34 o.a 2
Senzor Direction Senzor Type

Define a Direction Wectar for Position =elect

Translation Sensor 1 and alzo what Welocit

type of measurement m

Cancel




We must finally define locations and directions for our 13 rotational sensors. We have 3 rate gyros at node
#6 measuring roll, pitch, and yaw rates, 3 gyro measurements also at node #6 measuring roll, pitch, and
yaw rotation angles. All 6 are used for attitude control.

We also have two angular pitch and yaw measurements at node #9, two additional angular measurements
in pitch and yaw at node #10, and 3 angular measurements at nodes #11, #12, and #13 measuring roll,
pitch, and yaw respectively. They are used for measuring sensitivity at those locations. The following
dialogs show the node selection for some of these 13 rotational sensors.

Define Locations and Directions of the System Outputs

Select a Lozation [Mode] for Ratational Sensar: 1

Moving Mirror 1 2101
Fixed Mirror 2 2102
Focal Plane 2 2103
Mowing Antenna 4 2104
Fixed Antenna 5 2105
Inertial Attitude Sensors & -0.747 0.114 3
Accelerometers T 31002 0.338 0.848 =
Cryo Cooler Pump =] 40101
Second Mirror g 40102
Sensitiwve Instrument 2 1a 40103
Sensitiwve Instrument 3 11 40104
Sensitive Instrument 4 12 40105
Sensitive Instrument 5 13 40108
Bight Solar Array Attachm 14 82131 —0_37 1.832 1
Left Solar Array Attachm 15 o223l -0.37 -1.83z2 1
Left Horizom Sensor 1& 10001 1.0 -1_446 =
Beaction Wheel £1 CF 17 58041 -0.752 0.045% :
Beaction Wheel £Z2 CG 18 58042 0.354 -0_.71 z
Beaction Wheel £3 CE 15 58043 0.438 0.88l 3
Bight Horizon Sensor 20 10002 a.s07 1.57 :
BC5 Jet £1 (+3) z S8001 —-2.386Z 0.0 ]
BRCS Jet £2 {4+ 2z SB8002 -Z2.38Z 0.0 p
BCS Jet £3 (+¥) 23 98003 1.271 -1.433 3
RCS5 Jet £4 [—¥1 z4 98004 1.271 1.433 3
BCS Jet £5 (=¥} 25 58005 -1.787 0O.708 :
BCS Jet £6 (+¥) 26 98008 -1.787 -0_708 :
RCS Jet £7 4+ 27 98007 —-2.38Z 0.0 z
BRCS Jet £8 4+ 28 SB2008 -2 .34 a.o -
Senzor Direction Senzor Type
Define a Direction Wector for Poszition =elect
Rotational Senzar: 1 and alzo what | Pitck Weloity
type of measurement aw Acceleration

Cancel




Define Locations and Directions of the Systern Outputs

Select a Location [Mode) for Raotational Senzar 7

Moving Mirror 1 2101
Fixed Mirror Z 210z
Focal Plane 3 2103
Moving Antenna 4 2104
Fixed Antenna 5 2105
Inertial Attitude Sensors 3 31001 -0_.747 0.114 =
Aocelerometers 7 31002 0.338 0_.g48 =
Cryo Cooler Pump 2 40101
Sensitive Instrument 2 10 40103
Sensitive Instrument 3 11 40104
Sensitive Instrument 4 12 40105
Sensitive Instrument 5 13 40106
Right S5olar Array Attachm 14 682131 -0_.37 1.832 1
Left Solar Array Attachm 15 6Zz31 -0.37 -1_832 1
Left Horizon Sensor 1la 10001 1.0 -1_44g =
Beaction Wheel g1 CG 17 58041 -0.792 0.04% :
Beaction Wheel g2 CG 18 58042z 0_.354 -0_71 p
Beaction Wheel §3 CG 15 58043 0_.438 0_.88l1l :
Bight Horizon Sensor 20 10002 a_807 1.57 b
BCS Jet £1 {+30 2 32001 -Z2.3eZ 0.0 ]
BCS Jet §£2 {+30 22 323002 -Z2.3eZ 0.0 p
BCS Jet £3 {+¥1 23 32003 1.271 -1_.433 :
BCS Jet £4 —¥1 24 323004 1.271 1.433 :
BCS Jet £5 —¥1 25 32005 -1.787 0O_.708 :
BCS Jet g6 {+¥1 26 38008 -1.787 -0_708 :
BCS5 Jet £7 {+30 27 32007 -Z2.3eZ 0.0 p
BCS Jet £8 {+30 28 32008 -z .34 0.0 p
Senzor Direchion Senzor Type
Define a Direction Yector for Position Select
Rotational Sensar; ¥ and also what elocity
type of measurement Acceleration

Cancel




Define Locations and Directions of the Systern Outputs

Select a Location [Mode] far Rotational Sengor: 10

Moving Mirror 1 2101
Fixed Mirror Z 2102
Focal Plane 3 2103
Moving Antenna 4 2104
Fixed Antenna 5 2105
Inertial Attitude Sensors =3 31001 -0.747 0.114 =
Accelerometers 7 31002 0.338 0.e48 :
Cryo Cooler Pump 2 40101
Second Mirror 5 40102

Sengitiwve Instrument 2
Sengitiwve Instrument 3 11 40104
Senzitiwve Instrument 4 1z 40105
Sengitiwve Instrument 5 13 4010%
Right Sclar Array Attachm 14 82131 -0.37 1.832 1
Left Soclar Array Attachm 15 2223l -0.37 -1_.83z2 1
Left Horizon Sensor 1a 10001 1.0 -1_448 =2
Beaction Wheel 1 CE 17 58041 -0.792 0.04% :
Beaction Wheel 2 CE 1s 58042 0.354 -0.71 :
Beaction Wheel 3 CE 15 58043 0.438 0.881 2
Bight Horizon Sensor 20 10002 o_-807 1.57 p
RCS Jet £1 {+3) 21 45001 -Z2.382 0.0 ]
RCS Jet $£2 {+3) ZZ2 98002 -Z2.382 0.0 z
RCS Jet £3 (+¥]) 23 45003 1.271 -1.433 2
RCS Jet £4 {—¥) 24 45004 1.271 1.433 2
RCS Jet £5 {—¥) 25 48005 -1.787 0O.708 :
RCS Jet g6 (+¥]) 2Ze 48008 -1.787 -0.708 :
RCS Jet £7 {+3) 27 48007 -Z2.382 0.0 z
RCS Jet £8 {+3) 28 48008 -z .34 0.0 z
Sensor Direction Senszor Type

Define a Direction Yectar for Foall Position Select

Rotational Sensar; 10 and also what | Pitch Yelocity

bppe of measurement aw | Acceleration

Cancel




Define Locations and Directions of the Systermn Cutputs

Select a Location [Mode] for Rotational Sengor; 12

Mowving Mirror 1 2101
Fixed Mirror Z 2102
Focal Plane 3 2103
Mowving Antenna 4 2104
Fixed Antenna 5 2105
Inertial Attitude Sensors & 31001 -0_.747 0.114 =
Accelerometers T 31002 0.338 0.c48 2
Cryo Cooler Pump =1 40101
Second Mirror b= 40102
Sensitive Instrument 2 10 40103
Sensitive Instrument 3 alkak 40104
Sensitive Instrument 4 12 40105
Sensitiwve Imstrument 5 13 40108
Bight Solar Array Attachm 14 82131 —0_37 1.832 1
Left Solar Array Attachm 15 82231 -0.37 -1.832 1
Left Horizon Senaor la 10001 1.0 -1.44a 2
Beaction Wheel §1 C& 17 58041 —0.75Z 0.04% 2
Beaction Wheel $2 CE 1a 58042 0.354 -0_.71 b
Beaction Wheel £3 CE 15 58043 0.438 0.eel :
Bight Horizon Sensor 20 10002 a.507 1.57 p
BCS5 Jet §1 (+E) 21 58001 —Z.38Z 0.0 ]
BCS Jet §2 (+E) ZZ 58002 -Z.38Z 0.0 b
BCS Jet £3 (+X] 23 58003 1271 -1_.433 :
BCS Jet 4 (=% z4 35004 1271 1.433 :
BC5 Jet 5 (—X1 Z5 38005 -1.787 0.708 =2
BCS Jet f£e (+X] b 5800¢ -1.787 -0_.708 3
BCS Jet £7 (+E) 27 58007 -Z.382 0.0 :
BC5 Jet 8 (+E) Z8 38008 —Z.34 o.a z
Senzar Dlirection Senszor Type

Define a Direction Yectar far Pazihion Bl

Raotational Sensor: 12 and aleo what Welocity

twpe of measurement Acceleration

Cancel

The previous light-blue colored menus were used to associate the vehicle model inputs and outputs with
locations that correspond to the FEM. We must now define some excitation and sensor points (structure
nodes) to be used strictly for mode selection purposes. The locations of these nodes may not necessarily be
the same as those defined in the spacecraft model, but they could be any, typically fewer points, used only
for mode strength comparison. The mode selection program uses the nodes map file “Surveillance-
Sat.Nod” that describes the node locations which are included in the modal data file “Surveillance-
Sat.Mod”. It is used by menus for selecting effector and sensor locations. We will now use similar menu
dialogs to select locations for mode strength comparison. This is for analyzing the modal strength between
locations in order to select some of the strongest modes for the flex model. The menus are similar to the
previously used dialogs, the background color, however, is different (amber) to avoid mix-up with the
spacecraft modeling menus. The excitation locations are defined by the node number and their direction is



defined by a unit vector. The sensors are also defined by the node number, the direction of measurement is
roll, pitch, yaw for rotations or along (x, y, z) for translations, and also the type of measurement (position,
rate, or acceleration) must be included.

Use the following dialog to enter the parameters for mode selection. The range of modes to be compared is
from 1 to 100. In this case we select the full range of modes including rigid modes. The mode strength will
be calculated between two force excitation points, 6 torque excitation points, and 6 rotational
measurement points. There are no translational measurements used in the mode selection process. Select
the “Graphic” option to manually select the modes from the bar plot and click “OK”. In the following dialog
choose not to modify or rescale the modal data because the units and x, y, z directions are acceptable for
analysis and they don’t have to be rescaled.

*w Range of Modes and Vehicle Locations for Mode Selecti..

You must define some Points on the Flex Model where
Excitation Forces and Torgues will be applied to the structure,
and also their directional axes.

You must also define Points where motion is sensed, either
rotational or translational and the sensing direction. This is for
Mode Comparison and Mode Selection purposes only.

Compare Strength Between  Mode: and Mode
Mumber of Excitation Points, Forces: Torques IZI
Mumber of Sensor Pts, Translations: III Rotations III

Mode Selection Process

Automatic or Manual Automatic o Do you want to Modify the Modal Data?
using the Bar Chart (Graphicz |

Mumber of Modes to be oK

selee Lo ]

Data Scaling Option

Introeduction

Cancel Re-5cale the Modal Data to Match Model More Info | | Continue

The Modal Data computed from a Finite Elements Model are not necessarily in the same
units as the Flight Vehicle Model and neither are the axes. In fact the units used by
Mastran are (inches) instead of (feet). The General Mass, for example, may be in (Ib-
sec”2/in) and it must be multiplied by 12 to convert it to (lb-sec™2/ft) or the Slopes must
be multiplied by 12 to be converted to (rad/ft). Also, the direction of the X axis used by
the structure engineers is toward the back of the vehicle, opposite to the flight direction,
and Z is up instead of toward the pilot's feet as used by (GN&C). This option can be used
to modify the selected modal data, the modes that will be integrated with the rigid vehicle
model, so that their units are compatible.




The menu below shows the spacecraft structure locations in the order they appear in the modal data file. It
is created from the nodes file and is used for mode comparison and mode selection purposes. We will use it
to select nodes where we shall apply the two excitation forces specified in the previous dialog. In this case,
node #21 is selected to apply a force in the +X direction, and node #26 is selected (not shown) to apply the

second force in the +Y direction.

Table of Vehicle Structure FEM Modes

In mode selection, in order to calculate the relative mode strenagth of a number of modes in a specified direction you must
define some node points in the Mastran model where the excitation forces or torques will be applied and alza the farzing

directions.

Similarly, vou muszt alzo define the senzor points [tranzlations or rotationz] and the senzing directions.

Select a Location (Node) for Force Excitation - 1

ok

Cancel

Moving Mirror
Fixed Mirror
Focal Plane
Moving Antenna
Fixed Antenna

Zocelerometers

Cryo Cooler Pump
Second Mirror
Sensitive Instrument
Sensitive Instrument
Sensitive Instrument
Sensitive Instrument

Left Horizon Sensor

BEight Horizon Sensor

BC5 Jet §1 {+X)
BCS Jet 2 {+X)
BCS Jet 3 (+¥)
BCS Jet £4 (-1
BCS Jet §5 (-1
BCS Jet & (+¥)
BCS Jet £7 {(+X)
BCS Jet §B {(+X)

W L R

Inertial Attitude Sensors

=1 oy

o

[ T

Right Solar Array Attachm
Left Soclar Array Attachm

Beaction Wheel §1 CG&
Beaction Wheel $2 CG
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=1 iy s L R
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-e48
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Mode Description,  Mode Mumber,

Maztran Made 1D Humber,

Location Coordinates [+, ', £]

Az

Direction

g

- [hegative]

Similarly, we must select six points to apply torques for mode selection purposes. We select 3 points: the
reaction wheel nodes #17, #18, #19 to apply torques (1, 2, 3) in +roll, +pitch, and +yaw directions
respectively. The next three torques: 4, 5, and 6 represent disturbances coming from a noisy cryo-cooler
pump inside the spacecraft that is located at node #8. All 3 excitation torques are applied at the same node
#8, in +roll, +pitch, and +yaw directions respectively, only for mode selection. Two of the torque definitions

are shown below.



Table of Vehicle Structure FEM Modes

In made selection, in arder to calculate the relative mode strength of a number af modes in a specified direction wou must
define zome node pointz in the Mastran model where the excitation farces or torques will be applied and alzo the farcing
directions.

Sirnilarly, you must alzo define the sensar points [tranzlations or rotations] and the sensing directions. Cancel

Select a Location {(Mode) for Torque Excitation: 2 Az

Mode Description,  Mode Mumber,  Mastran Mode 1D Mumber,  Location Coordinates [, 7, 2]

In mode zelection. in arder to calculate the relative mode strength of a number of modes in a specified direction you must
define zome node points in the Maztran model where the excitation forces or torques will be applied and alzo the forcing
directions.

Sirnilarly, you must alzo define the sengor points [translations or rotations] and the sensing direchions.

Select a Location {(Mode) for Torque Excitation: 3

Mowing Mirror 1 Z10L1
Fixed Mirror Z Z10E
Focal Plane 3 Z1l0z
Mowing Antenna 4 2104
Fixed Antenna ) z1l0&
Inertial Attitude Sensors ) 1001l —0.747 0.11l4 Z5.57:2
Aocelerometers i 2100z 0.3282 0.&48 ZL5_E7
Cryo Cooler Pump =] 40101
Second Mirror a 4010z
Sensitive Instrument Z 10 40103
Senszitiwve Instrument 3 11 40104
Sensitive Instrument 4 1z 40105
Sensitive Instrument & 1= 40106
Pight Solar Array Attachm 14 5zZ1z1 —0.37 1.83E . 07E
Left Solar Array Attachm 15 EZZ321 —0.327 -1_83z 075
Left Horimon Sensor 1e& 10001l 1.0 —-1._446& _E04
Peaction TMheel #1 Spin Axis 17 Eg041 -0.73Z 0.045 _Ead4

Deaction WMheel #Z Spin Axis . 354
k. 1 T in

Pight Horimon Sensor

BCE Jet #1 {430 z1 SE001 —-2_36Z _O7E
DCE Jet #Z {4+ ZE S200z —-Z.36Z .E7E
BCS Jet #3 (4T 23 Ss003 dl o BT, .80z
BCE Jet #4 (=) 4 92004 1.271 _20E
BCE2 Jet #& (=) zZ5 SE005 =-1.78%7 _E7E
BCE Jet #& LT ZE S200s =1.78%7 .E7E
BCS Jet #7 4D =7 Ss007 —2.36z 0.0 21.45%5

BCE JTet #2 {430 Zg S2002 —Z._324 o_o Z1.783

Mowing Mirror 1 2101

Fixed Mirror z Z10z

Focal Plane 2 2103

Moving Antenna 4 2104

Fixed Antenna = 2105

Inertiasl Attitude Sensors & 21001 -0.747 0.114 Z5.572
Leocelerometers T 31002 0.338 0.848 2Z5.57
Cryc Cooler Dump ! ap101 Direction
Second Mirror b 40102

Sensitive Instrument 2 10 40103 -[negatlve]
Sensitive Instrument 3 11 40104

Sensitive Instrument 4 1z 40105

Sensitive Instrument 5 12 40108

Bight Sclar Array Attachm 14 e2131 -0.37 1.832 17.075
Left Soclar Array Attachm alts 62231 -0.37 -1_832 17.075
Left Horizom Sensor 1& 10001 1.0 -1_448 Z1_s04
Beaction Wheel §1 CG 17 53041 -0_792 0.04% Z1_594
Beaction Wheel §Z CGC 18 58042 0.354 -0_71 21 _5394
Beaction Wheel §3 CG 15 SE8043 0.438 0.68l1 Z21.53%4
Right Horizon Sensor Z0 10002 0.5%07 1.57 21.142
BCS Jet £1 (+H0 Z21 Sgo0l -Z.382 0.0 12.075
BCS Jet £2 (+H0 ZZ Sg002 -Z.382 0.0 24 875
BCS Jet §3 {+¥) z23 Sg003 1.271 -1.433 24.802
BCS Jet £4 —¥) Z4 S8004 1.271 1.433 24._802
BCS Jet £5 —¥) 25 98005 -1_787 0_.708 Z4_.875
BCS Jet £6 (+¥) Ze 98008 -1_787 —-0_708 Z4_875
BCS Jet 7 (+3) 27 98007 -Z_382 0.0 21._45
BCS Jet £8 (+H0 b=} Sgoos —-Z.324 a.0 21.783

K
EEN

A

Fiall
Fitch

Direction

- [negative]




Table of Vehicle Structure FEM Modes

I mode selection, in order ta calculate the relative mode strength of a number of modes in a specified direction you st
define some node points in the Mastran model where the excitation forces or torques will be applied and alzo the forcing

directions.
Simnilarly, you must alzo define the senzor points [translations or rotations] and the sensing directions.

Select a Location {(Node) for Torque Excitation: 4

ak

Moving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 Z2103

Mowving Antenna 4 2104

Fixed Antenna 5 2105

Inertizl Attitude Senscrs & 21001 -0.747 0.114 2Z5.572
Locelerometers 7 31002 0.338 0.848 Z5.57 . .
Ulrzaan
Second Mirror 5 40102

Sensitive Instrument 2 10 40103 - [negative]
Sensitive Instrument 3 11 40104

Sensitive Instrument 4 Z 40105

Sensitiwve Instrument 5 13 4010&

Right Solar Array Attachm 14 82131 —0.37 1.832 17.075

Left Solar Rrray Attachm 15 82231 -0.37 -1.832 17.075

Left Horizon Sensor 1s 10001 1.0 -1_445 21.504

Reaction Wheel 1 CG 17 58041 -0.792 0.045% 2Z1_.5594

Reaction Wheel £2 C& 1a 58042 0_.354 -0.71 21_554

Reaction Wheel £3 C& 13 58043 0_.438 0.881 Z1_5354

Right Horizon Sensor Z0 10002 a_.307 1.57 Z21_.14z2

RCS Jet #1 {+E) 21 58001 —2.38Z 0.0 18.075

RCS Jet £2 {+E) 22 58002 -Z2.38Z 0.0 Z4 875

RCS Jet #3 {+¥) 23 58003 1.271 -1.433 Z4_.80z2

RCS Jet #£4 {-¥) 24 58004 1.271 1.433 2Z4_8B0z2

RCS5 Jet #5 (-¥) 25 58005 -1_787 0.708 2Z4_.675

RCS Jet £6 {+¥) 28 38008 -1_787 -0_.708 Z4_g&75

RCS Jet £7 {+3) 27 58007 —Z2_.38Z 0.0 Z1._45

RCS5 Jet #8 {+3) Z8 58008 —Z_.34 a.o 21_783

Mode Descrption, Mode Mumber,  Mastran Mode D Mumber,  Location Coordinates [, ¥, £]

In made zelection, it arder ko calculate the relative made strength of a number of modes in a specified direction pou must

define zome node paints in the Nazstran model where the excitation forces or tarques will be applied and alzo the forcing ok,
directions.

Similarly, vou must alzo defing the sensor points [translations or rotations) and the sensing directions.
Select a Location {(Mode) for Torque Excitation: B Az
Movring Mirror 1 Z101 Rall
Fixed Mirreor z 210z Fitch
Focal FPlane 3 2103

Mowring Antentia L 2104

Fixed Antenmna 5 Z105

Inertial Attitude Sensors & 3100l —-0.747 0.114 EZE_ETE
Aocelerometars 7 2100 0_.3328 0. 548 Z5_L57

40101 Drirection

Second Mirror b 4010z

Sensitiwve Instrument = 10 401032 m
Sensitive Instrument 2 JLL 40104

Sensitiwve Instrument < 1z 40105

Sensitiwe Instrument 5 1z 40106

Bight ESclar Array Attachm 1 EZ121 -0.327 l.82z 17.07E&
Left Solar Array Actachm 15 BEEEL -0.37 -1.83 17.075
Left Horizomn Sensor 1le 10001 1.0 —1.446 Z1_e04
Deaction Wheel #1 Spin Axis 17 E2041 -0.73E 0.043 z1_E94
Beaction Wheel $Z Spin Axis 1z Eg04z 0.354 -0_.71 Z1.E554
Beaction Whesl #3 Spin Axis 19 L2043 0.4328 O.&8&1l Z1_594
Pight Hori=zon Sensor Z0 100z o.=207 1.E7 £1.14=
BCE Jet #1 {+X z1 25001 -2_362 0.0 15.075
BCS Jet #=2 [ +x) ZE Q2002 —Z.36E& o_o Z4_ 675
BCE Jet #32 (4% Z3 Sz002 1.271 -1.422 E4.20Z
BCE Jet #d (=T Zd 25004 1.271 1.433 E4._80Z2
BCS Jet #5 =T Z5 Q2005 —-1.787 o_ 7o Z4_ 675
BCE Jet #& (4% ZE S200s —-1.787 -0.708 Z4_&7E
BCE Jet #7 [ ] z7 Ss007 —2_36F 0.0 £1.45




We must also select nodes and directions for the 6 rotational sensors that were defined earlier for mode
selection purposes. Node #6 was selected for the rotational sensors (1, 2, 3), measuring in the +roll, +pitch,
and +yaw directions respectively. Similarly, nodes #11, #12, and #13 were selected to represent the
rotational sensors (4, 5, 6), measuring in +roll, +pitch, and +yaw directions respectively.

Table of Vehicle Structure FEM Modes

Il mode zelection, in order to calculate the relative mode strength of a number of modes in a specified direction pou must ok
define zome node points in the Mastran model where the excitation forces or torques will be applied and alzo the farzing
directions.

Sirnilarly, wou ruzt alzo defing the sensor points [ranslations or rotations) and the sensing directions.

Select a Location (Node) for Rotational Sensor: 1

Moving Mirror 1 2101

Fixed Mirror 2 Z10z2

Focal Plane 2 2103

Moving Antenna 4 2104

Fixed Antenna 5 2105

Accelerometers T 31002 0.338 0.648 25.57

Cryc Cooler Dump 8 40101 Direction
Second Mirror 3 40102

Sensitive Instrument 2 10 40103 {negmwa
Sensitive Instrument 3 11 40104

Sensitive Instrumsnt 4 z 40105

Sengitive Instrument 5 13 4010&

Bight Soclar RArray Attachm 14 62131 -0.37 1.832 17.075

Left Solar Array Attachm 15 62231 -0.37 -1.832 17.075

Left Horizon Sensor 1l 10001 1.0 -1.448 Z1.804

Beaction Wheel £1 CE= 17 58041 -0_.792 0.049 Z21_5594

Beaction Wheel £2 CE 18 58042 0.354 -0.71 21.554

Beaction Wheel £3 CE= 19 58043 0_.438 0O.68l1l Z1.5354

Bight Horizon Sensor 20 10002 a.307 1.57 21.142

BCS Jet #1 {+3) 21 98001 -2.382 0.0 18.075

BCS5 Jet #2 {+3) 22 98002 -2.382 0.0 24_ 875

BCS5 Jet $3 {+¥) 23 98003 1.271 -1.433 24._802

BCS Jet £4 {(—¥1) Z4 SE004 1.271 1.433 Z4_B0OZ

BC5 Jet #5 (=¥} 25 98005 -1.787 0.708 24.&75

BRCS Jet %6 {+¥) 26 9800& -1.787 -0.708 24_.&75

BC5 Jet %7 {+3) 27 98007 -2.382 0.0 21.45

BCS5 Jet $8 {+3) 28 98008 -2.34 a.a 21_7B3

Mode Descrption,  Mode Mumber,  Mastran Mode 1D Mumber,  Location Coordinates (€, v, £]
Select a Location {Node]) for Rotational Sensor: b Bois
Moving Mirror 1 2101 Rall
Fixed Mirror z zloz Fitch
Foocal Plane £ 2103

Moving Antenna 4 2104

Fixed intenna 5 2105

Inertial Attitude Sensors = 21001 -0_.747 0.114 EZ5_E7E
Accelerometers ? 2100 0,222 0.s42 Z5_ 57 .
Cryo Cooler DPump 8 40101 Direction
Second Mirror 2 4010

Sensitiwe Instrument 401032 {negaﬂvﬂ

Sensitive Instrument
Sensitiwve Instrument

Cn EoR i

Instrume:

= (=} =1 Lt
Bight ZSolar Array Attachm 62131 -o_37 l.83& 17.075
Left Solar Array Attachm G231 -0.37 -1.83 17.07%
Left Horimon Sensor 1000l 1.0 -l.44e EZ1l.804
DPeaction Wheel #1 Zpin Axis EE041 -0.72% 0.04% Z1.E534
Beaction Wheel #Z Spin Axis LE04E 0.354 -0.71 21.524
Deaction Wheel #3 Zpin Axis EE04z 0.438 0.681 Z1.E534
RBight Horizon Sensor 1000z a.=07 1.57 21 14z




At this point the program calculates the mode strength and displays a bar chart that shows the mode
numbers in the horizontal axis and the corresponding relative mode strength in the vertical axis in
logarithmic scale. The chart can be used for manual mode selection. Initially all the modes appear in red.
The user can select some of the strong modes by clicking on the corresponding bar with the mouse and the
color of the bar changes to green when the mode is selected. Notice, that in this demo the first 6 rigid-body
modes are included in the model. We also created a flex model without the 6 rigid-body modes to be used
in different analysis. When the mode selection is complete the user must press the “Enter” key to complete
the creation of the spacecraft dataset that will be saved in file “Surveillance-Sat.Inp”.

The flex spacecraft program will process it and will generate the state-space model. It displays a menu of
spacecraft titles that already exist in the input data file, including the latest one from our demo. The user
selects one of the titles and clicks on “Run Input Set” to process it and compute the flex spacecraft state-
space system in file “Surveillance_Sat.Qdr”.

Mode Strength (use mouse to select the strongest modes in the specified axis)
Select Dominant Modes of: Flex Spacecraft with Gimbaling Telescope

Mode Strength

5 15 25 35 45 55 65 75 85 95
Mode Number

Figure 3.1 Flexible Spacecraft Mode Selection Bar-Chart

Select a Set of Data from Input File

Select a Set of Input Data for "FLEXIBLE SPACECRAFT" from an Input File: Surveillance-5at.inp |pyn Input Set

Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (67-modes) Exit Program
Rigid-Body Spacecraft with Gimbaling Telescope and Reaction Wheels

Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (61-0Only Flex)
Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (100-modes)
Flex Spacecraft Title

Flex Spacecraft with Gimbaling Telescope

Create New




The Spacecraft Input File

This file contains the datasets to be processed by the Flixan program. It begins with a batch dataset “Batch
to Create the Flex Surveillance Satellite Models” that includes datasets for 4 spacecraft configurations. It
also includes the corresponding Matlab conversion datasets.

BATCH MODE INSTRUCTIONS ...........000..

Batch to Create the Flex Surveillance Satellite models

! This batch creates flex models for a survellance spacecraft that includes four

' gimbaling appendages. The Inertial Coupling Coefficients of the appendages are included

! in a separate file "Surveillance-Sat.Hpr" which is alsc processed by the Flixan

' Flexible Spacecraft Modeling Program

]

Flex Spacecraft : Rigid-Body Spacecraft with Gimbaling Telescope and Reaction Wheels (6-modes)
Flex Spacecraft : Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (&7-modes)
Flex Spacecraft : Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (61-Only Flex)
Flex Spacecraft : Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (l100-modes)

1

To Matlab Format : Rigid-Body Spacecraft with Gimbaling Telescope and Reaction Wheels (&-modes)
To Matlak Format : Flex Spacecraft with Gimbaling Telescope and Resaction Wheels (67-modss)
To Matlab Format : Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (61-0Only Flex)
To Matlak Format : Flex Spacecraft with Gimbaling Telescope and Resaction Wheels (100-modes)

The following dataset “Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (67-modes)” is used
to create the flexible spacecraft system, including 4 gimbaling appendages. The system includes 6 rigid-
body modes and 61 flex modes. Only 2 modes are shown, the first and the last. The name of the H-
parameters file “Surveillance-Sat.Hpr” is included at the bottom of the dataset.

FLEXIBLE SPACECRAFT FE MODEL

Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (67-modes)

! The following flex wehicle is a multi-body Space Surveillance satellite consisting of
! a core spacecraft body, two rotating Solar Arrays, and an optical payload that can

! gimbal in two directions: azimuth and elevation. It has 3 reaction wheels for applying
! attitude contrel torgues, 8 RCS jets for control and desaturating the reaction wheels,
! and 4 servos teo control the 4 gimbals, two for the optical sensor (azimuth and
! elevation) position, and twe for rotating the soclar arrays. 67 modes were selected
! for this model, 6 rigid and 61 flexible.

Number of Input Forces applied on flex structure nodes (N_force) : B8

Input Force Number, Node Number (sse map), Force Dirsction unit vector along (x,y,z) H 1 21 1.000 0.000 0.000
Input Force Number, Node Number (sse map), Force Dirsction unit vector along (x,y,z) : 2 22 1.000 0.000 0.000
Input Force Numbsr, Nods Number (sss map), Force Dirsction unit vector along (x,y,z) : 3 23 0.000 1.000 0.000
Input Force Number, Node Number (see map), Force Dirsction unit vector along (x,vy,z) H 4 24 0.000 -1.000 0.000
Input Force Number, Node Number (see map), Force Direction unit vector along (x,y,z) : 5 25 0.000 -1.000 0.000
Input Force Number, Node Number (see map), Force Direction unit vector along (x,y,z) H 3 26 0.000 1.000 0.000
Input Force Number, Node Number (see map), Force Dirsction unit vector along (x,y,z) : T 27 1.000 0.000 0.000
Input Force Number, Node Number (sse map), Force Dirsction unit vector along (x,y,z) : 8 28 1.000 0.000 0.000
Number of Input Torgques applied on flex structure nodes (N_torgue) E 1

Input Torgue Number, Node Number (map), Torgue Direction unit wvector about (x,y,z) RWA = 1 17 1.000 0.000 0.0
Input Torgue Number, Node Number (map), Torgue Direction unit wvector about (x,y,z) EWA 2 18 0.000 1.000 0.0
Input Torgue Number, Node Number (map), Torgue Direction unit wvector about (x,y,z) EWA : 3 19 0.000 0.000 1.0
Input Torgue Numbesr, Nods Number (map), Torgue Dirsction unit vector about (x,y,z) Dist : 4 8 1.000 0.000 0.000
Input Torgque Number, Node Number (map), Torgue Direction unit wvector about (x,y,z) Dist : 5 g 0.000 1.000 0.000
Input Torgue Number, Node Number (map), Torque Direction unit vector about (x,y,z) Dist : & g 0.000 0.000 1.000
Number of Linesar Sensors Mesasuring Translations on the flex structure nodes (N_transl) H 2

Translation Sensor Numb, Node Numb, Along (1=X,2=Y,3=3), Type (l=Posit,2=Veloc,3=Acceler): 1 T 1 3

Translation Sensor Numb, Nods Numb, Along (1=X,2=Y,3=3), Types (l=Posit,2=Veloc,3=Accelesr): 2 T 2 3

Number of Gyro Sensors Measuring Rotations on the flex structure nodes (N_rotat) : 13

Rotation Sensor Numbr, Node Number, 2bout (1=X,2=Y,3=3), Type (l1=Posit,2=Veloc,3=RAcceler): 1 & 1 2

Rotation Sensor Numbr, Nodes Number, About (1=X,2=Y,3=3), Type (l=Posit,2=Veloc, 3=Acceler): 2 & 2 2

Rotation Ssnsor Numbr, Nods Number, About (1=X,2=Y,3=3), Types (l=Posit,2=Veloc,3=Acceler): 3 & 3 2

Rotation Ssnsor Numbr, Nods Number, About (1=X,2=Y,3=3), Typs (l=Posit,2=Veloc,3=Accelesr): 4 3 1 1

Rotation Sensor Numbr, Node Number, Zbout (1=X,2=Y,3=z), Type (l=Posit,Z2=Veloc,3=Acceler): 5 3 ped 1

Rotation Sensor Numbr, Node Number, Rbout (1=X,2=Y,3=3), Type (l=Posit,2=Veloc,3=Acceler): 3 3 3 1

Rotation Sensor Numbr, Nodes Number, About (1=X,2=Y,3=3), Type (l1=Posit,2=Veloc,3=Acceler): T 9 2 1

Rotation Sensor Numbr, Nods Number, About (1=X,2=Y,3=3z), Type (l=Posit,2=Veloc, 3=Acceler): 8 ) 3 1

Rotation Ssnsor Numbr, Nods Number, About (1=X,2=Y,3=3), Types (l=Posit,2=Veloc,3=Acceler): ) 10 2 1

Rotation Sensor Numbr, Node Number, Rbout (1=X,2=Y,3=z), Type (l=Posit,2=Veloc, 3=ZAcceler): 10 10 3 1

Rotation Sensor Numbr, Node Number, Zbout (1=X,2=Y,3=z), Type (l=Posit,Z2=Veloc,3=Acceler): 11 11 1 1

Rotation Sensor Numbr, Node Number, Rbout (1=X,2=Y,3=3), Type (l1=Posit,2=Veloc,3=RAcceler): 12 12 2 1

Rotation Sensor Numbr, Nodes Number, About (1=X,2=Y,3=2), Type (l=Posit,2=Veloc,3=Acceler): 13 13 3 1



Number of Flexible Modes (max=600), Mode Shapes and Mode Frequencies are included below : 67

MoDEE 1/ 1,

Frequency (rad/sec),

DEFINITICN COF LOCATICNS (NCDES)

RCS Jet f1 (+X)
RCS Jet #2 (+X)
RCS Jet $3 (+¥)
RCS Jet #4 (%)
RCS Jet £5 (-¥)
RCS Jet f6 (+%¥)
RCS Jet #7 (+X)
RCS Jet 8 (+x%)

Reaction Wheel #1 Spin RBxis
Reaction Wheel $#2 Spin RBxis
Reaction Wheel $#3 Spin Bxis
Cryo Cooler Pump
Cryo Cooler Pump
Cryo Cooler Pump

Accelerometers
Boccelerometers

Attituds
Attituds
Attitude
Attituds
Inertial Attitude
Inertial Attituds
Second Mirror

Second Mirror

Sensitive Instrument
Sensitive Instrument
Sensitive Instrument
Sensitive Instrument
Sensitive Instrument

Sensors
Sensors
Sensors
Sensors
Sensors
Sensors

Insrtial
Inertial
Inertial
Inertial

Lo B2

MODE# 67/

Node Numb
21
22
23
24
25
26
27
28

Node Numb
17
18
15
8
8
8

Node Numb
T
7

Node Numb
)

W oo o, M

S
10
10
11
1z
12

DEFINITICN CF LOCATIONMS (NODES)

RCS Jet #1 (+X)
RCS Jet $2 (+%)
RCS Jet #32 (+%)
RCE J=t #4 (-¥)
RCS Jet #5 (-¥)
RCS Jet e (+%)
RCS Jet #7 (+X)
RCS Jet 8 (+x)

Reaction Wheel §1 Spin Bxis
Reaction Wheel $#2 Spin Axis
Reaction Wheel $3 Spin Bxis
Cryo Cooler Pump
Cryo Cooler Pump
Cryo Cooler Pump

BAocelerometers
Boccelerometers

Attitude
Attituds
Attituds
Attitude
Inertial Attitude
Inertial Attitude
Second Mirror

Second Mirror

Sensitive
Sensitive
Sensitive
Sensitive
Sensitive

Sensors
Sensors
Sensors
Sensors
Sensors
Sensors

Insrtial
Inertial
Insrtial
Inertial

Instrument
Instrument
Instrument
Instrument
Instrument

(S0 SR PV O I V)

Inertial Coupling Coefficients (H-Parameters) File Name for the

Node Numb
21
22

Node Numb

Damping (zeta),
phi along X

Modal Data at the

0.42404D+00
—0.102%0Dp-01
0.17370D+00
—-0.21102D+00
—0.10535D+00
0.84773D-01
0.201%4D+00
0.18000D+00

Modal Data at the

0.185%1D+00
0.28777D+00
0.10377D+00
0.11375D+00
0.11375D+00
0.11375D+00

Modal Data at the

—-0.15620D+00
—-0.15620D+00

Generalized Mass=
phi along Y

-0.27679D+00
—0.24765D+00

0.24048D+00

0.24048D+00
—0.17053D+00
—0.17053D+00
—-0.26187D+00
—0.25736D+00

—-0.50452p-01
0.10320D+00
0.1145%D+00
0.8133%D-01
0.8133%D-01
0.81339%D-01

0.11872D+00
0.11872D+00

8 Force

2 Linear

0.0000
phi along z

0.50000E-0D2

sigm about X

Bpplication Polnts

—-0.14051D+00
—0.14051D+00

0.10491D+00

0.92270D-01
—0.10580D+00
—-0.95551p-01
—0.14051D+00
—0.13503D+00

& Torque Application

—-0.37350Dp-01
0.41342Dp-01
0.40882D-01
0.24504D-01
0.24504D-01
0.24504D-01

Translation
0.34365D-01
0.34365D-01

—0.44087D-02
—0.44078D-02
—0.44083D-02
—0.44087D-02
—0.44088D-02
—0.44087D-02
—0.44644D-02
—0.44644D-02

Points
—0.44086Dp-02
—0.44084D-02
—0.44086D-02
—0.44083D-02
—0.44083Dp-02
—0.44083D-02

12.000

sigm about Y

-0.65808D-01
—0.65808Dp-01
-0.65807D-01
—-0.65807D-01
—0.65808D-01
—0.65808D-01
—0.65806D-01
—-0.65806D-01

—-0.65808Dp-01
-0.65808D-01
—0.65808Dp-01
-0.65808D-01
—0.65808Dp-01
—0.65808D-01

Measurement Points

—0.44084D-02
—0.44084D-02

Modal Data at the 13 Rotation Measurement Polnts

-0.84672D-01
—0.84672D-01
-0.84672D-01
—-0.84672D-01
—-0.84672D-01
—-0.84672D-01

0.32795D-01

0.3275%5D-01
—0.34485D+00
—0.34485D+00
—0.21043D+00
-0.24461D+00
—0.2352%D+00

phi along X

Modal Data at the

0.3555%D-01
0.89%9610D-03
0.46756D-01
0.46677D-01
-0.57787D-02
—-0.30158Dp-01
-0.32138p-01
—-0.76304Dp-01

Modal Data at the

—0.38234D-01
0.23872Dp-02
-0.41€38D-01
0.27854D-01
0.27854D-01
0.27854Dp-01

Modal Data at the

0.54855D-02
0.54855D-02

Modal Data at the 13 Rotation

0.20068D-01
0.20068D-01
0.20068D-01
0.20068D-01
0.20068D-01
0.20068D-01
—-0.2281ep-01
-0.22816D-01
—-0.655%81Dp-01
-0.65981D-01
—0.43453D-01
-0.51402D-01
—-0.43168D-01

-0.26885D-01
—0.26885D-01
-0.26885D-01
—-0.26885D-01
—-0.26885D-01
—-0.26885Dp-01
0.865%4D-01
0.86594D-01
0.43255D-01
0.43255Dp-01
0.11532D+00
0.13115D+00
0.121%5D+00

95, Frequency (rad/sec) , Damping (zeta), CGeneralized Mass=

phi along ¥

0.28256D+00
-0.2%061D-01
-0.106%0D+00
-0.85016Dp-01
-0.61323p-01
—0.45443Dp-01
-0.12351D+00
—-0.42040D+00

0.54275D-02
-0.3213¢p-01
-0.34842D-01
0.27%03D+00
0.27903D+00
0.27503D+00

-0.25231D-01
-0.25231p-01

-0.41742D-01
-0.41742D-01
-0.41742D-01
-0.41742D-01
-0.41742D-01
-0.41742D-01
0.131%3D+00
0.13193D+00
0.84027D-02
0.84027D-02
0.20726D-01
0.24421D-01
0.13531p-01

-0.34682D-01
—0.34682Dp-01
-0.34682D-01
—-0.34682Dp-01
—0.34682D-01
—-0.34682Dp-01
0.24822Dp-01
0.24822D-01
—-0.88348Dp-02
-0.88348D-02
0.30518D-01
0.37577D-01
0.33354D-01

T740.88
rhi along 2

—-0.10725p-01
0.27685D-01
—-0.23578Dp-01
0.27155%Dp-01
0.57778D-01
—-0.76508Dp-01
—-0.12644D+00
—0.12345D+00

-0.12327Dp-01
0.142%6p-01
-0.32082D-01
0.18476D+00
0.18476D+00
0.18476D+00

-0.31773Dp-01
—-0.31773p-01

—0.56465D-01
—-0.56465D-01
—-0.56465D-01
—-0.56465D-01
—-0.56465D-01
-0.56465D-01

0.15216D+00

0.19216D+00
—0.16241D+00
—-0.16241D+00
—-0.45681p-01
-0.54¢644D-01
—-0.58378Dp-01

4 gimbaling bodies

—-0.44084D-02
—0.44084D-02
—-0.44084D-02
—0.44084D-02
—0.44084D-02
—0.44084D-02
—0.44084D-02
—0.44084D-02
—0.44084D-02
—-0.44084D-02
—0.44084D-02
—-0.44084D-02
—0.44084D-02

0.50000E-02

sigm about X

8 Force Bpplication Points

0.41546D-01
0.80617D-01
0.40200D-01
0.10546D-01
0.10565D+00
0.75504D-01
0.96364D+00
0.96360D+00

& Torque Application Points

0.156%8D+00
-0.73282Dp-01
-0.9239%5D-01
0.18584D+00
0.18584D+00
0.18584D+00

-0.57026D-01
-0.537026p-01

Measuremsnt Polints

-0.56683D-01
-0.56683D-01
-0.56683D-01
-0.56683D-01
-0.56683D-01
-0.56683D-01

0.17636D+00

0.17636D+00
-0.7%%21p-01
-0.7%921D-01
-0.61583p-01
-0.63424p-01
-0.63422p-01

—-0.65808D-01
—-0.65808Dp-01

-0.65808D-01
—0.65808Dp-01
-0.65808D-01
—0.65808Dp-01
—0.65808D-01
—-0.65808D-01
—-0.65808Dp-01
—-0.65808D-01
—-0.65808Dp-01
-0.65808D-01
—-0.65808Dp-01
-0.65808D-01
—0.65808Dp-01

12.000

sigm about ¥

0.57240D-02
0.77184D-01
0.75886D-01
-0.28846D-01
0.12716D+00
0.52528Dp-01
-0.13267D+00
-0.13264D+00

-0.54276eD-01

0.715%47D-01
-0.95136Dp-01
—-0.40835D-01
-0.40835D-01
-0.40835D-01

2 Linear Translation Measurement Polnts

-0.61675D-01
-0.61675D-01

-0.42577D-01
-0.42977D-01
-0.42977D-01
-0.42977D-01
-0.42977D-01
-0.42977D-01
-0.40523D-01
-0.40523D-01
-0.75637D-01
-0.75637D-01
-0.55313p-01
-0.58200D0-01
-0.58252Dp-01

Surveillance-Sat.Hpr

sigm about Z

0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13408D+00
0.13408D+00

0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00

0.13421D+00
0.13421D+00

0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00
0.13421D+00

sigm about Z

0.15120p-01
—-0.284594D-01
—-0.11727D+00
—-0.51748D-01
0.55734Dp-01
—-0.53203p-01
0.10840D+01
0.10842D+01

0.16211D+00
0.14665D+00
0.15960D+00
0.44672D-01
0.44672D-01
0.44672D-01

0.155%47D-01
0.15%47D-01

0.17055p-01
0.17095Dp-01
0.17095Dp-01
0.17095D-01
0.17095Dp-01
0.17095D-01
0.51331p-01
0.51331Dp-01
0.20845D-01
0.20845D-01
0.30511p-01
0.29567D-01
0.25587D-01




3.3 Data Conversion to Matlab Format

The flex spacecraft model will be analyzed in Matlab and we must, therefore, convert the state-space
systems in file “Surveillance-Sat.Qdr” to a format that can be loaded into Matlab. The “Export to Matlab”
utility program will be used for the data conversion. From the Flixan menu select “Utilities”, “Matlab
Conversions”, and then “Export to Matlab”. Select the current project folder “..\Examples\ 10-Surveillance
Satellite React-Wheels\2-Flex Model”, and from the filename selection menu (right) select the systems file
“Surveillance-Sat.Qdr” and click “OK”. Then define the folder where the m-file with the state-space system
will be placed and this is where the Matlab analysis will be performed. That is, in folder “2-Flex Model”
(show below). Click “OK” to continue.

Select a Systems File

5w Flizan, Flight Yehicle Modeling & Contrel System Analysis

Select a Systems File from the
Project Directory that contains
the Mafrices to be Exported to
Matlab

Litilities = File Management Program Functions  View Cuad  Help Files

Select a Project Directory

Surveillance-Sat.Qdr

Select Project Files

Create a New Matrix iiﬁ?ﬁ?ﬁ?ﬁmndr
Create a Mew System ’ J .

MATLAE Conversions » Export to MATLAB
Cut Graphics Format » Fead from MATLAB

Exit Flixan Program L

In the Matlab conversion dialog below, you must specify that you are converting a state-space system into
Matlab, rather than just a single matrix, and that it will be saved as a 4-matrix function m-file instead of 4
separate matrices.

Specify a Matlab Project Directory X

zsktopl10-Surveillance Satelite React-Wheels\2-Flex Model

~ [ Desktop ~
v 10-5urveillance Satellite React-Wheels
1-Rigid-Body Sim Export Systems to Matlab
W 2Flex Madel
Fi
llgsl Select a Matrix, System, or Save the System Data as oK
: BSEIIJU-\\-FI LS Synthesis Model fo Read from  Separate Matrix Files
- DI yd E;(_I m Systems File: "AMat, B.Mat, C.Mat" or
EDUD =d Models Surveillance-Sat.qdr as a Single Function File: S —
0Cs tghed.m"
. ' data-set in input file
Linear Anal-2 i i
Li Flex Anal LR Surveillance-Sat.Ing
near TR e hd (®) System [A,B,C,0] () Matrix Files (*.Mat) ?
@ Do Not Save
Cancel (C)Synthesis Model (®) Functicn (m-file) Osavein File

The following menu shows the titles of the systems which are saved in the systems file “Surveillance-
Sat.Qdr”. In this case there are four flex satellite systems. We must point to the second system that
includes 67 modes and click on “Select” to read the system data.



Select a State-Space Systern from Quad File

Select a State-Space Model for Matlab Conversion, From Systems File:
Surveillance-5at.qdr

Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (67-modes)
Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (61-Only Flex)
Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (100-modes)

Choose a System Title and then click "Select” Cancel View System Select

We must finally enter a filename where the four-matrix m-function will be saved in the chosen Matlab
folder. Enter “flex67” without the (.m). The program reformats the data and saves it as a system function
“flex67.m” in the destination folder. The system can be loaded into Matlab by executing the following

statement in Matlab.
[Avf, Bvf, Cvf, Dvf]=flex67;, % Load Flex Model from Flixan

Enter a file name (ex. Vehicle) to save the [A,B,(,D] matrices as a Matlab m-file function (ex.

Vehicle.m) OK

flexe7

Batch Mode

The file “Surveillance-Sat.Inp” includes a batch set “Batch to Create the Flex Surveillance Satellite Models”
that can be used to speed up the systems generation process. This batch creates four systems in file
“Surveillance-Sat.Qdr”, including a rigid model and a flex only model to be used later in the analysis. They
are saved in folder “10-Surveillance Satellite React-Wheels”. The Matlab modified files “flex67.m”,
“rigid_body.m”, “flex61.m”, and “flex100.m” are also created by the batch.

Managing Input Data Files

To Manage an Input Data File, Point to the Exit
Filename and Click on "Select Input File" The following Tnput Data Sets are in File: Surveillance-5at.Tnp
Surveillance-Sat.Inp Select | £ Fil Run Batch HMode : Batch to Create the Flex Surveillance Satellite models
= = ect Input File Flex Spacecraft : Flem Spacecraft with Cimbaling Telescope and Reaction Wheels (&7-modes)
“"’E E” "p Flex Spacecraft : Rigid-Body Spacecraft with Gimbaling Telescope and Reaction Wheels (6-modes)
un_sat_RE+Flx.Inp I Edit Input File Flex Spacecraft - Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (€l-Only Flex)
Flex Spacecraft : Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (L00-modes)

To Matlab Format : Rigid-Body Spacecraft with Gimbaling Telescope and Reaction Wheels (E-modes)
To Matlab Format : Flex Spacecraft with CGimbaling Telescope and Reaction Wheels [&7-modes)
To Matlab Format : Flex Spacecraft with Gimbaling Telescope and Reaction Wheels (£1-Only Flex)
Delete Data Sets in File | |To Matlab Format : Flex Spacecraft with Gimbaling Telescope and Reaction Wheels {l00-modes)

I Relocate Data Set in File
I Copy Set to Another File

View Data-Set Comments

Comments, Data-5et User Notes

This batch creates flex models for a survellance spacecraft that includes four gimbali d The Inertial Coupling Coefficients of the appendages are included in a separate file
"Surveillance-Sat.Hpr" which is also processed by the Flixan Flexible Spacecraft Modeling Program




3.4 Flexible Spacecraft Simulation Analysis

In the previous section we used the flex spacecraft modeling program to create a 67-mode state-space
system of the surveillance spacecraft in file “Surveillance_Sat.Qdr”. This multi-body spacecraft model is
linear, at a fixed gimbal orientation, and it includes 6 rigid-body modes (3 rotations and 3 translations)
implemented like the flex modes using modal data. The system actually includes more than 67 modes,
because we introduced four additional gimbal modes which unlock the hinges of the four rotating
appendages via the H-parameters which are included in file “Surveillance_Sat.Hpr”. The H-parameters
create dynamic coupling between gimbal rotations and the flex modes. This model can be used for small
angle analysis, for gimbal rotations up to 5 degrees or so. For large angle slewing we will obviously need a
non-linear multi-body simulation. This will be studied later in Section 5. The linear model, however, is very
useful for control design, stability analysis and sensitivity to disturbances. The total number of states in the
linear model is 142. The last 8 states are rotations and rates at the four gimbals, which are: elevation and
azimuth rotations of an optical sensor and two solar array gimbals. The spacecraft system title is “Flex
Spacecraft with Gimbaling Telescope and Reaction Wheels (67-modes)”. It has 18 inputs: 8 RCS jet forces, 3
Reaction Wheel torques (roll, pitch, yaw), 3 disturbance torques at the cryo-cooler, and 4 torques at the
appendage gimbals. It has 23 outputs: two accelerometers along X and Y, three rate gyros at the navigation
platform, three rotational gyros also at the nav-base, four rotational gyros at nodes #9 and #10, and
another 3 rotational gyros at nodes #11 to #13. They are locations for analyzing jitter sensitivity. The last 8
outputs are gimbal angles and gimbal rates at the 4 hinges.

We will now use this flexible state-space model to create a simulation model of the satellite with the
gimbaling telescope and the solar array appendages. We will include the RCS and the telescope gimbal
control systems and will analyze its performance to a pitch attitude command, gimbal commands and to
disturbances from the solar array stepper-motor. The Matlab analysis files are in folder “Examples\10-
Surveillance Satellite React-Wheels\2-Flex Model”. The Simulink model “Flex_RCS.sIx” shown in Figure 3.3 is
used to analyze the flexible spacecraft. The m-file script “runf.m” is used to initialize the model and the
spacecraft state-space system is loaded from file “flex67.m”. Other parameters are also loaded into Matlab,
such as: jet locations, jet directions and gimbal servo gains. The 100-mode system and the rigid-body
system that were created in files: “flex100.m” and “rigid_body.m” are also included in this folder and they
can be loaded instead using “runf.m”. The 100 flex modes model has 208 states. It was used for comparison
purposes and it will not be discussed here.

The disadvantage of this linear FEM derived spacecraft model is that it is missing the nutation effects which
is produced by the pitch momentum bias (Hyo) and it is coupling the roll and yaw axes. In the Section 4 we
will couple the flex model with the previously described momentum biased non-linear model, but in this
section, we shall analyze the linear flex model alone. This simulation model includes the RCS closed-loop
controller and the two telescope gimbal loops are also closed via torque motors. The reaction-wheel ACS
loop is not implemented because it cannot work efficiently in the lateral directions without the out-of-
plane gyroscopic coupling. The flex spacecraft (cyan) and the gimbal control blocks (pink) are shown in
detail in Figure (3.3 & 3.5). We will use this model to analyze attitude maneuvering and telescope gimbaling
effects and also jitter effects from the solar array stepper motors.
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The following results are obtained by commanding the RCS attitude control system to perform a 10°
rotation in pitch. The elevation and azimuth gimbals of the telescope are also commanded 20 seconds later
to perform 5° slew rotations. Figure 3.6 shows the spacecraft attitude and rate responses during the
maneuvers. The attitude response is rate limited by the phase-plane logic. Flex oscillations are observed in
the rate measurement in response to gimbaling and jet firing. Figure 3.7 shows the azimuth and elevation
gimbal responses to 52 commands. The gimbals respond much faster than the RCS. Figure 3.9 shows the
Solar Arrays motion relative to the spacecraft. They are not constrained and they rotate negative because
the spacecraft rotates +10° in pitch. Relative flex motion at the SA gimbals is excited by the telescope
slewing and the jet firing.
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Figure 3.6 Flex Spacecraft Attitude and Rate Response to Attitude and Gimbal Commands
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Figure 3.9 Solar Array Rotation Angles and Rates Relative to Spacecraft
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3.5 Gimbal Sensitivity to Solar Array Stepper Motor Disturbances

The two solar arrays rotate about the spacecraft y axis and they perform a 3602 rotation with respect to the
spacecraft for every orbit. The rotation is controlled by stepper motors at the solar array joints which
generate a train of torque pulses that rotate the arrays at constant rate. The frequency of the pulses is 2 Hz
and they consist of a 0.08 (ft-Ib) positive torque pulse followed by a similar negative pulse. The pulses,
however, generate disturbances on the spacecraft that degrade the telescope image because of jitter in the
Line-of-Sight (LOS). We will now use the simulation to perform sensitivity analysis by introducing the
stepper motor torque pulses at the solar array joints and observe the effect on the azimuth and elevation
jitter at the telescope gimbals. Only the gimbal control loops are closed in this case because the RCS
generates much bigger disturbances and it is typically not active during telescope operations.
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Figure 3.10 Azimuth and Elevation Jitter on the Telescope Line-of-Sight

Figure 3.10 shows the jitter effect on the telescope LOS, gimbal rates versus rotation error in both:
elevation and azimuth. The azimuth direction is more affected by the disturbances because the pulses from
the SA gimbals are in pitch and the telescope is pointing along Y. Figure 3.11 shows the solar array rotation
angles and rates. The average rate is equal to orbital rate 0.063 (deg/sec). The rate oscillations are caused
by the stepper motor pulses. Figure 3.12 shows the effect of the disturbance torque on the telescope
gimbal torques.
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4.0 Analyzing the Non-Linear Rigid-Body and
the Flexible Systems Combined

In Section 2 we created a non-linear simulation model of the orbiting spacecraft in the LVLH frame. In
Section 3 we created 3 flexible spacecraft systems from modal data. That is, a flex system that includes the
rigid-body modes (flex67.m), a system that has only the 6 rigid modes (rigid _body.m), and a system that
includes only flex modes without the 6 rigid modes. This flex only system contains 61 flex modes starting
from mode #7 and it will be used in this Section and in Section 5. Its title is “Flex Spacecraft with Gimbaling
Telescope and Reaction Wheels (61-Only Flex)” and it was saved in Matlab m-function “flex61.m”. It will be
combined in parallel with the non-linear rigid-body model to capture both: flexibility and non-linear
dynamics. The Matlab analysis in this section is performed in subdirectory: “\Examples\10-Surveillance
Satellite React-Wheels\3-Coupled Models”.

4.1 Non-Linear Simulation Model, Rigid + Flex

Figure 4.1 shows the non-linear simulation model with flexibility “NonLinear-Flex-Sim.SIx”. The spacecraft
dynamics block is shown in Figure 4.1b. It consists of the non-linear spacecraft dynamics block connected in
parallel with the flexibility block which includes the state-space system “flex61.m”. Both systems receive
the same RCS forces and RW torques, and their outputs are combined together to represent the measured
rigid plus flex motion. The RW torques are calculated in body axes by the Wheel Dynamics block shown in
Figure 4.1a, and implemented in function “Wheel _Dynamics.m”. It includes the gyroscopic effect due to
body rate coupling with the bias momentum and also calculates the wheel rates relative to the spacecraft.
The RW/RCS control law is identical to the one used in section 2. The file “run.m” initializes the simulation
model.

Non-Linear Simulation of Flexible Spacecraft with
Reaction Wheels, RCS Jets and Momentum Bias
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Figure 4.1 Non-Linear Simulation Model with Flexibility “NonLinear_Flex_Sim.SIx”
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Figure 4.1e Spacecraft Structural Flexibility Dynamics, Includes Function “flex61.m”

1
2

QOutputs = 23

X-Accelerat. Sensed at Node # 7 (ft/sec2)
Y-Accelerat. Sensed at Node # 7 (ft/sec2)

X-Rot. Rate Sensed at Node # 6 (radian)
Y-Rot. Rate Sensed at Node # 6 (radian)
Z-Rot. Rate Sensed at Node # 6 (radian)

X-Rotation Sensed at Node # 6 (radian)
Y-Rotation Sensed at Node # 6 (radian)
Z-Rotation Sensed at Node # 6 (radian)

Y-Rotation Mirror at Node # 9 (radian)
Z-Rotation Mirror at Node # 9 (radian)

Y-Rotation Instrum-2 Node # 10 (radian)
Z-Rotation Instrum-2 Node # 10 (radian)
X-Rotation Instrum-3 Node # 11 (radian)
Y-Rotation Instrum-4 Node # 12 (radian)
Z-Rotation Instrum-5 Node # 13 (radian)

Rotation Angle at Elevati Gimbal No 1
Rotation Rate at Elevati Gimbal No 1
Rotation Angle at Azimuth Gimbal No 2
Rotation Rate at Azimuth Gimbal No 2
Rotation Angle at Rght SA Gimbal No 3
Rotation Rate at Rght SA Gimbal No 3
Rotation Angle at Left SA Gimbal No 4
Rotation Rate at Left SA Gimbal No 4

Figures 4.2a through 4.2d show simulation results using the Simulink model “NonLinear-Flex_Sim.SIx”. This
model is obviously much slower than the rigid-body of Section-1 because it includes 60 flex modes. It is
initialized at non-zero RW #2 and #3 rates to reduce the time to reach the momentum saturation. The pitch
attitude is commanded to 10° rotation. The maneuver begins by using the reaction wheels #2 and #3.
Wheel #1 is maintained at constant speed to provide the -40 (ft-lb-sec) bias by a small torque to overcome
gimbal friction. The external disturbance torques on the spacecraft cause the momentum to drift. When
the magnitude exceeds 10 (ft-lb-sec) the ACS switches to the RCS mode in order to maintain the
commanded attitude while the RW #2 and #3 are torqued in the direction to reduce their rates back
towards zero. When the momentum dump is complete, the logic switches back to the RW control mode.
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Figure 4.2b During RCS Control the Wheels are torqued to reduce their Roll and Yaw Momentum to Zero and the Pitch
Momentum steady at -40 (ft-lb-sec). Wheel #1 (blue) is commanded a small torque to overcome internal friction and to

maintain a constant speed.
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5.0 Linear Analysis of the Combined Rigid
Spacecraft and Flexible Systems

For linear stability analysis we will combine again the 61-flex-mode state-space system which includes only
flex modes in parallel with a linearized model of the spacecraft dynamics. We will ignore the RCS stability
for now and focus mainly on analyzing the stability of the RW system. We will create two linear models: a
closed-loop and an open-loop model and perform linear analysis. The work files for this section are
included in subdirectory: “Examples\ 10-Surveillance Satellite React-Wheels\5-Linear Flex Anal”.

5.1 Linearized Rigid-Body Equations of Motion

The following equations describe the linear motion of the spacecraft in circular orbit around the earth
relative to the LVLH frame. The angular acceleration is a function of various external torques, as follows:

l o, = -0, x lo, + T +ng +T4 + T,

Where: the first term on the RHS is the gyroscopic torque on spacecraft
Tsc is the torques on the spacecraft from the RWA

ias

Teg is the gravity gradient torques on the spacecraft as a function of attitude
Tyq is the aerodynamic torque

Tsc is a bias torque due to linearization

Wo is the orbital rate in (rad/sec)

The linearized gyroscopic term is:

—o, % lo, =
Iy, 21y, 1, =1y || @ -1y,
@, —1, 0 Iy o, +w:| 0
_IYY_IXX _2|XY IXZ N, IXY bias

The torque applied on the spacecraft from the reaction wheel assembly consists of: reaction torques due to
rotor acceleration plus lateral gyroscopic torques due to pitch momentum bias. In this case we only have Hyo.

w,H,, —coyHZO + w,H,
T = o,H,, —o,H,, _Cvt;Iwi

SC

oH,, —oH,,—oH
|y X0 X" YO0 0 X_gyro



The rate of change in reaction wheel momentum in body frame is a function of the applied RW torques:

H RWX Twa
H RWY | — TRWY
H RWZ Tsz

The gravity gradient torque is a function of the LVLH attitude

Izz _IYY IXY 0 ¢ _IYZ
_ 2 2
L —lx =y O_ Y )ik =2l bias

The combined bias term after linearization from the gyroscopic and the gravity gradient equations is
.2
Tbias T a)O 3 I XZ

_IXY

The LVLH attitude is obtained by integrating the following equations:
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5.2 Linear Closed-Loop Simulation Model

We will examine the in-plane and out-of-plane systems stability of the spacecraft using linear models and
design filters to attenuate the structural modes. The folder “5-Linear Flex Anal” contains a linear simulation
model “Sim_Flex.slx”, shown in Figure 5.1. It consists of three blocks, the spacecraft dynamics, the reaction
wheel dynamics and the RW control law that was described earlier. In this model, the Matlab function
“Wheel_Dynamics.m” calculates the linearized wheel momentum in body axes and the total torque that is
applied to the spacecraft at the reaction wheels assembly. The output torque T from the RW dynamics
block is in the body frame. It consists of two components: the control torques due to the RW #2 & #3 rotor
accelerations and also the out-of-plane gyroscopic torques generated by the coupling of the 40 (ft-lb-sec)
pitch wheel #1 momentum bias with the body rate (w, x Hrw). The torque T, drives both: rigid and flex
subsystems. The green spacecraft block in Figure 5.1, consists of two blocks in parallel, the rigid-body and
the flex dynamics, shown in Figure 5.2.
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Figure 5.2 Combined Spacecraft Dynamics Consisting of Linear Rigid plus Flex Subsystems in Parallel

The rigid spacecraft subsystem is shown in Figure 5.3. It is linearized with respect to the LVLH frame, as
described in Section 5.1. The equations are implemented in Matlab function “Spacecraft.m”, which
produces the body rates and the spacecraft LVLH attitude as a function of the torques applied in the RWs.
The gravity-gradient and the linearized spacecraft gyroscopic torques (®b x Job) are calculated as a function
of attitude and body rate by means of matrices (Mg and Ms), which are calculated in file “run.m” as a
function of mass properties. Tq and Tps are disturbance and bias torques respectively. The torque Ty in
function “Spacecraft.m” is the torque coming from the RW cluster and it includes also the gyroscopic
effects due to the bias momentum of wheel #1. The spacecraft model outputs are: body rates, and LVLH
attitude.
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function dot= Spacecraft (x,Tsc,Td,Ths) % =/c Dynamics with CHMG
global JI Mgg Ml wo d2r r2d
% dot= Spacecraft(x,Tsc,Td,Tks)
% Spacecraft Linearized Dynamics in the Local Vertical Local Horizontal plane
% State Variables ([x)
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dot= zeros(6,1);
wh = x(1l:3):; % Vehicl
the = x(4:6);

ol

Tgg= Mgg*the; % Gravity Gradient Torgue
Tgy= Ml*wh; % Spacecraft Gyrosc Torgue
dot(l:3) = JI*(Tsc +Tgy +Td +Tgg +Tkbs): % Body accelerations wbh-dot
dot(4:6) = wb + wo*[the(3), 1, —-the(l)]': % LVLH Attitude -dot

Figure 5.3 Linearized Spacecraft Rigid-Body Dynamics Implemented in Function “Spacecraft.m”

The flex dynamics block is the same state-space system that was used in Section 4.1 from file “flex61.m”
that has the 6 rigid-body modes taken out. The reason for replacing the FEM rigid-body modes with the
spacecraft LVLH dynamics is because the FEM does not include the gyroscopic, gravity-gradient, and orbital
effects. The rates and attitudes from the flex model are added to the rates and attitudes of the rigid-body
model to simulate the sensor outputs which measure both: rigid and flex motion.
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Figure 5.4 Reaction Wheel Dynamics Subsystem Implemented in Function “Wheel_Dynamics”

Figure 5.5 is a simulation analysis of the linear model initialized from an LVLH attitude [2, 1, -2] degrees. It
includes no aero disturbances only gravity gradient torque. The out-of-plane system maintains a zero-mean
oscillation at orbital rate 0.00113 (rad/sec) because it is initialized at a non-zero attitude and the system
has an undamped resonance at that frequency. The frequency, however, is very low and the RCS (not
and yaw attitude oscillation. The nutation mode at 0.055
(rad/sec) is well damped by the RW attitude control system. The structural modes are attenuated by the
low-pass filter. The pitch LVLH attitude converges fast to zero and the pitch RW momentum is building up

included here) would normally take out the roll

because of the gravity gradient torque. The simulation sampling rate Ts was set to 0.001 seconds.



Spacecraft Linear Flex RW Simulation from Initial Attitude: [2, 1, -2]
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Figure 5.5a Linear Simulation using model “Sim_Flex.MdIl” shows spacecraft response from an initial LVLH attitude



Spacecraft Linear Flex RW Simulation from Initial Attitude
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5.3 Stability Analysis in Frequency Domain

Figure 5.6 is also a linear Simulink model “Open_Anal.slx” consisting of the same subsystems as Figure 5.1
and it is used for open-loop frequency response analysis. The controller consists of two loops, the in-plane
pitch loop and the out-of-plane loop. The control loops are cut at the RW controller output, one loop at a
time. The Matlab file “LinAnal.m” calculates the frequency response.

Open-Loop Linear React-Wheel Analysis
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Figure 5.6 Simulink Model “Open_Anal.SIx” used for Frequency Response Stability Analysis



The configuration shown in Fig. 5.6 is for analyzing the out-of-plane stability with the pitch loop closed.
Preliminary stability analysis predicts flex mode instability in the out-of-plane axis, as shown by the Bode
plot in Figure 5.8. The instability, however, is attenuated by introducing a low pass filter in the out-of-plane
RW control loop, as shown in Figure 5.10. The pitch axis stability is shown in figure 5.9, and it does not
require any flex filtering.
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Pitch Axis Open-Loop Frequency Response with Lateral Loop Closed
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Out-of-Plane Open-Loop Bode Diagram In-Plane Closed
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Figure 5.10 The Out-of-Plane Flex Instability is Corrected with Filters. The low frequency mode, however, at Orbital
Rate o, remains Critically Damped. But we don’t care, because it is at very low frequency and we don’t excite that
mode because we initialize at zero roll/ yaw attitude, and even if get an Out-of-Plane attitude error, it can be
attenuated with the RCS.



6.0 Multi-Body Analysis

The next step in the analysis is to improve the
dynamic model of the spacecraft by introducing
two additional rotational degrees of freedom for
the optical telescope. The telescope is attached to
the spacecraft bus by means of a 2-hinge
mechanical system that allows it to rotate about
two orthogonal axes. The inner hinge is parallel to
the spacecraft x axis. The outer hinge is orthogonal
to the first hinge. When the hinges are at zero
position the telescope is pointing towards the
earth (+z) and the direction of the outer hinge is
along the spacecraft —y axis. Typically, a multi-body
non-linear simulation tool is used to simulate the

relative motion between the satellite bus and the Z

moving sensor, but in this case, we will use a 3-

rigid-body non-linear Simulink model and introduce the flexibility by coupling it in parallel with the flex
model. We will also design simple PD control laws to stabilize the two gimbals, elevation (inner) and
azimuth (outer) and analyze the system performance and stability using the attitude control laws that were
designed in previous sections. We will first model the rigid-body dynamics for the 3-body system and
simulate it in Matlab using the previously designed control laws. Then we will combine the 3-rigid-body
model with the flex model in parallel and analyze flex stability and performance to gimbal commands. We
will also analyze the telescope Line-of-Sight (LOS) sensitivity to mechanical disturbances.

6.1 Rigid-Body Simulation

The analysis data files for this section are in folder “..\Flixan\Examples\10-Surveillance Satellite React-
Wheels\ 5-NLSim 3Body+Flex”. The 3-body spacecraft dynamics is in file “Vehi-3B3W.m”. The two solar
arrays are not hinged in this model because their motion is very slow and do not create disturbances while
rotating. Their masses and inertias were included in the mass properties of the spacecraft bus. The dynamic
model consists of spacecraft attitude, gimbal dynamics, reaction wheels, orbital dynamics, reaction control
jets, and gravity gradient effects. The model mass properties, hinge directions, etc. are initialized by
running file “Dynamics-Data.m”. The file “run.m” in addition to the “Dynamics-Data” it also initializes all
the other parameters needed in this analysis. The wheels are initialized with -40 (ft-lb-sec) initial
momentum in the pitch direction and the spacecraft has a negative pitch rate -0.00113 (rad/sec). The initial
position and velocity are initialized for a 215 N-miles circular orbit. The flex state-space system “flex61.m”
created from previous analysis and consisting of 61 flex modes (no rigid modes) is also loaded. The RCS, the
reaction wheel parameters and the state-vector in the simulation (Int_IC) are also initialized. The inputs to
this model are: RCS jet forces, reaction wheel torques for each individual wheel axes, 2 torques at the
telescope gimbals, and disturbance torques. The outputs of the spacecraft model are: LVLH attitudes, body
rates, RW momentum, RW rates relative to spacecraft, spacecraft position and velocity (ECI), altitude,
telescope gimbal angles and rates.



The rigid-body rigid Simulink model is “RigBody3_Sim.SIx”, shown in Figure 6.1. The 3-body spacecraft
dynamics is implemented in function “Vehi-3B3W.m"” and is included in the green spacecraft block. The
attitude control logic has already been described in section 4. The spacecraft dynamics block is shown in
detail in Figure 6.2.

Rigid Multi-Body Simulation

Spacecraft+2 Bodies

+RW+RCS
[0 O O]*d2r + atter Frcs —p» Fjets att
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Command Wrw
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Attitude

Figure 6.1 Rigid-Body 6-dof Simulation Model “RigBody3_Sim.SIx”

The telescope gimbal servo system, shown in Figure 6.2, is a PD controller that rotates the gimbals at the
commanded gimbal angles relative to the spacecraft. The gains are designed for a 0.25 Hz bandwidth. The
telescope system includes an independent inertial navigation and guidance system to guide the telescope
LOS. It is beyond the scope of this analysis which is to evaluate stability, performance and LOS sensitivity to
disturbances.

Cmd Telescope Gimbal Control System

Trq

>

—p Tgimb

Figure 6.2 Telescope Gimbal Control System
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6.2 Rigid-Body Analysis

Before including the spacecraft flexibility, we
must first analyze the dynamic behavior of
the 3-rigid-body model. We will therefore
run the rigid model under the influence of
external environmental torques (aero and
gravity gradient disturbances) to make sure
that the controls are functioning properly
and verify that the model is stable and that
the RW momentum desaturation works as
expected when it exceeds a certain level (10
ft-lb-sec) from its nominal biased value.
Then, we can go ahead and combine it with
the flex model. Figure 6.4a shows the
spacecraft attitude and rate. A yaw attitude
error of 6° is within the acceptable range.
Pitch and roll attitude are controlled more
tightly at £1.5° error.
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6.3 Flexible Multi-Body Simulation Model

The flex non-linear simulation model is in file “Body3_Flex Sim.mdl” in folder “Examples\10-Surveillance
Satellite React-Wheels\5-NLSim 3Body+Flex”. It includes the spacecraft non-linear dynamics and the
telescope implemented with 2 hinged appendages and rotating relative to the spacecraft. It is very similar
to the rigid-body model “RigBody3_Sim.mdl”, in Figure 6.1, but it includes the 61-mode flexible system
from file “flex61.m” in parallel with the 3-rigid-body model, as shown in Figure 6.5. The flex system was
derived in Section 3 and it does not include rigid-body modes. The same jet force inputs and gimbal torques
are applied to both rigid and flex models. The RW input torques, however, are different. The rigid model
requires the wheel control torques about each individual wheel axis which comes directly from the control
law. The flex model requires the torque in body axes from the combined RW assembly. This torque also
includes the gyroscopic effects due to the momentum bias coupling with the body rates. It is calculated in
the rigid-body model (Twb) and is connected to the equivalent flex model input. The outputs from the two
models are combined. Although this model includes also the low frequency orbital dynamics, the flex
modes are slowing down the simulation because the sampling period is Ts=0.001 (sec), and we are
therefore using it for shorter periods.

Combined Spacecraft Consisting of:
(a) 3-rigid-body non-linear model, plus
Spacecraft+2 Bodies  (b) a 61 flex modes state-space model
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Figure 6.5 Rigid Multi-Body spacecraft dynamics combined in parallel with the 61-mode flex spacecraft system



6.4 Performance of the Gimbals Position Control System

The 3-body flex spacecraft model “Body3_Flex_Sim.mdl” is now used to analyze the spacecraft response to
5 (deg) gimbal commands in both, inner and outer gimbals. The gimbal torque reaches a peak value of 0.7
(ft-Ib) that causes the reaction wheel torque to saturate. A torque limiter is needed here to soften the
impact to the reaction wheel control system, but this is left as an exercise to the reader.
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Non-Linear 3-Body Surveillance Spacecraft Simulation with 61 Flex Modes
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6.5 Stability Analysis of the RW System

Figure 6.7 shows a Simulink model “Lin_Analysis.SIx” which is used for analyzing the reaction wheel control
system stability with frequency response. A similar analysis can be used to analyze stability of the RCS loops
using the Describing Function method but it was already demonstrated in other examples and will not be
shown here. The linear model includes the RW steering logic and controls, and the gimbal control loops of
the telescope, which are closed. One of the two RW loops is opened at a time. To analyze the out-of-plane
control loop stability this model calculates the frequency response across the opened lateral loop that
feeds roll error into the yaw RW torque with the pitch loop closed, as shown in Fig. 6.7. The Matlab m-
script “LinAnal.m” calculates the Bode and Nichols charts which are shown in Figures 6.8.

The results look similar to those obtained from the previous flex analysis in Fig. (5.9 & 5.10). The biggest
difference is at low frequencies near the orbital range because of the additional orbital dynamics that have
been included in this model. Figure 6.9 shows a similar plot after modifying the model in Figure 6.7, by
closing the lateral loop and opening the pitch loop. Figures (6.10 and 6.11) show the stability analysis plots
of the two gimbals, by opening one gimbal loop and closing all the other loops. It appears that the gimbal
loops have plenty of stability margin.
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Figure 6.7 Linear Stability Analysis Simulink Model “Lin_Analysis.SIx”
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6.6 Jitter Sensitivity to Mechanical Disturbances

The spacecraft has several on board Singular Values
instruments that generate disturbances during wd{m)' ' ' '

RW control and they are causing jitter on the 60 F PUAVAVAUN
telescope image. The LOS jitter during jet firing / \
is much bigger and for this reason the o ‘\\
telescope is not being used during periods of
RCS control. One of the main disturbance
sources is the cryo-cooler, which is a pump
that circulates a coolant fluid around the
spacecraft. There are also disturbances coming
from the reaction wheels. Figure 6.12 shows
the frequency characteristics of the combined -180 T
disturbance torque which can be represented -200 + Fig. 6-12 Frequenct Response Characteristics
as a transfer function Wgy(s) driven by noise. of the Cryo-Cooler Disturbance

Singular Values (dB)

1072 1072 107! 10? 10 102 10° 10%

The requirement for the LOS position error Frequency (rad/s)

jitter in the presence of the disturbances must

be less than 2 (micro-radians). If S(s) is the sensitivity transfer function of the closed-loop spacecraft
between the disturbance torque and the telescope gimbal angles, and emax is the maximum allowable line-
of-sight error, then the equation W, (w)S(®) < e, must be satisfied at all frequencies ®. The Simulink

model “Sensitiv-Analysis.m”, shown in Figure 6.13, is used to analyze the system LOS sensitivity to
disturbances. Figure 6.14 shows the normalized sensitivity response which was obtained by running the
Matlab script file “LinAnal.m”. It shows that the sensitivity function is less than 1 at all frequencies which
satisfies the LOS jitter requirement.

.m

%

[Ao, Bo,Co,Do]=dlinmod('Lin Analysis',Ts); % Discrete Open-Loop Analysis Model
[nr,nc]=size (Ao); E=diag({ones(nr,l));

sys=dss (ho,Bo,Co,Do,E,Ts); %

w=logspace (-3.7,3.1,180000) ; %
figure(2); bode(sys,w),; grid on
figure(3):; nichols(svs,wW) % for stakbility margins

L Camaditdiwvity Amaliusi = ]
s ochS W y HAna 515 La

[As,Bs,Cs,Ds]=dlinmod('Sensitiv Analysis',Ts); % Closed-Loop Sensit Analysis Model
[nr,nc]=size (As); E=diag(ones(nr,l));

sys2=dss(As,Bs,Cs,Ds,E,Ts); % Prepare discrete 55 modell for
w=logspace (-3,3,100000) ; % 2is

figure(4): sigma(sysZ,w) % Singular wvalue
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7.0 Further Analysis of the Surveillance Spacecraft
Using the Flight Vehicle Modeling Program

In this section we will use a different approach to model and analyze the surveillance satellite. The
spacecraft state-space system will be created using the Flixan Flight Vehicle Modeling Program (FVMP). This
model consists of both: rigid-body and flex dynamics. It includes the momentum biased wheel, the two
reaction wheels, the rotating telescope which is gimbaling in elevation and azimuth, the two solar arrays
rotating in pitch, the RCS jet forces, Gravity-Gradient torques, and the LVLH vehicle attitude. The input data
to the FVMP are in file: “Surv_Sat RB+Fix.Inp” in folder “\Examples\ 10-Surveillance Satellite React-
Wheels”. There are three sets of Flight Vehicle data in that file: (a) a rigid-body model, (b) a rigid-body
model that includes rotating appendages, and (c) a flexible spacecraft model with the 4 gimbaling
appendages. The analysis in this section focuses on the last system, whose title is “Space Surveillance
Satellite with RCS and Reaction Wheels (Gimbals & 60 Flex Modes)”.

If you look in the input data file “Surv_Sat _RB+Fix.Inp”, below the title and the comment lines, the flag
“LVLH Attitude” is included. This flag turns on the Gravity Gradient torques in the equations, and it
calculates the LVLH attitude instead of Euler angles. The vehicle pitch rate is set to be equal to the orbital
rate which is wo.= -0.064744 (deg/sec). There are 7 jets which are defined as “Throttling” because their
thrust varies from zero to 0.05 (Ibf). Actually, the RCS logic output is either zero or max thrust. There are 3
external disturbance torque inputs, about x, y, and z, which are used to apply the aerodynamic
disturbances on the spacecraft. The spacecraft also includes 3 reaction wheels. The first one is actually a
momentum wheel because it maintains a constant negative spin rate of -4774 (rpm) and its spin axis is in
the y direction which provides pitch momentum biasing on the spacecraft. The other two are reaction
wheels which are tilted in the y-z plane and can accelerate to provide pitch and yaw torques. None of the
wheels has a roll component. They all have the same moment of inertia about their spin axes, 0.08 (slug-
ft2). The spacecraft is also defined to have 13 rotational sensors, 3 rate-gyros, 10 attitude measurements
for jitter analysis, and two accelerometers along the x and y axes. Near the bottom of the vehicle dataset
there is a line that specifies the H-parameters filename “Surveillance-Sat.Hpr”. This file includes the inertial
coupling coefficients that define the dynamic interaction between the spacecraft flexibility and the
gimbaling bodies. It was also used to create the spacecraft models in Section 3. It contains the (100x4) H-
parameters matrix, the gimbaling appendages moments of inertia matrix (slug-ft?), the masses (slugs), the
hinge direction unit vectors in spacecraft body, the locations of the 4 hinges in (ft), and the CG locations of
the 4 appendages in (ft) in spacecraft coordinates. Some of the data in the (Hpr) file were not used in
Section 3 but they will be needed here. If the H-parameters filename line is missing from the input data file
or if the program cannot locate the (Hpr) file, it will assume that there are no gimbaling bodies and the
state variables associated with the gimbaling appendages will be excluded from the state-space model. The
last two lines in the vehicle dataset specify the flexibility data. The spacecraft model will include 60 flex
modes and the modes will be read from a previously created modal data set “Space Surveillance Satellite
with RCS and Reaction Wheels (60 Flex Pre-Selected Modes)”. This is a separate dataset which includes
preselected modes and is also included in file “Surv_Sat_RB+FIx.Inp”. There may be more than one set of
selected modes in the same input file. They were extracted from the original modal data file “Surveillance-
Sat.Mod” by means of a mode selection process that is described in Section 6.1. The modal data set
consists of 60 modes. Each mode includes frequencies and shapes at key vehicle locations, such as: RCS
jets, reaction wheels, disturbance locations, gyro and accelerometer sensors.



7.1 Mode Selection Process

Before selecting the bending modes, we must make sure that the spacecraft dataset is already saved in file
“Surv_Sat_RB+FlIx.Inp” because the mode selection program needs to identify the effectors and sensors on
the vehicle structure. The data files for this analysis are in directory “Flixan\Examples\10-Surveillance
Satellite React-Wheels” and the Matlab analysis is performed in subdirectory “\6-Linear Flex Anal FV”. The
with the satellite finite element structural modes is “Surveillance-Sat.Mod”. It contains the mode shapes
and slopes for the first 100 modes, at 28 locations (also known as nodes). The modal data file is formatted
to be recognizable by the mode selection program, and it contains frames of data for every mode
frequency. Each frame consists of the mode frequency in (rad/sec), the modal damping coefficient (they
are initially set to £=0.005 but they can be modified as needed), the generalized masses are all set to 12,
followed by the mode shapes and slopes at the 28 vehicle locations (translations along x, vy, z, and rotations
about x, y, z). The important locations for flight control analysis are the RCS jets, the RW locations, the
external disturbance torque, and the sensors. The locations in the modal data file are listed in the map file
“Surveillance-Sat.Nod”. This file contains a description for each node, the node numbers (in this case 1 to
28), a node identification number (which is a node number created in the FEM), and the node location in
vehicle coordinates (this is only for reference and it is not used by the program). To run the mode selection
program, start the Flixan program and select the folder “\Examples\ 10-Surveillance Satellite React-
Wheels”. From the menu bar select “Program Functions”, then “Flight Vehicle/ Spacecraft Modeling”, and
click on “Flex Mode Selection”, as shown below.

Select a Project Directory *
| C1Flixan'Examples! 10-Surveillance Satelite React-Wheels |
v 10-Surveilance Satellite React-h A
2-Flex Model }
Introduction
3_Body+Flex_NLSim
Coupled Models Cancel ‘ I.Selecf the System Strongest Flex Modes Mare Info
Docs
Linear Anal-2 The Mode Selection program reads a set of modal data for a flexible flight vehicle from a
) modal data file: (xxx.mod) generated from a Finite Elements program such as NASTRAN.
Linear Flex Anal Tt reads also the locations and the directions of the vehicle actuators and sensors from the
Linear Flex Anal FV mass properties input data file: (xxxx.inp). The program computes the Mode Strength for
Rigid-Body Sim each mode in the desired direction (roll, pitch, yaw)} and generates a table of mode
Test o strengths in a file: (xxx.msl). The selected modal data are saved in file (xxx.inp). They are
a o used by the Flight Vehicle Modeling Program to create State-Space models,
Cancel

% Flixan, Flight Vehicle Modeling & Control Systermn Analysis

Utilities  File Management = Program Functions | View Cuad  Help Files

Flight Vehicle/Spacecraft Modeling Tools * Flight Vehicle, State-5pace
Frequency Response and Control Analysis » Actuator State-Space Models
Rebust Control Synthesis Tools * Flex Spacecraft (Modal Data)

Creating and Modifying Linear Systems * Create Mixing Logic/ TVC

' L L Trirn/ Static Perform Analysis
Flex Mode Selection
-




It begins with a filenames menu from where the user selects the modal data filename that has an extension
(.Mod), the nodes file with extension (.Nod), the flight vehicle input data file (.Inp), and an output filename,
default “Modsel.Msl”, as shown below. This is where the program will save the relative mode strength at
the completion of mode selection. The modal data and nodes map files are the same ones used in Section
3. After selecting the filenames, the next step is to locate the flight vehicle input dataset in file
“Surv_Sat_RB+FlIx.Inp”. This dataset includes the information to create the vehicle state-space model, but it
is also used by the mode selection program because the program needs to associate the FEM structural
points with vehicle locations, such as, the RCS jets, reaction wheels, disturbance torques, gyros,
accelerometers, etc. which are defined in the input data. From the “Flight Vehicle” selection menu below
select the title “Space Surveillance Satellite with RCS and Reaction Wheels (Gimbals & 60 Flex Modes)” and
click on the “Run Selected Input Set” button.

The next dialog is used to define the number of excitation and of sensor points to be used for mode
selection. This is only for mode selection purposes, and it does not have to be equal to the number of
actual vehicle effectors and sensors used in the model. We must also define the range of modes to be
evaluated (1 to 100 modes in this case). But we will not select the first 6 modes which are rigid, we should
include only structural modes in the flex mode set. Enter the number of forces excitations (1 force in this
case), the number of torque excitations (1 torque locations in this case), and 3 rotational sensors for gyros.
No translational sensors. These locations are only for mode strength comparison between effector and
sensor nodes. We will also select the graphic mode selection option where the user selects the modes from
a bar chart using the mouse. The number of modes to be selected does not apply in this case. We click “OK”
to continue.

Select File Marmes “w Range of Modes and Vehicle Locations for Mode Selecti., X
] ¥You must define some Points on the Flex Model where
todal Data File Excitation Forces and Torgques will be applied to the structure,
o urveillance-Sat Mod o and also their directional axes.

You must also define Points where motion is sensed, either
rotational or translational and the sensing direction. This is for
Mode Comparison and Mode Selection purposes only.

Surveilance-5at.Mod R

Compare Strength Between Mode: and Maode
[nput Drata File

Mumber of Excitation Points, Forces: Torques

Surv_Satl_RB+FlInp

tade Companizon Dutput Mumber of Sensor Pts, Translations: III Rotations

MHaode Description File

<

Miodzel kM=l o Mode Selection Process
Automatic or Manual Autarnatic
using the Bar Chart |Graphics |
MNumber of Modes to be OK
Cancel k. Selortad

Select a Set of Data from Input File

Select a Set of Input Data for "FLIGHT VEHICLE" from an Input File: Surv_Sat RE+Flx.Inp Run Selected
Input Set

Space Surveillance Satellite with RCS and Reaction Wheels (Rigid-Body) Make New Set

Space Surveillance Satellite with RCS and Reaction Wheels (Gimbals, No Flex) T

Space Surveillance Satellite with RC5 and Reaction Wheels (Gimbals & 60 Flex Modes)

Cancel, Exit




The program provides the capability for the user to change the units
of the selected modal data or to reverse the directions of some
coordinate axes of the finite elements model, if they are different,
in order to match the units and directions of the rigid-body model.
In this example, however, the units and directions are the same in
both models and there is no need to scale the modal data. Answer Yes
“No” to the next question.

Data Scaling Option

o Do you want to Maodify the Modal Data?

The next step is to identify the node for 1 force excitation and 1 torque excitation points. The nodes map,
which is loaded from file “Surveillance-Sat.Nod” is used by the mode selection program to help the user
identify the excitation and sensor nodes in the modal data file by using menus. The first RCS jet in node #21
is selected to apply the force excitation in the +y direction.

Definition of Vehicle Structural Modes from FEM

In mode selection, you must define some node points in the Nastran model where the excitation forces

and torques will be applied, and also their directions. It is used to calculate the mode strength and to oK
compare the modes in specified directions
Similarly, you must define the sensor points, either translations or rotations and the sensing directions Cancel

select a Location (Node) for Force Excitation : 1

Mowving Mirror 1 2101
Fixed Mirror 2 2102
Focal Plane 3 2103
Mowing Antenna 4 2104
Fixed Antenna 5 2105
Inertial Attitude Sensors [ 31001 -0.747 0.114 25.572
Roocelerometers i 31002 0.338 0.g48 25.57
Cryo Cooler Pump 2 40101 Direction
Second Mirror =l 40102 =
Sensitive Instrument 2 10 40103
Sensitive Instrument 3 11 40104 - negative)
Sensitive Instrument 4 12 40105
Sensitive Instrument 5 13 4010€
Right Solar Array Attachm 14 62131 —0_37 1.832 17.0758
Left Solar Array Attachm Al €2231 -0.37 -1.832 17.07%
Left Horizon Sensor 1& 10001 1.0 —-1.44g 21 _£04
Reaction Wheel #1 CE 17 58041 -0.75%2 0.045% 21.554
Reaction Wheel #2 CG 1= 58042 0.354 -0.71 21.554
Reaction Wheel #3 CG 15 58043 0.438 0.8l 21.5%54
Right Horizon Sensor 20 10002 0.507 1.57 21.142
58001
RCS Jet #2 {+3) 22 58002 -2.382 0.0 24 €75
RCS Jet #3 [+¥) 23 88003 1.271 -1.433 24.802
RCS Jet #4 =X} 24 58004 1.271 1.433 24.802
RCS Jet #5 {-X) 25 528005 -1.787 0.708 24.&75
RCS Jet #¢€ {+¥) 2& S800¢€ -1.787 —-0.708 24_.&75
RCS Jet £7 {+E) 27 58007 -2_362 0.0 21 .45
RCS Jet #8 {+3) ] Sgoo0g -2.34 0.0 21.783

Node Description, MNode Mumber, Mastran Mode ID Mumber, Location Coordinates (X, Y, Z)




Definition of Vehicle Structural Modes from FEM

In mode selection, you must define some node points in the Nastran model where the excitation forces
and torgues will be applied, and also their directions. It is used to calculate the mode strength and to
compare the modes in specified directions

Similarly, you must define the sensor points, either translations or rotations and the sensing directions

ISelect a Location (Node) for Torque Excitation: 1

HMoving Mirror 1 2101

Fixed Mirror 2 2102

Focal Flane 3 2103

Moving Antenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors = 31001 -0.747 0.114 25_.572
Eocelerometers 7 31002 0.338 0.g483 25_57

Second Mirror = 40102

Sensitive Instrument 2 1a 40103

Sensitive Instrument 3 11 40104

Sensitive Instrument 4 12 40105

Sensitive Instrument 5 13 40108

Right Solar Array Attachm 14 62131 -0.37 1.832 17.075
Left Soclar Rrray Rttachm 15 £2231 -0.37 -=-1.832 17.075
Left Horizon Sensor 1€ 10001 1.0 -1._44g 21_.&04
Reaction Wheel #1 CG 17 58041 -0.752 0.045% 21.5%94
Beaction Wheel #2 CG 1la 58042 0.354 -0.71 21.554
Reaction Wheel #3 CG 15 52043 0.438 0.8l 21.594
Right Horizon Sensor 20 la0o02 o.507 1.57 21.142
RCS Jet f#1 {+X) 21 2001 -2_.362 0.0 12.075
RCS Jet #2 {+X) 22 52002 -2.362 0.0 24 _€75
RCS Jet #3 +¥) 23 52003 1.271 -1.433 24 _802
RCS Jet #4 —X) 24 52004 1.271 1.433 24_802
RCS Jet #5 —X) 25 52005 -1.787 0.708 24_&75
RCS Jet f#6 [+X) 2E 528008 =1.787 -0.708 24_875
RCS Jet #7 {+X) 27 52007 -2_.362 0.0 21.45

RCS Jet #3 {+X) 28 52008 -2.34 0.a 21.783

Mode Description, Mode Mumber,  Mastran Mode ID Mumber, Location Coordinates (X, Y, Z)

OK

Cancel

Axis
Pitch
Yaw

Direction

- [negative)

We also define 1 torque excitation point to be the cooler pump disturbance at node #8, in the +roll
direction. Remember, that these locations are only for mode selection purposes. At this point they are
arbitrarily chosen because we are planning to select the same mode numbers as those selected in Section

3.

Next, we select 3 locations to define the 3 rotational measurements. All 3 are in the same location, which is

the Inertial Attitude Sensors, at node #6 (31001), selected 3 times in +roll, +pitch, and +yaw directions.




Definition of Vehicle Structural Modes from FEM

In mode selection, you must define some node points in the Nastran model where the excitation forces
and torgues will be applied, and also their directions. It is used to calculate the mode strength and to
compare the modes in specified directions

Similarly, you must define the sensor points, either translations or rotations and the sensing directions

Select a Location (Node) for Rotational Sensor: 1 Aodis
Moving Mirror 1 2101

Fixed Mirror 2 2102 Pitch
Focal Plane 3 2103 Yaw
Moving Antenna 4 2104

Fixed Ikntenna 5 2105

Inertial Attitude € £ —0.747 0_114

Aocelerometers 7 31002 0.338 0.s48 25.57

Cryo Cooler Dump =] 40101 Direction
Second Mirror 5 40102

Sensitive Instrument 2 10 40103

Sensitive Instrument 32 11 40104

Sensitive Instrument 4 12 40105

Sensitive Instrument 5 13 40106

Right Solar Array Attachm 14 €2131 -0.37 1.832 17.075

Left Solar Array Attachm 15 €2231 —-0.37 -1.832 17.075

Left Horizon Sensor le 10001 1.0 —1.446 21 _&04

Reaction Wheel #1 CG 17 53041 -0.732 0.045% 21.5%94

Beaction Wheel #2 O 1B SE042 0.354 -0_.71 21 .554

Reaction Wheel #3 CG 15 58043 0.438 0_.€€l1 21.5594

Bight Horizon Sensor 20 10002 0.%07 1.57 21.142

BCS Jet #1 {+E) 21 SE001 —2.3€2 0.0 1la.075

RCS Jet #2 {+E) 22 S8002 -2.362 0.0 24 _&75

BCS Jet #3 {(+¥) 23 93003 1.271 -1.433 24.802

BCS Jet #4 —¥) z4 SE004 1.271 1.433 24 _ 302

RCS Jet #5 {—¥) 25 S8005 —1.787 0.708 24_&75

RCS Jet #% {(+¥) 26 S9300& -1.787 -0.708 24.€75

BRCS Jet #7 {+E) 27 SE007 —2.3€2 0.0 21 .45

RCS Jet #28 {+E) 28 Sg008 —-2_34 a.a 21._783

Mode Description, MNode Mumber,  MNastran Node ID Number,  Location Coordinates (X, Y, Z)

Definition of Vehicle Structural Nodes from FEM

In mode selection, you must define some node points in the Nastran model where the excitation forces
and torgues will be applied, and also their directions. It is used to calculate the mode strength and to
compare the modes in specified directions

Similarly, you must define the sensor points, either translations or rotations and the sensing directions
ISeIect a Location (Node) for Rotational Sensor: 3

Axis
Moving Mirror 1 2101 Rall
Fixed Mirror 2 2102 Pitch
Focal Plane 3 2103 Yaw
Moving Antenna 4 2104
Fixed Antenna 5 2105
Inertial Attitude Sensors € 31001 —0_747 0_114
Aocelerometers 7 31002 0.338 0.s48 25.57
Cryo Cooler Pump 2 40101 Direction
Second Mirror b 40102
Sensitive Instrument 2 10 40103
Sensitive Instrument 3 11 40104
Sensitive Instrument 4 1z 40105
Sensitive Instrument § 13 4010€
Right Sclar Array Attachm 14 62131 -0.37 l.832 17.075
Left Solar RArray Attachm 15 62231 -0.37 -1.832 17.075
Left Horizomn Sensor le 10001 1.0 -1.44c 21 .04
Reaction Wheel £1 CG 17 58041 -0.7%2 0.049 21._5%94
Reaction Wheel #2 CG 18 53042 0.354 -0.71 21.554
Beaction Wheel #32 CGE Al 58043 0.438 0.6l 21.5%54
Bight Horizon Sensor 20 1laooz a.5%07 1.57 21._142
RCS Jet £1 {+%) 21 98001 —-2.362 0.0 18.075
RCE Jet #2 {+X) 22 S2002 -2.362 0.0 24.675
BCE Jet #32 {+¥) 23 2003 1.271 -1.433 24.802
BCS Jet #4 L ) 24 598004 1.271 1.433 24 802
RCS Jet £5 (=X} 25 98005 —-1.787 0.708 24_%75
RCS Jet £6 {+¥) 26 98006 —-1.787 —0_708 24_&75
RCE Jet &7 {+X) 27 2007 -2.362 0.0 21.45
RCS Jet #2 {+3) 28 Sz008 —-2.34 a.o 21.783

Mode Description, Mode Number, Nastran Node ID Number, Location Coordinates (X, Y, Z)




At this point the excitation and sensor points and directions for the mode selection process have been
defined. The modal strength for each mode is determined by the values of the mode shapes at the nodes
where the forces and torques are applied, the force directions, and also by the values of the mode shapes
at the 3 rotational sensors along the measured directions. Large mode shape magnitudes at the excitation
and sensor points, at a mode frequency, imply strong contributions from that mode. The mode selection
program computes the mode strength at each mode frequency and saves the results in file “Modsel.Ms/”.
The mode selection process, however, is not completed yet because the program needs additional info
before allowing the user to select the modes. The program must identify structure node numbers that
correspond to important vehicle locations, such as, effectors and sensor points. It will display similar tables
of node menus (in light blue color) where the user can identify structural nodes at the required vehicle
locations. From the following node selection menus the user must identify 7 nodes (#21 to #27) that
correspond to the 7 RCS jets defined in the vehicle dataset in file “Surv_Sat_RB+FlIx.Inp”. The selection of
the first and the 7™ jets are shown below. The 3 reaction wheel locations, node numbers (#17, #18, and
#19) are also selected.

4 Define Structure Nodes that Correspond to Vehicle Positions >
You must define some Points on the finite element model that correspond to important vehicle locations, as
specified in the Vehicle Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC
gimbals, CMG, RCS, Gyros, Accels, etc.

Select a Location (Node) for Thruster Engine : 1 0K
Moving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Mowving Rntenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors S 21001 —-0.747 0.114 25.572
Locelerometers 7 31002 0.338 0.e48 25.57

Cryo Cooler Pump g 40101

Second Mirror =) 40102

Sensitive Instrument 2 1a 40103

Sensitive Instrument 3 11 40104

Sensitive Instrument 4 1z 40105

Sensitive Instrument 5 13 4010&

Right Soclar Array Rttachm 14 62131 -0.37 l1.832 17.075

Left Solar Array Attachm 15 62231 -0.37 -1.832 17.07%

Left Horizon Sensor le 1000l 1.0 —-1.44& 21 _&04
Beaction Wheel #1 CG 17 58041 -0.752 0.04% 21.5%54
Beaction Wheel #2 CG la 58042 0.354 -0.71 21.554
Beaction Wheel #3 CG 15 58043 0.438 0.6l 21.554
RBight Horizomn Sensor 20 10002 0.%07 1.57 21.142

RBCS Jet #1 {+H) 21 98001 -2.3e2 0.0 18.075

RCS Jet #2 (+H) 22 498002 -2.3e2 0.0 24 _.675

BCS Jet #3 {+%¥) 23 92003 1.271 —-1.433 24._302

RCS Jet #4 —¥) 24 458004 1.271 1.433 24 ._.8302

RCS Jet #5 —X) 25 493005 -1.787 0.708 24_&75

RCS Jet g6 {+¥) 2E S9800& -1.787 —-0.708 24_&75

RCS Jet #7 (+) 27 S8007 -2.3e2 0.0 21.45

BRCS Jet #8 {+) 28 48008 -2.34 a.a 21.783

MNode Description, Mode Mumber, Mastran ID, Location (X, Y, Z)




s Define Structure Modes that Correspond to Yehicle Positions x

‘ou must define some Points on the finite element model that correspond to important vehicle locations, as
pecified in the Vehicle Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC
imbals, CMG, RCS, Gyros, Accels, etc.

ISelect a Location (Mode) for Thruster Engine : 7 OK

Mowving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Mowving Antenna 4 2104

Fixed Antenna 5 21a5s

Inertial Attitude Sensors & 31001 -0.747 0.114 25.572

Accelerometers 7 31002 0.338 0.g48 25_.57

Cryoc Cooler Pump =} 40101

Second Mirror b} 40102

Sensitiwve Instrument 2 1a 40103

Sensitiwve Instrument 3 11 40104

Sensitiwve Instrument 4 12 40105

Sensitive Instrument 5 1z 40108

Right Solar Array Attachm 14 82131 —-0.37 l.832 17.07%5

Left Sclar Array Attachm 15 62231 -0.37 -1.832 17.075

Left Horizon Sensor 1ls 10001 1.4 -1._44¢ 21 _&04

Beaction Wheel §1 CF 17 S804l -0.752 0.045% 21.5%54

Beaction Wheel $2 C: 12 53042 0.354 -0.71 21 _54594

BEeaction Wheel $3 O 15 58043 0.438 0.6l 21.5%94

Bight Horizon Sensor 20 10002 0.507 1.57 21.142

RCS Jet #1 {+X) 21 93001 -2_3€2 0.0 18_075

RCS Jet #2 {+H) 22 92002 -2.362 0.0 24 _&75

RCS Jet #3 {+¥) 23 92003 1.271 -1.433 24 _802

RCS Jet #4 (=X} 24 92004 1.271 1.433 24.802

RCS Jet #5 (=Y} 25 92005 -1.787 0.708 24_€75

RCS Jet f#€ {+¥) 2E S300& -1.787 -0.708 24_g75
; Sa007

RCS Jet #8 [+ 28 S2008 -2 .34 .o 21_783

Mode Description, Mode Mumber, MNastranID, Location (X, Y, Z)




" Define Structure Modes that Correspond to Yehicle Positions >

‘ou must define some Points on the finite element model that correspond to important vehicle locations, as
pecified in the Vehicle Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC
imbals, CMG, RCS, Gyros, Accels, etc.

|Select a Location (Mode) for Reaction Wheel @ 1 oK
Moving Mirror 1 2101

Fixed Mirror 2 2102

Focal PFlane 3 2103

Mowing Antenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors [ 31001 -0.747 0.114 25.572
Locelerometers T 31002 0.338 0.s43 25.57
Cryoc Cooler Pump =1 40101

Second Mirror 49 40102

Sensitive Instrument 2 1a 40103

Sensitive Instrument 3 11 40104

Sensitive Instrument 4 1z 40105

Sensitiwve Instrument 5 13 4010&

Right Solar Array Attachm 14 £2131 -0.37 1.832 17.075
Left Solar Array Rttachm 15 £2231 -0.37 -1.832 17.075
Left Horizon Sensor l& 10001 1.0 -1.44& 21_&04
Beaction Wheel #1 CGE

Reaction Wheel #2 C&G 1z 58042 0.354 -0.71 21.554
Reaction Wheel #3 CG 13 58043 0.438 0.8l 21.5594
4 Define Structure Modes that Correspond to Vehicle Positions >

'ou must define some Points on the finite element model that correspond to important vehicle locations, as
pecified in the Vehicle Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC
imbals, CMG, RCS, Gyros, Accels, etc.

ISE'lli‘Ct a Location (Node) for Reaction Wheel : 3 0K
Moving Mirror 1 2101

Fixed Mirror 2 2102

Focal FPlane 3 2103

Moving Antenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors S 21001 -0.747 0.114 25.572
Rocelerometers 7 31002 0.338 0.e48 25.57
Cryo Cooler Pump =] 40101

Second Mirror =) 40102

Sensitive Instrument 2 1a 40103

Sensitive Instrument 3 11 40104

Sensitiwve Instrument 4 12 40105

Sensitiwve Instrument 5 13 40108

Right Solar Array Attachm 14 2131 -0.37 1.832 17.075
Left Soclar Array Attachm 15 £2231 -0.37 -1.832 17.075
Left Horizon Sensor l& 1aaol 1.0 -1.44& 21_.&04
Reaction Wheel #1 COF 17 52041 -0.75%2 0.04% 21.5%94
Reaction Wheel $#2 CF la 52042 0.354 -0.71 21.5594

Beaction Wheel $3 CG 53043 0.438
Bight Horizon Sensor 20 laaoz 0.907 1.57 21.142




The next step is to define the location of the cryo-cooler disturbance torque, which is node #8 (40101). We
select it three times in order to apply roll, pitch, and yaw torques, as defined in the vehicle data.

We must also select locations for the 13 rotational sensors. The first 6 are at the Inertial Attitude Sensors,
node #6 (31001). It is measuring attitudes and rates in roll, pitch, and yaw.

“2 Define Structure Modes that Correspond to Vehicle Positions >
'ou must define some Points on the finite element model that correspond to important vehicle locations, as
pecified in the Vehicle Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC
imbals, CMG, RCS, Gyros, Accels, etc.

ISelec:t a Location (Mode) for External Torque : 1 OK

Moving Mirror 1 2101
Fixed Mirror 2 2102
Focal Flane 3 2103

HMowving Antenna 4 2104
Fixed Antenna 5 2105
Inertial Attitude Sensors [ 31001 -0.747 0.114 25.572

Aocelerometers 7 31002 0.3238 0.c42 25.57
Second Mirror 5 40102
Sensitive Instrument 2 1a 40103
Sensitive Instrument 3 11 40104
Sensitiwve Instrument 4 12 40105
Sensitive Instrument 5 13 40108
Right Sclar RZrray Attachm 14 £2131 -0.37 l.832 17.075
Left Solar Array Attachm 15 c2231 -0.27 -1.832 17.07%8
Left Horizomn Sensor 1l 10001 1.0 -1l_.44¢ 21.&04
Reaction Wheel #1 C&Z 17 53041 -0.792 0.045% 21.554
REeaction Wheel #2 C= la 52042 0.354 -0.71 21.5%54
REeaction Wheel $3 C&= 15 52043 0.4323 0.g6l 21.5%54
Right Horizon Sensor 20 10002 0.307 1.57 21.142
RCS Jet #1 (+3) 21 98001 -2.362 0.0 12 .075
RCS Jet $#2 {+E) 22 S92002 -2.3€2 0.0 24 (€75
RCS Jet #3 (+%) 23 98003 1.271 —-1.433 24._.202
RCS Jet #4 (=% 24 52004 1.271 1.433 24 ._202
BRCS Jet #5 —X) 25 8005 -1.7&87 0.708 24_.€75
RCS Jet f#& (+%) 2E 98008 -1.787 -0.708 24_&75
RCS Jet #7 {+E) 27 292007 -2.3€2 0.0 21.45
RCS Jet #2 (+2) 28 98008 —-2.34 a.a 21.783

Mode Description, Mode Mumber, Mastran ID,  Location (X, Y, Z)




s Define Structure Modes that Correspond to Vehicle Positions

X

imbals, CMG, RCS, Gyros, Accels, etc.

'ou must define some Points on the finite element model that correspond to important vehicle locations, as
pecified in the Vehice Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC

|Selec:t a Location (Node) for Gyro/Rate Sensor @ 1 0K
Moving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Moving hntenna 4 2104

Fixed Antenna 5 2105

Leocelerometers 7 31002 0.338 0.s48 25.57

Cryo Cooler Pump a8 40101

Second Mirror b=} 40102

Sensitive Instrument 2 1a 40103

Sensitive Instrument 3 11 40104

Sensitiwve Instrument 4 12 40105

Sensitive Instrument 5 13 4010&

“r Define Structure Nodes that Correspond to Vehicle Positions =

'ou must define some Points on the finite element model that correspond to important vehicle locations, as
pecified in the Vehicle Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC
imbals, CMG, RCS, Gyros, Accels, etc.

The next two rotational sensors (7 and 8) are in the Secondary Mirror at node #9 (40102). The next two
rotational sensors (9 and 10) correspond to the Sensitive Instrument 2 at node #10 (40103). The last three

ISelect a Location (Mode) for Gyro/Rate Sensor : 8 0K
Mowving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Mowving Antenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors [ 31001 -0.747 0.114 25.572
Leocelerometers 7 31002 0.338 0.e48 25.57
Cryo Cooler Pump =] 40101

Second Mirror ] 40102

Sensitive Instrument 2 1a 40103

Sensitive Instrument 3 11 40104

Sensitive Instrument 4 1z 40105

Sensitive Instrument 5 13 4010&

rotational sensors (11, 12, and 13) are located in nodes (#11, #12, and #13).

We must also select locations for the two accelerometers to be used for sensitivity analysis. The
accelerometers node #7 (31002) is selected twice along X and Y. We finally select node #8 (98008) for the

disturbance torque location, which is not used in this analysis.




s Define Structure Modes that Correspond to Vehicle Positions >

'ou must define some Points on the finite element model that correspond to important vehicle locations, as
pecified in the Vehicle Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC
imbals, CMG, RCS, Gyros, Accels, etc.

|Select a Location (Node) for Gyro/Rate Sensor : 10 (0] 4
Moving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Moving hntenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors [ 31001 -0.747 0.114 25.572
Leocelerometers T 31002 0.3%38 0_.g48 25_.57

Cryo Cooler Pump =} 40101

Second Mirror 5 40102

Sensitive Instrument 2 40103

Sensitive Instrument 3 11 40104

Sensitiwve Instrument 4 12 40105

Sensitive Instrument 5 13 4010&

Bight Solar Array Attachm 14 E£2131 -0.37 1.832 17.075

“ Define Structure Modes that Correspond to Vehicle Positions by

'ou must define some Points on the finite element model that correspond to important vehicle locations, as
pecified in the Vehicle Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC
imbals, CMG, RCS, Gyros, Accels, etc.

ISEIEt:t a Location (Mode) for Gyro/Rate Sensor : 11 | OK |
Mowving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Mowving Antenna 4 2104

Fixed Antenna 5 2105

Inertial Attitude Sensors g 31001 -0.747 0.114 25.572
Leocelerometers 7 31002 0.328 0.g428 25.57

Cryo Cooler Pump =} 40101

Second Mirror =] 40102

Sensitive Instrument 2 1a 40103

Sensitive Instrument 3 40104

Sensitive Instrument 4 12 40105

Sensitive Instrument 5 13 4010&

Right Solar Array Attachm 14 62131 —0_327 1.832 17.075

" Define Structure Nodes that Correspend to Vehicle Positions ot

'ou must define some Points on the finite element model that correspond to important vehicle locations, as
pecified in the Vehide Input Data. Such as points where Forces are Applied and Motion is Sensed, ex. TVC
imbals, CMG, RCS, Gyros, Accels, etc.

|Select a Location (Mode) for Accelerometer @ 1 0OK
Mowving Mirror 1 2101

Fixed Mirror 2 2102

Focal Plane 3 2103

Moving RZntenna 4 2104

Fixed BAntenna 5 2105

Inertial Attitude Sensors [ 31001 -0.747 0.114 25.572
Leocelerometers 7 31002 0.3 0.&e43 25_.57
Cryo Cooler Pump =1 40101

Second Mirror 49 40102

Sensitive Instrument 2 1a 40103

Sensitive Instrument 3 11 40104




At this point the mode selection program displays the results of the mode strength comparison between
the excitation points and the sensor points defined in earlier dialogs along specific directions. It saves the
mode strength for each mode in file “Modsel.Dat” and displays the mode strength results in a bar chart
(shown below) where the relative mode strength of each mode is plotted vertically versus the mode
number. It will help the user to retain the strongest modes from the big modal data file. The height of each
bar is logarithmically proportional to the relative mode strength. The strong modes appear tall and the
weak modes are short. The modal strength is a relative number adjusted with respect to the minimum and
maximum modal strengths. All bars are initially red before selection. The user selects some of the strongest
modes from the chart by pointing the mouse cursor at the bar and clicking the mouse to select it. The
modes change color from red to green when they are selected. Notice that the first six modes are not
selected because they are rigid-body modes, and the rigid-body dynamics have already been included in
the vehicle model. We select 60 flex modes, the same flex modes that were selected in Section 3 using the
Flex Spacecraft Program and press the enter button to complete the mode selection. The program will
create a smaller subset of the original modal data containing only the dominant modes and will include
mode shapes only at the locations which are defined in the satellite model (RCS jets, RW locations, external
disturbances, etc.). The selected modes dataset will be saved in the same input file.

The title of the modal data set will be similar to the vehicle dataset title “Space Surveillance Satellite with
RCS and Reaction Wheels (60 Flex Pre-Selected Modes)”. A short addition to the title can be inserted via a
dialog that will make it easier to identify the modal data. The title of the selected modes should also be
included at the bottom of the Satellite input dataset (below the number of flex modes) in order for the
flight vehicle modeling program to associate the selected modes with the spacecraft input data. The user
may also enter some comments that describe the modal data selection process. Describing for example
what type of modes were selected and the conditions of mode selection, excitation points, measurement
points, directions, etc. The comments will be included below the title of the modes set which is also saved
in the input data file “Surv_Sat_RB+Flix.Inp”.

Insert a Short Description to the Title (10 char) oK

Pre-Selected Modes

Enter Motes

Enter some notes describing the mode selection criteria,
excitation points, directions, etc. To be used for future reference | OK

The flex modes used in this analysis are the same modes that

were selected in the previous flex analysis. The first 6
rigid-body modes were not included
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Input File “Surv_Sat_RB+FIx.Inp”

BATCH MODE INSTRUCTIONS ......cuouuunnns

Batch for the Surveillance Satellite with RCS Jets and Reaction Wheels

! This batch creates 3 Spacecraft models with Reaction Wheels, RCS, and Gimbaling Appendages
! from a Finite Elements Model with Inertial Coupling Coefficients using the

! Flight Vehicle Modeling Program and Flixan Utilities
1

Flight Vehicle : Space Surveillance Satellite with RCS and Reaction Wheels (Rigid-Body)

Flight Vehicle : Space Surveillance Satellite with RCS and Reaction Wheels (Gimbals, No Flex)

Flight Vehicle : Space Surveillance Satellite with RCS and Reaction Wheels (Gimbals & 60 Flex Modes)
1

8-Z-Transform : Space Surveill Satellite with RCS and Reaction Wheels (Rigid-Body, Z-Transf)
S-Z-Transform : Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, No Flex, Z-Transf)
3-Z-Transform : Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, 60 Modes, Z-Transf)

1
To Matlab Format : Space Surveill Satellite with RCS and Reaction Wheels (Rigid-Body, Z-Transf)

To Matlab Format : Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, No Flex, Z-Transf)
To Matlab Format : Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, €0 Modss, Z-Transf)

FLIGHT WEHICLE INFUT DATA ......

Space Surveillance Satellite with RCS and Reaction Wheels (Gimbals & 60 Flex Modes)
This Survellance Satellite model is using the vehicle modeling program.

It includes rigid-body LVLH dynamics with momentum bias and flexibility modes.

The satellite has 7 RCS jets and 3 Reaction Wheels. One of the wheels has a

momentum bias of -40 (ft-lb-sec). It has also four gimbaling appendages for

an optical telescope that rotates in azimuth and elevation, and two solar arrays.

The H-Parameters data are read from file Surveillance-Sat.Hpr. The are used te
unlock the 2 telescope gimbals and the 2 Sclar Arrays. The LVLH Attitude flag defines
the spacecraft attitude in LVLH frame and activates the Gravity Gradient dynamics.

Body Axes Output, LVLH Attitude

Vehicle Mass (lb-sec*2/ft), Gravity Accelerat. (g) (ft/sec*2), Earth Radius (Re) (£ft) H 50.0 0.0001 0.2089%6E+08

Moments and products of TInertias Txx, Tyy, Tzz, Ixy, Txz, Tyz, in (lb-sec*2-ft) H 1045.3, 641.02, 505.05, 0.0, -1%9.0,
CG location with respect to the Vehicle Reference Point, Xeg, Yeg, Zeg, in (feet) : -0.05, 0.1, 22.625

Vehicle Mach Number, Velocity Vo (ft/sec), Dynamic Pressure (psf), Altitude (fest) H 0.0 29000.0 0.0001 800000.0

Insrtial Acceleration Vo_dot, Sensed Body BRxes Becelerations Ax,Ay,Rz (ft/ssc”2) H 0.0 0.0 0.0 0.0

Angles of Attack and Sideslip (deg), alpha, beta rates (deg/sesc) H 0.0 0.0 0.0 0.0

Vehicle Attitude Euler &ngles, Phi_o,Thet_o,Psi_o (deg), Body Rates Po,Qo,Ro (deg/sec) : 0.0000 0.000 0.0000 0.0000, -0.064744,
W-Gust Bzim & Elev angles (deg), or Torgus/Force direction (x,v,z), Force Locat (x,v,z) :  Torgue 0.0 1.0 0.0

Surface Reference Aresa (fest”2), Mean Asrodynamic Chord (£t), Wing Span in (feest) H 0.0 1.0 1.0

Zero Moment Refersnce Center (Xmrc,¥mrc,Zmrc) Location in (£ft), {Partial rho/ Partial H} : 0.0 0.0 0.0 -0.0

Zero Force Coef/Deriv (1/deg), Along -X, {Cao,Ca _alf,PCa/PV,PCa/Ph,Ca_alfdot,Ca g,Ca bet}: 0.0 0.0 0.0 0.0 0.0
Bero Force Coeffic/Derivat (l1/deg), Along ¥, {Cyo,Cy bet,Cy r,Cy alf,Cy p,Cy betdot,Cy V}: 0.0 -0.0 0.0000 0.0000 0.0000
Zsro Force Coeff/Deriv (1l/deg), Along 3, {Czo,Cz_alf,Cz_q,Cz_bet,PCz/Ph,Cz_alfdot, PCz/PV}: 0.0 -0.0 0.0000 0.0000 0.0000
Aero Moment Coeffic/Derivat (1/deg), Roll: {[Clo, Cl beta, Cl_betdot, Cl p, Cl r, Cl_alfa}: 0.0 -0.0 0.0000 0.0000 0.0000
Aero Moment Coeff/Deriv (l/deg), Pitch: {Cmo,Cm alfa,Cm alfdot,Cm bet,Cm g, PCm/PV, PCm/Ph}: 0.0 -0.0 0.0000 0.0000 0.0000
Rero Moment Coeffic/Derivat (l/deg), Yaw : {Cno, Cn_beta, Cn betdot, Cn_p, Cn_r, Cn_alfa}: 0.0 0.0 0.0000 0.0000 0.0000
Number of Thruster Engines, RCS Jets, No Engine Gimbaling 7

RCS Jet No: 1 +¥ Back Top Centesr (0.05 1b jet) : +X Top Jet Throttling Nods 21

Engine Nominal Thrust, and Maximum Thrust in (lb} (for throttling) : 0.0 0.05

Mounting Angles wrt Vehicle (Dyn,Den), Maximum Deflections from Mount (Dymax,Dzmax) (deg): 0.0 0.0 0.0 0.0

Eng Mass (slug), Inertia about Gimbal (lb-sec”2-ft), Moment Arm, engine CG to gimbal (ft): 0.0 0.0 0.0

Thruster location with respect to the Vehicle Reference Axes, Xjet, Yjet, zjet, (ft) : —-2.3625 0.0, 18.075

RCS Jet No: 2 +% Back Bottom center (0.05 1b jet) : +X Bottom Throttling Node 22

Engine Nominal Thrust, and Maximum Thrust in (1b) (for throttling) : 0.0 0.05

Mounting Angles wrt Vehicle (Dyn,Dzn), Maximum Deflections from Mount (Dymax,Dzmax) (deg): 0.0 0.0 0.0 0.0

Eng Mass (slug), Inertia about Gimbal (lb-sec*2-ft), Moment Arm, engine CG to gimbal (ft): 0.0 0.0 0.0

Thruster location with respect to the Vehicle Reference RAxes, Xjet, Yjet, zjet, (£t) 1 —2.3625 0.0, 24.€75

RCS Jet No: 3 +¥ Front-Left (0.05 lb jet) : +Y Frnt Lft Throttling Node 23

Engine Nominal Thrust, and Maximum Thrust in (lb) (for throttling) : 0.0 0.05

Mounting &Zngles wrt Vehicle (Dyn,Dzn), Maximum Deflections from Mount (Dymax,Dzmax) (deg): 0.0 +50.0 0.0 0.0

Eng Mass (slug), Inertia about Gimbal (lb-sec”2-£ft), Moment Arm, engine CG to gimbal (£t 0.0 0.0 0.0

Thruster location with respect to the Vehicle Reference Axes, Xjest, ¥jet, Zjet, (£ft) 1.270833, -1.433333, 24.8025

RCS Jet No: 4 —¥ Front—-Right (0.05 lb jet) : -Y Frnt Rt Throttling Nodes 24

Engine Nominal Thrust, and Maximum Thrust in (lb) (for throttling) : 0.0 0.05

Mounting Angles wrt Vehicle (Dyn,Dzn), Maximum Deflections from Mount (Dymax,Dzmax) (deg): 0.0 -S0.0 0.0 0.0

Eng Mass (slug), Inertia about Gimbal (lb-sec”2-ft), Momsnt Arm, =ngine CG to gimbal (£t): 0.0 0.0 0.0

Thrustser location with respect to the Vehicle Reference Axes, ¥jst, Yjet, Zjet, (£t) : 1.270833, 1.433333, 24.8025

RCS Jet No: 5 -¥ Back-Right (0.05 1lb jet) : -Y Back Rt Throttling Node 25

Engine Nominal Thrust, and Maximum Thrust in (lb} (for throttling) : 0.0 0.05

Mounting Angles wrt Vehicle (Dyn,Den), Maximum Deflections from Mount (Dymax,Dzmax) (deg): 0.0 -90.0 0.0 0.0

Eng Mass (slug), Inertia about Gimbal (lb-sec”2-ft), Moment Arm, engine CG to gimbal (ft): 0.0 0.0 0.0

Thruster location with respect to the Vehicle Reference Axes, Xjet, Yjet, zjet, (ft) : -1.7875, 0.708333, 24.675

RCS Jet No: 6 +¥ Back-Left (0.05 1b jet) : +Y Bck LEt Throttling Node 26

Engine Nominal Thrust, and Maximum Thrust in (1b) (for throttling) : 0.0 0.05

Mounting Angles wrt Vehicle (Dyn,Den), Maximum Deflections from Mount (Dymax,Dzmax) (deg): 0.0 +50.0 0.0 0.0

Eng Mass (slug), Inertia about Gimbal (lb-sec*2-ft), Moment Arm, engine CG to gimbal (ft): 0.0 0.0 0.0

Thruster location with respect to the Vehicle Reference RAxes, Xjet, Yjet, zjet, (£t) : -1.7875, -0.708333, 24.€75

RCS Jet No: 7 +X Back Mid-Center (0.05 lb jet) +¥ Mid Cntr Throttling Node 27

Engine Nominal Thrust, and Maximum Thrust in (1lb) (for throttling) 0.0 0.05

Mounting &Zngles wrt Vehicle (Dyn,Dzn), Maximum Deflections from Mount (Dymax,Dzmax) (deg): 0.0 0.0 0.0 0.0

Eng Mass (slug), Inertia about Gimbal (lb-sec”2-£ft), Moment Arm, engine CG to gimbal (£t): 0.0 0.0 0.0

Thruster location with respect to the Vehicle Reference Axes, Xjest, ¥jet, Zjet, (£ft) : —2.3625, 0.0, 21.45



Number of External Torques on the Vehicle 3

Torgue No 1 Direction (x, y, z) 1.0 0.0 0.0

Torgue No 2 Direction (x, y, z) 0.0 1.0 0.0

Torgque No 3 Direction (x, y, z) 0.0 0.0 1.0

Doukle Gimkal Control Momsnt Gyro System (3-axes), Initial Momentum (x,y,z) (ft-lb-sec) No

Number of Reaction Wheels 3

EW No: 1, Spin Dirsct. Unit Vsct, Init Rot Spesd (rpm), Rotor Mom of Inertia (slg—£t*2) 0.0 1.0000 0.0000 -4774.6 0.08

EW No: 2, Spin Diresct. Unit Vsct, Init Rot Spesd (rpm), Rotor Mom of Inertia (slg-£t°2) 0.0 0.93969262 -0.34202014 00.0 0.08

RW No: 32, Spin Direct. Unit Vect, Init Rot Speed (rpm), Rotor Mom of Inertia (slg-£ft*2) 0.0 0.93969262 0.34202014 00.0 0.08
Number of Gyros, (Attitude and Rate) 13

Gyro No 1 Axis: (Pitch, Yaw,Roll), (Attitude, Rate, Accelerat), Sensor Locat, Nods € Roll Rate -0.747 0.114 25.572
Gyro No 2 Axis: (Pitch,Yaw,Roll), (Attitude, Rate, Accelerat), Sensor Locat, Node € Pitch Rate -0.747 0.114 25.572
Gyro No 3 Axis: (Pitch, Yaw,Roll), (Attitude, Rate, Accelerat), Sensor Locat, Nods € YTaw Rate -0.747 0.114 25.572
Gyro No 4 Axis: (Pitch,Yaw,Roll), (Attitude, Rate, RAccelerat), Sensor Locat, Node 6 Roll Attitude -0.747 0.114 25.572
Gyro No 5 Axis: (Pitch,Yaw,Roll), (Attitude, Rate, RAccelerat), Sensor Locat, Node 6 Pitch Attitude -0.747 0.114 25.572
Gyro No & Axis: (Pitch,Yaw,Roll), (Attitude, Rate, RAccelerat), Sensor Locat, Node 6 Yaw Attitude -0.747 0.114 25.572
Gyro No 7 Axis: (Pitch, Yaw,Roll), (Attitude, Rate, RAccelerat), Sensor Locat, Node § Pitch Attitude 0.0 0.0 0.0
Gyro No 8 Axis: (Pitch,Yaw,Roll), (Attitude, Rate, RAccelerat), Sensor Locat, Node § Yaw Attitude 0.0 0.0 0.0
Gyro No 9 Axis: (Pitch, Yaw,Roll), (Attitude, Rate, RAccelerat), Sensor Locat, Node 10 Pitch Attitude 0.0 0.0 0.0
Gyro No 10 Rxis: (Pitch, Yaw,Roll), (Attitude, Rate, Accelerat), Sensor Locat, Node 10 Yaw Attitude 0.0 0.0 0.0
Gyro No 11 Rxis: (Pitch, Yaw,Roll), (Attitude, Rate, Accelerat), Sensor Locat, Node 11 Roll Attitude 0.0 0.0 0.0
Gyro No 12 Axis: (Pitch, Yaw,Roll), (ZAttitude, Rate, Accelerat), Sensor Locat, Node 12 Pitch Attitude 0.0 0.0 0.0
Gyro No 12 Axis: (Pitch, Yaw,Roll), (ZAttitude, Rate, Accelerat), Sensor Locat, Node 13 Yaw Zttitude 0.0 0.0 0.0
Number of Accelerometers, Along Axes: (x,y,z) 2

Acceleromet No 1 Axis: (X,Y,3), (Position, Velocity, Accelsration), Sensor Loc, Nods 7 X-axis Accelerat. 0.338 0.648 25.57
Acceleromet No 2 Axis: (X,Y,3), (Position, Velocity, Accelsration), Sensor Loc, Nods 7 Y-axis Accelerat. 0.338 0.648 25.57
Gimbaling Appendages (Requires Inertial Flex Coupling Coefficients), H-paramet. Filename Surveillance—-Sat.Hpr

Number of Bending Mocdes 60

Space Surveillance Satellite with RCS and Reaction Wheels (60 Flex Pre-Selected Modes)

SELECTED MODATL DATA AND LOCATIONS FOR Pre—Selected

Space Surveillance Satellite with RCS and Reaction Wheels (60 Flex Pre-Selected Modes)

! The flex modes used in this analysis are the same modes that were selected in the previous flex

! surveillance spacecraft analysis. We start from Mode #7 because the first 6 rigid-body modes

! are not included in the modal data because the rigid-body dynamics are included in the wvehicle.

! The Nodes correspond to wvehicle locations defined in the wvehicle data above.

MODE# 1/ 7, Frequency (rad/sec) , Damping (zeta), Generalized Mass= 3.0998 0.50000E-02 12.000

DEFINITICON CF LOCATICNS (NCDES)

rCS Jet §1 (+3%)
RCS Jet f2 (+X)
RCS Jet #32 (+7)
RCS Jet #4 (—-¥)
RCS Jet #5 (—-Y)
RCS Jet f6 (+¥)
RCS Jet 7 (+X)

Reaction Wheel #1 CG
Reaction Wheel #2 CG
Reaction Wheel #3 CG

Cryo Cooler Pump
Cryo Cooler Pump
Cryo Cooler Pump

Inertial Attitude Sensors
Lttitude Sensors

Lttitude Sensors

Inertial
Inertial
Lttitude Sensors
Lttitude Sensors

Inertial
Inertial
Inertial Attitude Sensors
Sscond Mirror

Sscond Mirror

Sensitive Instrument
Instrument

2

Sensitive 2
Instrumsnt 3
4

5

Sensitive
Instrument
Instrument

Sensitive
Sensitive

Lcceleromsters
Bcocelerometers

RCS Jet #8 (+X)

Node ID#
S8001
S8002
98003
58004
$8005
58006
S8007

Node ID#
58041
58042
58043

Node ID#
40101
40101
40101

Node ID#

31001
31001
31001
31001
31001
31001
40102
40102
40103
40103
40104
40105
40106

Node ID#

31002
31002

Node IDE

98008

phi along X

Modal Data at the

—-0.43556D+00
—-0.65445D-02
—-0.25866D-03

0.28867D-02
-0.61655D-02
—0.77244D-02
—-0.21638D+00

Modal Data at the

=0.20700D+00
-0.20783D+00
-0.20632D+00

Modal Data at the

0.10115D+00
0.10115D+00
0.10115D+00

Modal Data at the 13 Gyros

0.5146€D-01
0.5146€D-01
0.5146€D-01
0.5146€D-01
0.5146€D-01
0.5146€D-01
0.17864D+00
0.17864D+00
0.59605D-01
0.59605D-01
0.10548D+00
0.1057eD+00
0.56563D-01

Modal Data at the

0.51885D-01
0.5188%D-01

phi along Y

-0.25842D-02
0.46878D-02
0.84175D-03
0.84191D-03
0.40557D-02
0.40575D-02
0.11335D-02

-0.43105D-03
-0.16859%D-02
-0.17810D-02

0.3%271p-02
0.3%271D-02
0.3%271D-02

0.39036eD-02
0.39036eD-02
0.39036eD-02
0.39036eD-02
0.39036eD-02
0.39036eD-02
0.52413Dp-02
0.52413Dp-02
0.41431Dp-02
0.41431Dp-02
0.36774D-02
0.35477D-02
0.34621D-02

0.27108D-02
0.27108D-02

7 Engines,

2 Accelerometers,

phi along &

(%, ¥,2) .nn
0.14383D+00
0.14383D+00

—-0.50543D-01

-0.93702D-01
0.10571D+00
0.10727D+00
0.14383D+00

3 Reaction Wheels...

0.41763D-01
-0.31758D-01
-0.38780D-01

Modal Data at the Disturbance Point

—-0.15474D+00

0.14764D-02

-0.98352p-02 -—0.
-0.98352p-02 -0.
-0.98352p-02 -0.
0.38773Dp-01 -0.
0.38773Dp-01 -0.
0.38773Dp-01 -0.
0.38773Dp-01 -0.
0.38773Dp-01 -0.
0.38773Dp-01 -0.
-0.98558p-02 -0.
-0.98558p-02 -0.
0.46061D-02 -0.
0.46061D-02 -0.
-0.28874D-01 -0.
-0.36834Dp-01 -0.
-0.32667D-01 -0.
along

-0.32275D-01

-0.32279%D-01

0.14237D+00 -0.

sigm about X

-0.
-0.
-0.
-0.
-0.
-0.
-0.

-0.
-0.
-0.

11015D-02
1101sp-02
11015p-02
11023p-02
11017D-02
1101sp-02
11013p-02

11013Dp-02
11002Dp-02
11033p-02

3 External Torgue Points...

11022p-02
11022p-02
11022p-02

11017D-02
11017D-02
11017D-02
11017D-02
11017D-02
11017D-02
11024D-02
11024D-02
110lep-02
110lep-02
11017D-02
11017D-02
11017D-02

(%, ¥,2) ...

11013p-02

sigm about Y

0.64535D-01
0.64543D-01
0.64543D-01
0.64544D-01
0.64543D-01
0.64543D-01
0.64537D-01

0.64943D-01
0.64542D-01
0.64542D-01

0.64550D-01
0.64550D-01
0.64550D-01

0.64543D-01
0.64543D-01
0.64543D-01
0.64543D-01
0.64543D-01
0.64543D-01
0.64550D-01
0.64550D-01
0.64544D-01
0.64544D-01
0.64543D-01
0.64543D-01
0.64543D-01

0.64537D-01

sigm about Z

.10568D-02
.1087eD-02
.10565D-02
.10873D-02
.10802Dp-02
.11047D-02
.10564D-02

.10560D-02
.11005D-02
.10851p-02

.105%2p-02
.108%2D-02
.108%2D-02

-0.105%659D-02
-0.105%659D-02
-0.105%659D-02
-0.105%659D-02
-0.105%659D-02
-0.105%659D-02
-0.105%4D-02
-0.105%4D-02
-0.105%66D-02
-0.105%66D-02
-0.105%68D-02
-0.105%68D-02
-0.105%68D-02

-0.10564D-02



TRANSFORM A SYSTEM (S-Z-W) ..... (New z-system title, Comments, 0Old s—-system title, Transform)
Space Surveill Satellite with RCS and Reaction Wheels (Rigid-Beody, Z-Transf)

' Transform the Rigid wehicle model to Discrete using the

' § to Z Transformation method and 0.01 sec Sampling Peried

!

Space Surveillance Satellite with RCS and Reaction Wheels (Rigid-Body)

From S-plane to Z-plane using the Z-Transform, dT= 0.01

TRANSFORM A SYSTEM (S-Z-W) ..... (New z-system title, Comments, 0Old s—-system title, Transform)
Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, No Flex, Z-Transf)

' Transform the Rigid wehicle model with Gimbals to Discrete using the

' § to Z Transformation method and 0.01 sec Sampling Peried

I

Space Surveillance Satellite with RCS and Reaction Wheels (Gimbals, No Flex)

From S-plane to Z-plane using the Z-Transform, dT= 0.01

TRONSFORM A SYSTEM (S-Z-W) ..... (New z-system title, Comments, 0ld s—-system title, Transform)
Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, 60 Modes, Z-Transf)

' Transform the Flex wvehicle model with Gimbals to Discrete using the

' § to Z Transformation method and 0.01 sec Sampling Peried

I

Space Surveillance Satellite with RCS and Reaction Wheels (Gimbals & 60 Flex Modes)

From S-plane to Z-plane using the Z-Transform, dT= 0.01

CONVERT TO MATLAB FOBMAT ........ (TITLE, SYSTEM}IMATRIZ, M-FILENAME)

Space Surveill Satellite with RCS and Reaction Wheels (Rigid-Bedy, Z-Transf)
System

fv rb.m

CONVERT TO MATLABE FORMAT ........ (TITLE, SYSTEMfmTRIZ, M-FILENAME)

Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, No Flex, Z-Transf)
System

fv grb.m

CONVERT TO MATLAB FOEMAT ........ (TITLE, SYSTEMfMATRIZ, M-FILENAME)

Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, 60 Modes, EZ-Transf)
System

fv_60.m

7.2 Creating the Spacecraft Systems in Batch Mode

At the top of the input data file: “Surv_Sat_RB+Flx.Inp” there is a dataset of batch instructions that can be
used to speed up the execution of the spacecraft systems by processing the input file in batch mode,
instead of running them separately, discretizing them, and transforming them to Matlab. Its title is “Batch
for the Surveillance Satellite with RCS Jets and Reaction Wheels”. It creates 3 spacecraft systems, “Space
Surveillance Satellite with RCS and Reaction Wheels (Rigid-Body)” for the rigid-body model without
gimbaling appendages, “Space Surveillance Satellite with RCS and Reaction Wheels (Gimbals, No Flex)” for
the rigid-body model with the four gimbaling appendages, and “Space Surveillance Satellite with RCS and
Reaction Wheels (Gimbals & 60 Flex Modes)” for the 60-mode flex spacecraft with the four gimbaling
appendages. The systems are saved in systems file “Surv_Sat RB+FIx.Qdr”. The batch then calls the S to Z
transformation program to discretize the 3 systems at 10 msec sampling rate and it saves them in the same
systems file. The discrete system titles are: “Space Surveill Satellite with RCS and Reaction Wheels (Rigid-
Body, Z-Transf)”, “Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, No Flex, Z-Transf)”, and
“Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, 60 Modes, Z-Transf)” respectively.



The batch finally converts the 3 discrete systems to Matlab format for further analysis. The m-function
filenames for the 3 discrete systems are “fv_rb.m”, “fv_grb.m”, and “fv_60.m" respectively. They are saved
in subdirectory: “Examples\10-Surveillance Satellite React-Wheels\6-Linear Flex Anal FV”. Start the Flixan
program and go to directory: “Examples\10-Surveillance Satellite React-Wheels”. From the top menu select
“File Management”, “Managing Input Files”, and select “Edit/Process Input Data Files”.

& Flixan, Flight Vehicle Modeling & Control System Analysis

Utilities = File Management Program Functions  View Quad Help Files

Managing Input Files (.Inp) » Edit / Process Batch Data Sets
Managing System Files (.Qdr) H Edit / Process Input Data Files
Bk . 1

The input file management dialog comes up. From the menu on the left side select the filename “Surv-
Sat_RB+FIx.Inp” and click on the “Select Input File” button. The right menu shows the datasets which are in
the input file. Select the top title “Batch for the Surveillance Satellite with RCS Jets and Reaction Wheels”
and then click on “Process Input Data”.The program will execute the top batch dataset in file “Surv-
Sat_RB+Fix.Inp”. It will ask if it is acceptable to recreate the state-space systems file “Surv_Sat_RB+FIx.Qdr”.
Answer “Yes”, and the program will process the vehicle datasets to generate the 3 discretized spacecraft
systems.

The 3 systems “fv_rb.m”, “fv_grb.m”, and “fv_60.m” will be saved in the root directory and from there they
can be moved to subdirectory “\Examples\10-Surveillance Satellite React-Wheels\6-Linear Flex Anal FV” for
further Matlab analysis.

To Manage an Input Data File, Point fo the

Exit
Filename and Click on "Select Input File" The following Input Data Sets are in File: Surv_Sat_RB+Flx.Inp

Surv_Sat_RB+Flx.Inp Sl A Bun Batch Mode : Batch for the Surveillance Satellite with BCS Jets and Reaction Wheels
- Flight Vehicle : Space Surveillance Satellite with RCS and Reaction Wheels (Rigid-Body)
surveillance-Sat.inp Flight Vehicle : Space Surveillance Satellite with RCS and Reaction Wheels (Gimbals, No Flex)
Edftl'nputhI'e Flight Vehicle : Space Surveillance Satellite with RCS5 and Reaction Wheels (Fimbals & €0 Flex Modes)
Hodal Data : Space Surveillance Satellite with RCS5 and Reaction Wheels (€0 Flex Pre-Selected Modes)
5-Z-Transform : Space Surweill Satellite with RCS5 and Reaction Wheels (Rigid-Body, Z-Transf)
Process Input Data S-Z-Transform : Space Surveill Satellite with RCS and Reaction Wheels (Gimbals, No Flex, Z-Transf)

5-Z-Transform : Space Surweill Satellite with RCS and Reaction Wheels (Gimbals, €0 Modes, Z-Transf)
Delete Data 5ets in File To Matlab Format : Space Surweill Satellite with RCS and Reaction Wheels (Rigid-Body, Z-Transf)
To Matlak Format : Space Surweill Satellite with RCS and Reaction Wheels (Gimbals, No Flex, Z-Transf)
To Matlabk Format : Space Surweill Satellite with RCS and Reaction Wheels (Gimbals, €0 Modes, Z-Transf)
Relocate Data Set in File
Replace Systems File?
Copy Set to Another File

View Data-Set Comments The systems filename: Surv_Sat_RB+Fhe.Qdr
already exists. Do you want to create it again?

Yes Mo

Comments, Data-5et User Notes

This batch creates 3 Spacecraft models with Reaction Wheels, RCS, and Gimbaling Appendages from a Finite Elements Model with Inertial Coupling Coefficients using the Flight Vehicle
Modeling Program and Flixan Utilities




7.3 The Simulation Model

The flexible spacecraft simulation model is shown in Figure 7.1. The spacecraft dynamic system is the green
block that includes the discretized system “Space Surveill Satellite with RCS and Reaction Wheels (Gimbals,
60 Modes, Z-Transf)” from the systems file “Surv_Sat_RB+FIx.Qdr” and is loaded from file “fv_60.m". The
simulation parameters are initialized from file “start.m” which also loads the state-space matrices. The m-

file “pl.m” plots the simulation results.
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Figure 7.1 Flexible Spacecraft Linear Simulation Model “Flex_Sim.SIx”

The two telescope gimbal loops for elevation and azimuth are closed via PD controllers which are designed
to provide a 2 (rad/sec) bandwidth. The telescope position control loop also includes low-pass filters. Figure
7.3 shows the combined RCS/ RW Attitude Control logic which includes a state-flow mode-switching logic
that decides which controller remains active and which one is turned off based on the magnitude of the RW
momentum. The RW steering logic converts the pitch and yaw torque commands to RW#2 and RW#3

torqgue commands.
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Figure 7.3 RW/ RCS Combined Attitude Control System with Switching Logic

It starts in the reaction wheel mode and when the wheel momentum magnitude exceeds the RW
momentum capability Hmax it switches to RCS1 mode. In RCS1 mode the jets control the vehicle attitude
while the wheels are torqued in the direction to reduce the momentum in unison. It remains in RCS mode
as long as the RW momentum is greater than Hmax/10 or the spacecraft rate is greater than Rlim. When
the RW momentum drops below Hmax/10 and the spacecraft rate is below Rlim it switches back to the RW
mode. Otherwise, if the momentum reaches below Hmax/10 but the rate is still higher than Rlim it switches
to the RCS2 mode where the jets still control attitude but the RW torque is set to zero. It remains in RCS2
mode until the rate magnitude drops below Rlim and then it switches back to the RW control mode.
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Discretized Flight Vehicle Flex Model from File: fv_60.m
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Figure 7.5 Discrete Spacecraft State-Space Model from file “fv_60.m”
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The vehicle block is shown in detail in Figure 7.5. The RW control law is already described and shown in
Figure 7.6. Figures 7.7 to 7.9 show the simulation results. The spacecraft is not maneuvering but it is
commanded to stay at zero LVLH attitude. Only the telescope is commanded to rotate 5° in both azimuth
and elevation, beginning to rotate at 20 sec. The spacecraft responds to the cyclic aerodynamic and gravity
gradient disturbances which are slightly biased and they are driving the wheels to saturation.

Figure 7.7 shows the switching from RW to RCS control when the RW momentum exceeds 10 (ft-lIb-sec).
During RCS control mode, the wheels are torqued in the direction to reduce the wheel momentum. The
telescope gimbals are also torqued to maintain constant gimbal angles. Figure 7.9 shows the telescope
gimbal response to 5 (deg) gimbal commands in both: Elevation and Azimuth directions which occurs at 20

seconds.



Surveillance Spacecraft Simulation with 60 Flex Modes

3 T T T T T
roll
E = pteh | |
yaw
5 -
= 1r r (] ]
T , =
> ! ,]I\ Mk ‘
R PR A e~ _
-g .
I3 Aar e L B
£ j
b=
<
2 —
3 L 1 L 1 1 1
1] 0.5 1 15 2 25 35 4
0.1 T T T T T T
— |
o 0.05- | 1
© , f
n
oy N D
[H] 0 P - ! |v— L S - PR SEESSS — — -
T WV r T r - |
3
E 005 -
-
o
o roll
m -0.1p pteh | T
yaw
015 L 1 L 1 1 1
1] 0.5 1 15 2 25 35 4
Surveillance Spacecraft Simulation with 60 Flex Modes
oo1F T T T T T -
0.005 [

&
: |
E 0 L l l i e
o [ T f "
8
[]
<

-0.005 |

Accelerometer Sensitivity to RCS Firing
0.1 [ A ! ! ! L
0 0.5 1 15 2 25

12 T T T

0E—r-

RW Momentum Magnit (ft-lb-sec)
=z}
T

Hours

Figure 7.7 Spacecraft Control Switches Between the RW and RCS Modes to Desaturate the Wheel Momentum



React-Wheels # (2,3) Torques and Rates
T T T

0.05

RW Torgues {ft-Ib)
=]

— D
W3

\\ - — e / //
RCS Torques to Desaturate the React, Wheels ~———
0.05 1 1 I I
1] 0.5 1 1.5 2 2.5 3 3.5
200 T T T T T T T

RW Rates (rad/sec

RW Desats

0 0.5

Surveillance Spacecraft Simulation with 60 Flex Modes

1

1.5

2

2.5

3

RCS Jet Forces (Ibf)

0] 0.5

1

1.5

2

25

3.5

[ 3]
I

M
T

=i
T

-

Telesc. Gimbal Torgques Due to RCS Firing

—— Azimuth

i
=h

Telesc.Gimbal Torgue (fi-Ib)
ra o

i
Cad
I

o

0.5

1.5

2
Hours

2.5

3.5

Figure 7.8 During RCS Attitude Control, Max RW Torque is Applied in the Direction to Minimize RW Momentum

Elewvation [




<103 Aerodynamic Disturbance Torque
3 T T T T T T T

The Disturbance Bias
Causes Momentum

2 Desaturation .
15 .
o 1 i
)
2 05 .
0 i
/ /
05F ' .
AF -
15 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 3.5 4
Hours
Telescope Gimbal Angles and Rates
5_____I____I_____I T T T I T T T
sS4 Telescope Rotates 5 (deg) in Elevation |
- Both: Elevation and Azimuth Azmuth
wif 1
g
f :
0 20 sec
1F \ -
0 | | | | | | | | | |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
3 T T T T T T T T T
Elevation
251 :
= Azimuth
o
B 20 h
Juk}
EieL _
—~15
'
o qF _
[s!
o ps5k _
D 1 1 I —1 I ! 1 - 1 1
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Hours
Figure 7.9 Telescope Gimbal Responses to a Simultaneous 5 (deg) Command in both Elevation and Azimuth.



7.4 Stability Analysis

The Simulink model “Open_Anal_FIx.SIx” is used for RW attitude control stability analysis in the frequency
domain, shown in Figure 7.10. The RCS control loop is not included. Only the RW control system stability
will be analyzed in the in-plane, and out-of-plane directions. The vehicle model is the same as the one used
in Figure 7.5. The telescope pointing loop is closed. In the configuration shown below is for out-of-plane
stability analysis, the lateral loop is opened and the pitch loop is closed. For in-plane analysis the model
should be modified by closing the lateral loop and opening the pitch loop. The frequency responses are
calculated by running the Matlab file “Lin_Ana_FIx.m”. There is also a similar model “Open_Anal_GRB.SIx”
used for rigid-body stability analysis. It uses the rigid-body system in file “fv_rb.m” and a similar file
“Lin_Ana_GRB.m" for calculating the rigid-body frequency response plots.
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Figure 7.10 Simulink Model “Open_Anal_FIx.SIx” for Linear ACS Stability Analysis with Flexibility

Figure 7.11 shows the open-loop frequency response and Nichols plot for the pitch axis. It looks very similar
to previous results shown in figures (4.11 and 5.9). There is more phase lag at high frequencies because of
an additional (z!) sample delay included in the loop. All modes are gain stable and there is a big mode at
orbital rate because the dynamics are with respect to the LVLH frame. Similarly, Figure 7.12 shows the
open-loop frequency response and Nichols plot for the lateral axis and it is similar to previous results in
figures (4.13 and 5.8).
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Figure 7.13 Simulink Model “Open_Anal_Gimb.SIx” for Telescope Gimbal Stability Analysis

The stability of telescope gimbal loops is obtained by closing the attitude control loop and opening the
gimbal loop, one axis a time, as shown in the Simulink model “Open-Anal-Gimb.SIx”. When analyzing
azimuth stability, the azimuth loop is opened and the elevation loop is closed, as shown in Figure 7.13. The
stability margins of the azimuth and elevation loops are shown in Figures 7.14. Both gimbal loops have a
bandwidth of approximately 2 (rad/sec).
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7.5 Sensitivity to Solar Array and Cryo-Cooler Motor Disturbances

The two solar arrays rotate about the spacecraft y axis and they perform a full 3602 rotation relative to the
spacecraft for every orbit. The rate of rotation is 0.00113 (rad/sec). The rotation is controlled by stepper-
motors at each solar array joint which generate a train of torque pulses that rotate the arrays at this
average rate. The frequency of the pulses is 2 Hz and they consist of a 0.08 (ft-Ib) positive pulse followed by
an opposite negative pulse. These pulses generate disturbances on the spacecraft that produce jitter on the
telescope Line-of-Sight (LOS). The following analysis uses a simulation to model the stepper motor torque
pulses, apply them differentially at the joints of the two solar arrays, and observe the LOS jitter sensitivity
effects at the telescope azimuth and elevation gimbals. The sensitivity analysis Simulation model in this
case is “Sensitivity-Sim.SIx”, shown in figure 7.15. It has both attitude control and gimbal control loops
closed. It is excited by the Solar Array stepper motor pulses and also by the cryo-cooler pump disturbance.
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Figure 7.15 Jitter Sensitivity Analysis Model “Sensitivity_Sim.SIx”

In the first analysis we will apply only the stepper motor disturbance torque and disconnect the cryo-
cooler. Figure 7.16 shows the disturbance effect on the telescope jitter. It plots the gimbal rates versus
angle in both: elevation (blue) and azimuth (orange). The azimuth rotation is affected more than the
elevation. Figure 7.17 shows the solar array rotation and rate. The average rate is equal to the orbital rate,
0.00113 (rad/sec) but it oscillates because of the stepper motor pulses. Figure 7.18 shows the stepper
motor effect on the spacecraft rate which is zero average because the ACS is closed. Figure 7.19 shows the
SA effect on the reaction wheels (2 & 3) which converge to a negative rate since the SA rate is positive.
Figure 7.20 shows the SA stepper-motor torque pulses and the telescope gimbal torques. The elevation
torque is bigger because it carries a bigger load. The script file “pld.m” plots the data.
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Figure 7.18 Spacecraft Attitude and Rate, shows the effect of the stepper motor on the spacecraft rate
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7.6 LOS Sensitivity to the Cryo-Cooler Disturbances

The cryo-cooler is a mechanical pump that circulates fluid around the spacecraft for heat exchanging
purposes. It is another disturbance source that causes jitter on the telescope image and we must analyze its
effect on the azimuth and elevation gimbals. The Simulink model “Sensitivity_Sim.SIx” in folder
“Examples\10-Surveillance Satellite React-Wheels\6-Linear Flex Anal FV” in Figure 7.15 will be used again,
this time we disconnect the Solar Array stepper-motor disturbance and connect the cryo-cooler source
which is a white noise generator shaped by the frequency characteristics of the pump disturbance. This
disturbance torque excites the spacecraft bus in all 3 directions by the same amount. Figure 7.21 shows the
telescope gimbal rates versus LOS jitter angle, in elevation (blue) and azimuth (brown).
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